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ABSTRACT

In an attempt to help elucidate the mechanisms involved in the contractile processes of
vascular smooth muscle, the transport kinetics of Na* and K* in arterial walls (branches of
canine femoral artery) were studied with isolated sections of vessels mounted on stainless steel
rods. The experimental tracer washout data were analyzed based on a mathematical model,
which takes into account diffusion in the extracellular space and transport across the cell mem-
branes by both passive and active mechanisms, yielding values for the membrane properties.
Values were obtained for the diffusion coefficient of the ions in the extracellular space
(8.33 X 10 %cm?/s=c at 37°C and 6.83 X 107¢ at 21.2°C for Na* and 1.23 X 10°° at 37°C for
K*), the membrane permeabilities to the ions (0.60 X 107® cm/sec at 37°Cand 0.52 X 107® at
21.2°C for Na*® and 3.3 X 1078 at 37°C and K*), the rate rate of active transport of ions
threcugh the cell membranes (2.09 X 107® mEq/cm? sec at 37°C and 1.52 X 107 at 21.2°C for
Na* and 0.82 X 10°¢ at 37°C for K*), and the intracellular ion concentrations (18. 7mEq/7 at
37°C and 27.5 at 21.2°C for Na* and 126 at 37°C for K*). The results indicate that the Na*
— K* pump is electrogenic with a coupling ratio in the order of 2 to 1. This is consistent
with the hypothesis that an electrogenic Na* — K* pump plays a role in maintaining the
cell potential and in regulation of vascular resistance to blood flow.

potential of VSM cells is in turn maintained
1. Introduction by an active transport of ions which is bal-
anced in the steady state by diffusive trans-

Mass transfer in the walls of blood vessels
plays an important role in the process by
which the body controls blood flow to indiv-
idual organs. Smooth muscle cells located
in walls of arterioles (see Fig. 1) contract
or relax, changing the bore of these vessels
and in turn regulating the resistance to
blood flow in a vascular bed. In general, it
is well established that changes in vascular
caliber are normally associated with prior
changes in the transmembrane potential of
vascular smooth muscle (VSM) cells (i.e.,

depolarization is associated with a decreased
caliber and hyperpolarization with an in-

1. Inner Coat

creased caliber) though the detailed mecha-
. . 1 . h il 2. Middle Coat
nisms involed in the contractile processes 3. Outer Coat

are not yet known. The transmembrane Fig. 1. Transverse section of wall of blood vessel
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port of the ions under the influence of elec-
trical and chemical driving forces. Any cha-
nge in the environment of cells (such as ch-
anges in blood composition) can lead to cha-
nges in the active and passive fluxes of ions
across the cell membrane, resulting in alter-
ed transmembrane potentials of the cells and
subsequent contraction or dilation of the
vessel.

In an effort to characterize the basic pro-
perties of ion transport mechanisms, many
kinetic mass transfer studies have been done
on isolated vascular smooth muscles as well
as intact tissues. 1'*»%712,13,19 Mgost of the ex-
perimental data have been interpreted based
on a multicompartment model of the tissue
which ignores diffusion in the extracellular
fluid under the assumption that the only
resistance to mass transfer between compart-
ments is localized at the interface between
them. Furthermore, no attempt was made to
model the active transport process, though
the overall fluxes have been evaluated.

Diffusion effects become important, especi-
ally when a whole muscle tissue is used for
the kinetic study of ion exchange. It has
been noted by serveral investigators that the
rate of transfer depends upon the dimension
of the
diffusion plays at least some part in the

sample tissue,®!® indicating that
process.

