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Abstract

Further kinetic studies have been made of the sodium dependence of
GABA transport by rat cortical synaptosomes. The method of blank deter-
mination has been improved, studies of uptake in zero sodium medium
have been made over a wide range of GABA concentrations, and the number
of kinetic experiments has been doubled. The composite data from all kinetic
studies have been fitted by computer optimization techniques to several
plausible models, and the minimal best fit model has been identified. This
model differs in some aspects from the models which have been described in
previous studies. The kinetic constants which quantitate the model have
been estimated and utilized along with the associated rate equation for the
model to define and compute certain parameters which are useful in describ-
ing and comparing transport mechanisms. Some of these parameters are very
similar to values estimated from previous studies, while others are considerably
different. The most important difference in the model presented and previous
models is in mechanism.

1. Introduction

In previous studies in this laboratory, we have examined the remarkable sodium
dependence of high affinity GABA transport by cortical synaptosomal prepara-
tions (Wheeler and Hollingsworth, 1979; Wheeler, 1980a,b). Computer optimization
techniques were used to fit kinetic data (initial velocities) to several plausible
models which would account for the extreme sodium dependence, and the
minimal best fit model was identified. Since uptake at [Na] = 0 was found to be
so small compared to that when the incubation medium contained 120-8 mM
sodium (an average of only 1-79%), the initial modelling studies did not allow
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Measurement of uptake
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GABA was obtained from Sigma Chemical Company, St Louis, MO. All incuba-
tions were carried out in a Dubnoff metabolic shaker. The modified Krebs-
Henseleit used consisted of 127-2mM NaCl, 5:0mM KCl, 2-7mM CaCl,,
1-3 mM MgSO,, 25 mM Tris buffer, and 11-1 mM glucose, at a pH of 7-4. The
concentration of GABA in the final incubation medium was 5-0, 20, 1-0, 0-6667,
or 0-5 x 1079 M. For each sodium concentration used, a solution containing
the highest amino acid concentration was prepared with a specific activity of
1 x 107 uCi/mol and serially diluted; thus a constant specific activity was main-
tained at all amino acid concentrations. Concentration of sodium in the incubation
medium was varied by replacement of NaCl with equiosmolar Tris buffer; 0, 19-0,
27-0, 43-0, and 120-8 mM sodium solutions were used with each of the above
GABA concentrations. Incubation was begun by pipetting 0-2 ml of the synapto-
somal suspension (equivalent to 10 mg of cortical tissue) into a scintillation vial
containing 3-8 ml of incubation medium.

Following incubation, synaptosomes were separated from incubation medium
by rapid filtration, utilizing a Millipore 30-place manifold and Millipore filters
(HAWP02500). The synaptosomes were then washed with a 5-ml aliquot of Krebs—
Henseleit ([Na] = 0) at 30°C. Previous studies indicate that such a wash procedure
results in little loss of label from within the synaptosomes (Wheeler, 1978). Follow-
ing completion of all incubations, each filter was removed, the bottom side blotted
on filter paper, placed in a scintillation vial, and 1 ml distilled water added. After
sitting for one hour, scintillation fluid was added; 24 hours later, the vials were
counted for radioactivity in a Packard Model 3320 liquid scintillation spectro-
meter until the counting error was less than 194 at the 95% confidence level.
Disintegrations per minute were calculated from counts per minute by use ofan
external standard to determine counting efficiency.

Initial velocities for each of the amino acid concentrations with each of the
several sodium concentrations were measured with synaptosomes from a single
preparation of tissue from one animal. The measurements were then repeated on
11 additional animals.

Blanks

In order to correct for filter retention of label when incubation medium is
poured through them, blanks were run with each experimental solution. A 3-8-ml
aliquot of incubation medium was added to a well of the filtration manifold,
followed by the usual wash procedure. Filters were then treated as described above.
Twenty-three repetitions were done with each GABA concentration. The amount
of GABA trapped by the filters was computed and plotted as a function of GABA
concentration. The data were then fitted to a straight line by linear regression;
predicted values from this fit were determined for each GABA concentration and
used for blank values. Initial velocity measurements were corrected by subtracting
the blank value.
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Computer optimization

In order to fit the data to the velocity equations for the various models, a para-
meter optimization approach was used to minimize the following function:

J = Z(Ml‘.f

i=1 Viaa

J, the objective function, is the sum of the squared fractional errors between the
velocities of uptake predicted by the models and those observed experimentally.
The parameter optimization algorithm used in this research was based on the
Flexible Polyhedron approach of Nelder and Mead (1965). The algorithm was
coded in BASIC and run on a Challenger II microcomputer (Ohio Scientific
Instruments) fitted with 48K bytes of memory and a dual drive floppy disk.

To use the BASIC program, the appropriate model equation and velocity data
were first added to the optimization portion of the program. Initial guesses for all
kinetic constants were then entered, and program operation was begun. After the
algorithm returned the optimal parameters, the program was restarted several
times to insure that the minimum possible error had been achieved. Finally, the
program printed the various data velocities paired with the corresponding values
predicted by the equations.