In this study, the kinetics of transport of
sodium and potassium ions in isolated arter-
ies were examined both theoretically and ex-
perimentally, with the use of a radioactive
tracer washout technique. Experimental wa-
shout data on Na2? and K#? effluxes from
vascular tissue were analyzed based on a
mathematical model which takes into account
diffusion in the extracellular space and

transport across cell membranes by both

passive and active mechanisms. The specific
aim of this work was to determine the
membrane permeabilities of vascular smooth
muscle cells to sodium and potassium ions
and the active pumping rates of the ions. Cell
potentials and the extra and intracellular
volume fractions of the sample tissues were
also measured under the same conditions as
the washout studies to complement these
data. The results are discussed based on the
electrogenic Na* — K* pump hypothesis.

I. Methods

(1) Tracer Washout Studies

Sections of a small branch of the femoral
artery were removed from mongrel dogs we-
ighing 20 to 30 kg, which were anesthetized
by intravenous injection of sodium pentabar-
biol (33mg/kg). The artery was mounted on
a section of stainless steel rod slightly larg-
er than the inside diameter of the vessel. In
this manner the artery could be held rigid
and under tension throughout the experime-
nt to simulate as closely as possible physio-
logic conditions. The mounted tissue was cl-
eaned and loose adventitia trimmed off with
a samll pair of scissors in physiologic Ring-
er’s solution. The length and outside diame-
ter of the tissue at several locations were
measured using a microcomparator and ave-
raged, the inside diameter being determined
by the size of the rod. The ticsue was then
incubated in a tagged physiologic Ringer’s
solution long enough to reach steady state
concentration of tracer ions.

For the sodium washout study radioactive
22Na as NaCl, was added to the incubating
solution at a concentration of about 1.5uc/ml/
(107°mM/1) (not enough to alter the chemi-
cal concentration but

sufficient to give
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reasonable count rates). The experimental
10m! of
normal physiologic Ringer’s solution bubbled
with 95% O, and 5% CO,

at 37°C or room temperature, depending on

incubation was carried out in

and mainained
the experiment. Incubation periods of 90
minutes were used to insure equilibrium with
ZZNa_S)
The composition in mEq/1 of normal Rin-

ger’s solution was as follows:

NaCl =123.0 Calcium Gluconate = 4. 8

NaHCO; = 23.0 MgCl.=2.0

KCl = 4.2 Glucose = 1. 0g/!

For the potassium washout study the mo-
unted tissue was placed in K*— free Ringers’
solution saturated with the gas mixture of
95% O2
37°C for 90 minutes to deplete intracellular

and 5% CO, and maintained at
K* content. The tissue was then incubated
in 10 m/ of normal Ringer's solution made
of 42KCl solution (activity of about 30 uc).
The incubating solution was bubbled with
the 95-5% gas mixture and maintained at
37°C. Incubation periods of 3 hours were us-
ed to insure equilibration of the tissue with
the K. The potassium ion depletion during
preincubation insured complete equilibration
with the #2K after incubation.

After being loaded with 22Na or “K the
tissue mounted on the rod was removed from
the incubating solution and slightly blotted
on tissue paper to clean the residual extern-
al fluid on the surface of the tissue. The
rod with mounted tissue was then inserted
into the washing chamber and the chamber
was placed in the well of a 3" Nal crystal
detector.

The radioactive tracer 2Na or K in the
tissue was then washed continuously with
untagged Ringer’s solution (saturated with
the 95-5% gas mixture) in an apparatus

serdst ®20A ® 135 198218 28
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designed to maintain constant temperature
and constant flow throughout the entire wa-
shing period. Ringer’s solution was pumped
from a 15 liter constant temperature reserv-
oir through the chamber, washing the outer
surface of the artery with untagged solution.
Constant flow was maintained with a pump.
The bypass arrangement (see Fig. 2) allo-
wed setting the apparatus at working condi-
tion before starting the washing of the
tissue.

The internal volume of the chamber betw-
een the location of the tissue and the flow
outlet was 0.4 m/ and the flow rate was 3.0
m//sec. Thus the residence time of the radi-
oactive tracers was in the order of 0.13 sec
after diffusing from the tissue. It was assu-
med that any mass transfer resistance at the
outside surface of the tissue could be neglected
at these flow conditions.

During the washout period the total radi-
oacivity remaning in the tissue was monito-
red by counting for 30 sec time intervals. By
using two scalers for the measurement, con-
tinuous recordings were possible without the
the wash
period, the washing chamber without the ti-

interruption for printing. After

ssue was counted as a backround and this

was subtracted from the original values.

(2) Extracellular and Intracellular

Volume Measurement

A section of canine femoral artery was
mounted on a stainless steel rod as previ-
ously described. The mounted artery was
then weighed and the “wet weight” of the
tissue obtained from the difference of this
rod. The

tissue was then incubated at 37°C in an ox-

weight and the weight of the

ygenated ‘Ringer’s solution containing *Ci-

nulin. After a 30 minute incubation, when
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the inulin had equilibrated between the ext-
racellular space and the incubation bath,
the tissue was removed from the bath, and
the external moisture was blotted on a Kim-
wipe wiper. The artery, without the rod,
was then placed in a known volume of water
to wash out the labelled inulin. The concen-
tration of inulin washed out of the artery
was measured on a scintillation counter to
determine the extracellular space.

The tissue was dried in an oven at 105°F
The

was then subtracted from the

for 24 hours to evaporate the water.
“dry weight”
“wet weight” to give total water volume.
The intracellular volume was found from
the difference between total water and extr-

acellular volume.

(3) Membrane Potential Measurement

Sections of femoral artery (about 25 mm
long), obtained in the same manner as th-
incubated

ose for the washout study, were

in normal Ringer’s solution saturated with
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maintained at 87°C for 1.5 hours. The com-
position of normal Ringer’s was the same as
that used for the washout study. During this
period the tissue is believed to be equilibrated
After the

incubation, the connective tissue was carefu-

with the new ionic environment.

lly removed using a small pair of scissors
still in Ringer’s solution. The tissue was then
cut open along the longitudinal axis and
held in position withthe inside upward in a
recording chamber with an agar pad by four
small pins. The chamber was irrigated with
normal Ringer’s solution and the temperature
was kept consant at 37°C. The intracellular
recordings of membrane potential were made
with microelectrodes filled with 3M-KCl. Mi-
croelectrodes of 40-70 MQ resistance were
vertically inserted into the smooth muscle
cells in the vessel walls using a hydraulic
microelectrode driving system, which allowed
a step movement at a variable rate with
three different step sizes, 1y, 5, and 10. The
potentials were measured with reference to

a gas mixture ¢f 95 % Oz and 5 % CO. and an indifferent electrode in contact with the
1
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Flg. 2. Flow diagram of the washout experiment
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bathing solution. The bathing solution was
grounded. The negative potential was mon-

itored on an oscilloscope and recorded on a
moving chart.

II. Theoretical Analysis

(1) Washout Process

A short section of artery, mounted on a
stainless steel rod, is assumend to be made
up of a collection of smooth muscle cells
which exchange ions with the extracellular
fluid. The ions can in turn diffuse in the
extracellular space. During the washout per-
iod, tracer ions diffuse from the extracellul-
ar space to the washing solution and are
carried away. Since the thickness of the tis-
sue used for experiments was very small co-
mpared to the length, the diffusion process
is assumed to occur only in the radial direc-
tion without an end effect.

Conservation equations in cylindrical coor-
dinates can be written for any tracer ion
species in both the intracellular and extrace-

llular spaces, respectively.

3C.* g 3°C* | 10C* ]

ot or? 7 or
- -»j' ca+ (KiC* — K.Ci¥) )
*

. ag; = a. (K.C* — KiC¥) @)

where C.* and C;* refer to the extracellu-
lar and intracellular concentrations of tracer
ion at radial position 7; D is the effective di-
ffusion coefficient in the extracellular space;
e. and ¢; are the respective volume fractions
of the tissue; ¢ is time; K; and K, are mass
transfer rate constants for influx and efflux
of the ions; and a is the membrane area per
unit volume of intracellular fluid.

When the tissue gets equilbrated with the

tracer ions the specific activities in the extra-

ster@et m20 ® 1% 1982 23
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=

and intracellular fluids become equal to each
other:

Cce* c#
o= 2 ©)

where C.*(0) and C:*(0) are the initial

concentrations in the extra-and intracellular

spaces, respectively, before the washing takes
place. Rarranging Equation (8) gives

C*©) _ C:
Ce*(go)ﬁ - —CTZN (4)

Since the tissue is in a steady state with re-

spect to overall ion concentation, the conce-
ntration ratio, C;/C., remains constant. This
ratio is defined to be ¢:

Ci* (2]
‘CE*EO))_‘ =9 (5)
Then, the initial differential count rate,

N*(O),
sult, becomes

N*(0) = BV, eiCi¥(0) + e.C.*(0)] (6)
where B is a proportionality constant which

obtained from the experimental re-

relates the total Na?? ions to their count ra-
te. Henceforth, this proportionality constant
is ‘incorporated into the concentration terms
That is, the concentratinos, C. and C#*, are
treated as actual count rates equivalent to
the concentrations.

Since the tissue mounted on a stainless
steel rod is washed on the outer surface the-
re is no flux across the inner surface. Also
with a flow rate of 3.0 m//sec through the
space of about 0.4 m/ any mass transfer res-
istance at the outer surfac of the tissue can
be neglected.

Thus the initial and boundary conditions

become:
C.* = C.*(0) @)
C* = ci*(oﬂ t=0 (8)

*
%X = r=Ra ©
Ce* = r= Rb (10)

The values of C.*¥(0) and C;*(0) are obtained
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by solving Equations (5) and (6) simultane-
ously:

Ce*(o) - V‘(%T (11)
C*0) = ¢+ C*(0) 12)

Equations (1) and (2) were solved using
numerical methods to give C* and C.* in
the tissue as functions of radial position and
time. Since the instantaneous count rate
(N*) from the tissue is proportional to the
amount of tracer ions in the tissue, the con-
centrations, C.* and C;*, are treated as act-
ual count rates equivalent to the concentrat-

ions. Then N* at any time is given by
b
Nt = Si onrL « (Ci¥e; + Ce¥ &) + dr (13)

Where Rb and Ra are the outside and insi-
de radii of the specimen. Since the experim-
ental data from the washout are integral
counts, N*, over specific time intervals, N*
must be integrated over the counting intervals
in order to simulate the experimental values
of N*. Again this integration was carried
out numerically using the computer.

Thus for a given choice of parameters (D,
K., K, €, €, En, @) in the model, washout
curves were simulated and compared to the
experimental data. The parameters were then
adjusted until a fairly good fit of the data
was obtained. Then using these values as the
initial guess, the parameters were finally
optimized with a computerized optimization
routine,

In order to minimize the number of para-
meters to be adjusted, a was taken to be 10*
cm?/cm?® based on a smooth muscle cell of
cylindrical shape with radius of 10 ‘cm.!®
For the E., ¢, and &, values measured in
this work were used (E» = 50mV, e. = 0. 413
and & = (. 347).
was adjusted only through the preliminary

The diffusion coefficient

optimizing process for each set of runs. The

averaged value of each set was then used
for the rest of the optimization. The adjust-

able remaining parameters in the model were
the mass transfer rate constants, K, and K.

(2) Ton Fluxes Across Membranes of
Vasclar Smooth Muscle Cells

In vascular smooth muscles there are both
active and passive fluxes of an ion species
across the cell membrane, which are balanced
with each other in the steady state. The pa-
ssive flux of an ion is best described by the
constant field equation of Goldman.?® For
the tracer ions the equation becomes

PEFC* — PE,Fe™ EmF/RT (%
RT(1 — ¢ Enmt/RT)

FHpass =
(14)
where P is the membrane permeability to the
ion, E, is the membrane potential; R is the
gas constant, 7 is the absolute temperature;
F is the Faraday constant,
Defining the active rate of transport of an
ion across the cell membrane per unit area
per unit time to be S, the active flux of tr-

acer ion across the cell membrane becomes

FFactx = Sk - (—CCL) (15)

j*acr,:qa = SNa M < g:* ) (16)

where C. and C; are total extra-and intrace-
llular concentractions of the ions (flux into
the cell is taken as positive). It is assumed
that sodium is only pumped out and potass-
ium into the cell. Total flus is then
Jtotyk = J¥pass,k + FFact,k

_ [ PyxE.F + Sk

= RT(I — ¢ "EmF/RT) Cerx
PxE,Fe “Emt/RT 7
RT(I e “EnmF/RT J

-

- C*¥,x
an

C*ex + \:

jtot,Na = j*passy Na + j*actNa

Py.E.F
= RT{ i ¢ EmF/RT) ] + Ce*xa
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PyoE, Fe EnF/RT
RT(1 — e EnF/RT)

S.\Ia
T Cova

}- C*:xa
(18)

These summed fluxes are identical to the
term K, Ci* — K, - C.* of equation (1).

Thus:
PxE. .S
Kk = *KT*(I‘_ké‘ZE;,‘p/hf)‘ h QC:'K* a9
PyE,Fe EnF/RT
Ko = 7R’[§-O_—9-E;F/RT)“ (20)
Py.EF
Kina = —RT(’I%;—E;F?RTY (2D
Koo PuBEFertetnt Sy
2;Na = RT(I _ e*EmF/RT) Cina
(22)

Since the system is at steady state with re-
spect to the total ions (tagged plus untagged)

K, +Ce=K,+C; (for each ion) (23)
Combining Equations (1), (2), (17), (18), and
(23)

K,

Ci= K" C. (for each ion) (24)
K , RT 1 —_ e-EmF/RT)
PK = 2E EmI(:e—EmF/RT ] (25)
Kixe — p~EmF/RT

Pya= ‘“RTguFe ) (26)

Sk = Ce,K'KhK(l — gi’; . eﬂz,}nm >
©1)

Sva = Ci, Na'»KZ,Na(l — —%2\% . CME”‘F/RT>
(28)

The experimental data, when fit to the mo-
del (Equations 1 and 2) with a parameter
optimization technique, yields values for K,
and K as given in Table 1. Equations 24 to
28 are then uséd to calculate the permeability
(P), active transport rate (S) and internal
concentration (C:) of the ion in question.

stet3et H20 X 135 19824 28
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IV. Results

(1) Membrane Potentil

The mean value of the membrane potential
was 50 mV (s.D. = +6.4, » = 24). Thisisin
good agreement with the Hendrickx and Ca-
steels!® value of 57 mV for ear artery of
rabbit. Only membrane potentials stable for
20 sec or longer after the penetration were
The
electronics used for the measurement were

selected to calculate the mean value.

not fast enough to monitor the spontaneous

spike activity, if any, of the preparation.

(2) Extracellular and Intracellular

Volumes

The total water space was 0.760 ml//gm
tissue (s.d. = +.031, #» = 75). The extracel-
lular space of the tissue under tension from
the rod was 0. 413 m//gm tissue (s.d.=-. 049,
# = 21) which leaves an intracellular space
of 0.347 m//gm tissue.

(3) Mass Transfer Properties of the
Vascualar Smooth Muscle Cells for
Na* and K~

Fig. 3 shows the results of a typical ex-
periment to measure the 2Na and #?K efflu-
xes from the tissue preparations in normal
Ringer’s. It should be noted that the 22Na
washout rate is much faster than that for
422K, This is expected from the distribution
of these ions in the tissue which shows

high extracellular and low intracellular
concentration for the Na* and the opposite
for the K*. The loss of tracer ions from the
tissue occurs in two stages; a fairly rapid
diffusion of tracer ions from the extracellular
space, being followed by a relatively slow

exchange of intracellular ions. Thus most of
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peraent

Fig. 3. Typical washout data normalized based
on initial countrates for comparison

the potassium ions must overcome both the
membrane and diffusional resistance to tran-
sfer while most of the sodium need only to
diffuse out of the extracellular space. These
two processes so closely interact with each
other that it is impessible to resolve the
washout curve into the two individual proce
sses as had been attempted by others.%7%12
Instead, a parameter optimization procedure
was employed to fit the entire washout data
to the model (Equations 1,2). Optimized
values of parameters K, and K., were obtain-
ed from each experiment and the mean val-
ues of each parameter was calulated. The K,
and K, which are lumped parameters, are
functions of several membrane properties
affecting ionic fluxes, including membrane
potential, membrane permeability, rate of
active transport, etc. (See Equations 19 to
22).

The values for K; and K, are listed in

Table 1 along with the values for other
cellular porperties (P,S,C:) calculated from
the mass transfer rate constants.

The mean values of the data on the diffu-
sion coefficient obtained through the prelim-
inary optimizing process are also given in
Table 1.

While there are no data to compare with
our results it appears that the the values of
Pya and Pg are reasonable. Jones!? reported
permeabilities for sodium and potassium of
Pra and Px were 1.5 X 1078 and 7.1 X 1078
cm/sec, respectively. However, since these
values were obtained with rat aorta and were
caculated based on the Goldman equation
involving only passive fluxes, good agreement
with our results is not expected.

The calculated rate of active transport of
sodium ions is about twice the value for the
K*, indicating the active transport mechani-
sm is electrogenic.

Reported data on the intracellular ion con-
centration show a wide range of variation,
particulary for the sodium ions, mainly bec-
ause of the uncertainties involved in quanti-
fying the amount of bound ions and the size
of the intracellular space. Since the intrac-
ellular concentrations obtained here account
cnly for freely diffusible ions, they would be
expected to belower than other values estim-
ated from the chemical analysis. The values
of 19 and 150 mM// obtained from this study
for the Cya+,; and Cg+,:,
pare favorably with other investigators’ res-

respectively, com-

ults.® 11,16 Previously peported values range
from 12 to 50 mM/! for Na* and from 130 to
160 fOr K*.5,8,11,16)

(4) Effects of Lowering Temperature
on the Sodium Washout

In order to observe temperature effects on

HWAHAK KONGHAK Vol, 20, No. 1, February 1982
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Table 1. Calculated Transport Parameters for Na* and K* in Canine Femoral Artery Smooth

Muscle Cells

Ci P(x10%) S(x10% D(x10%) Ki(x10%) K2(x108)

mEq/1 cm/sec mEq/cm3sec cm?/sec cm/sec cm/sec
Na*, 37°C (n=12) 18.746.4 0.61+0.2 2.140.68 8.33--0.73 1.4510. 48 11.80+=3.0
Na*, 21°C (n=4) 27.514.1 0.5+0.08 1.540.26 6.88--0.48 1.08+£0.18 5.941.57
K*, 37°C (=12) 150.0+13.3 2.9--0.64 0.940.12 12.341.24 2.88+0.43 8.18:+1.83

Ci=intracellular concentration of the ion.

P =permeability of the ion through the smooth muscle cell.

S =rate of active pumping of the ion.

D =diffusioncoefficient of the ion in the extracellular space.

Ki and Kz=mass transfer rate constants.

sodium efflux, experiments were performed
at two different temperature levels, 37°C and
room temperature (21+2°C). Four experim-
ents were performed at room temperature
and the results are given in Table 1. Norma-
lized data for typical washout experiments
at 37° and 21°C are compared in Fig. 4.
These results suggest that the rate of 22Na
efflux was reduced by lowering the temper-
ature. The dependency of diffusion processes
on temperature can explain the lower values
of D and P at reducedjtemperature. The rate
of active transport of sodium ions (S) was
also reduced with the decrease in the tempe-
rature. However, the intracellular sodium
concentration was increased by about 50%
over the control value.

It is now generally believed that the oua-
bain sensitive Na-K ATPase is intimately rel-
ated to the active mechanism. By lowering
the temperature, the activity of the enzyme
is reduced and this reduced activity should
be reflected as a corresponding decrease in
the rate of active transport. The-reduced rate
of active transport is, then, expected to inc-
rease Cna*,i. Thus, the results of this work
for low temperature subtantiate the current
understanding of the behavior of the Na-K

pump.

2AsBe H20H B 135 19824 28

V. Disucussion

In view of the relationship between changes
in the cell potential and the contracile proc-
ess of vascular smooth muscle, it appears
that any factor which affects the membrane
potential (ionic composition, membrane per-
meability, active ionic flux, or any combina-
tion of these) may play a very important

b
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Fig. 4. Comparison of the normalized washout cu-
rves for Na* obtained with tissues both
incubated and washed in normal Ringer’s
at 37°C and room temperature, respectiv-
ely.



YRT5A ol A48 Na'sh K* o] 29 o] % s Ale] w3t 5934 a4 59

role in contraction.

In order to more precisely elucidate the
roles of Na* and K* in vascular smooth mu-
scle contraction, the exchange of sodium and
potassium ions between the muscle cells and
the surronding media have been studied by
many investigators.#%719 In those studies,
the washout data have usually been fitted to
equations involving sums of exponentials,
based on compartmental analysis. The wash-
out data are then interpreted in terms of the
factors obtained from the washout data using
graphical methods. In general, more than two
exponentials are required to fit the washout
data, suggesting that tissues being studied
consisted of at least three compartments.57:1%
With the present anatomical knowledge, bio-
logical identification of the compartments
implicated in the analysis of the washout
data becomes a considerable problem. Furth-
ermore, the basic problem as to how many
exponentials are necessary to fit a set of
washout data remains to be resolved, and in
any case has little physiolcgical significance.

An approach similar to the one used here
was taken by other investigators for the an-
alysis of washout data. Harris and Burn®
used essentially the same model for the stu-
dy of ionic fluxes in frog satorius muscle
but the data were analyzed by an approxim-
ate graphical technique and active pumping
was not considered. Jones and Karreman!?
used a numerical technique with a computer
to analyze equivalent of Equations 1 and 2
and presented data for the exchange of sodi-
um ions in canine carotid arteries. Based on
a concept quite different from the compart-
mental model, they optimized the diffusion
coefficient in the extracellular space. Howe-
ver, the values of the rate constants, K, and
K, were obtained with the graphical method

which is based on the compartmental model.
Thus none of the previous investigators have
used a model which (a) considered diffusion
(b) interpreted
the membrane transfer coefficients in terms

in the extracellular space,

of both passive and active fluxes, and (c)
used optimization techniques to fit the data
to the model. As a result, the methods
presented here appear to be a significant
improvement in the interpretation of tissue
washout data.

The electrogenic nature of the active tran-
sport of sodium and potassium ions as well
as the effects of lowering temperature on the
sodium washout is consistent with the hy-
pothesis that an electrogenic pump plays an
important role in maintaining the cell pote-
ntial and in regulation of vascular resistance
to blood flow. Furthermore, in a series of
preliminary experiments we also cobscrved a
decrease in the washout rate of #Na, on lo-
wering the external potassium level to 2m
Eq/7.
could not be shown, the mean value for the

Even though statistical significance

rate of active transport of sodium ions was
13% less than than the control value, while
there was no change in permeabillity. From
this we may speculate that the changes in
potential are not mediated through changes in
permeability when (K*). is altered.
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