3. Results

In an attempt to determine whether measured uptake in zero [Na] medium
truly represents uptake and not simply experimental error, three approaches have
been used. First, since the difference between synaptosomal uptake from zero
sodium medium and that trapped by the filters (which are used to separate synapto-
somes from incubation medium) when incubation medium only is passed through
them is so small, it is necessary to minimize fluctuations in the filter blanks.
Therefore, the number of blank determinations has been increased from 5 to 23
for each GABA concentration used. Over the range of GABA concentration
used (0:5 X 107°M to 5 x 107° M), the amount of GABA retained by the
filter was found to be linearly related to the GABA concentration. Therefore, the
data were fitted to a straight line by linear regression, and predicted values from
this fit were then determined and used for blank values. In previous studies, the
measured blank value for each GABA concentration was subtracted directly from
the appropriate total uptake to obtain net synaptosomal uptake; no curve fitting
of the blanks was done. Second, the number of kinetic experiments has been
doubled so that data are now available from 12 animals. The improvement in
blank accuracy and the doubling of the number of kinetic experiments resulted in
a decrease in the average ratio of uptake in zero [Na] medium to that in 120-8 mM
[Na] from 1-:79% to only 0-84%. Thus it appears that as experimental error is
reduced, measured uptake in zero sodium medium more closely approaches zero.
If, however, this minimal uptake in zero sodium medium were real, it seemed
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Table 1
Models
Model
K4 K5
1 C + Na = CNa + Na = CNa;
. + + +
G G G
& K o kK I
CG + Na = CNaG + Na = CNa.G
lks 1ks
Ke¢[NallG] = K-[Na}*[G]
K1K2 KIKZKB
= TTIG] NallGl  NaPIG] | [Nal [Nl
X, " K.Ks = KKKy Ka  KiKs
Relative error = 1-00
K, Ks
2 C + Na= CNa + Na = CNa,
' + + +
G G G
Tk Kk I Ks
CG + Na =CNaG + Na = CNaG,
. ks
Ko[Na]*[G]
K|K2K3
vE NallG] _ [NaP[G] = [Na] _ [Na]?
1+ (G]  MNallG] | Rl R

K, KK K, K:K3 K, KiKs

Relative error = 1-45
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Table 1-—continued

Model

K4 K5
C + Na= CNa + Na = CNa,
+ + +
G G G
Ik, kK I kK, MK,
CG + Na == CNaG + Na = CNa,G
ks
Ks[Na][G]
K\K,

T [El_'_ [Na][G] . [Na]?[G] [Na] [Na]?

K, K,K; K K,K; K, KK
Relative error = 15-60

Kz K3
4. C + Na=CNa + Na & CNa,
+ +
G G’
\“\Kl \”\ K4
CG CNa,G
ks
K;[Nal*[G]
KKK,
| + G, Nal  (NaP* INaP’[G]
K, K, KK, KKK,
Relative error = 1-90

K, K,
C + Na = CNa + Na == CNa,
+ +
G G
\Jr Kl s”\ K4
CG CNa,G
lks lks
Ks[G] | Ke[Na]*[G]
K, K. K K,
1+ (G] . [Na] + [Na]? + [Na]?[G]
K, K, KK K.K3K,

fit was obtained; the average percentage error between model predictions and
expenmenta.l observations is only 1-427%7. Values of the corresponding constants
are sl'{own in Table 2. Dropping either of the translocation steps resulted in a
lessenmg.of the goodness of fit (models 2 and 3). In a previous study (Wheeler
and Hollingsworth, 1979), it appeared that the mechanism could be simplified to
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model 4. However, the error for model 4 is 1-90 times that for model 1. Thus
model 1 is the minimal best fit model.

Table 2
Constants giving best fit

KX

~,

7-1283 x 10~¢
4-2379

5-9307 x 10~-*
2-5036 x 10*
2-3713 x 10~*
4-1622 x 103
9-6011 x 10*

NN A W=

Units for K,~Ks are molar:
Units for K¢ and K5 are 1011
mol/10 mg min.

The rate equation

The rate equation for model 1 can be rearranged in the following form:

{ K;K[Na] + K,[Na]? }[G]

K,K, + K,[Na] + [Na]?

K,K,K-K K5 + K, K,K,Ks[Na] + K K,K;[Na]
K,K,K,K5 + KK, Ks[Na] + K,Ks[Na]?

_ VGl
"~ K + 1G]

1) v=

+ [G]

V, = apparent maximal velocity,
K, = Michaeclis-Menten constant.

We can use the rate equation to define and calculate certain parameters which
were utilized in the previous studies (Wheeler and Hollingsworth, 1979; Wheeler,
1980a,b) to characterize the transport mechanism and thus determine whether the
conclusions reached about the carrier mechanism in the earlier studies need to be
altered.

V.., rate of uptake at infinite [Na] and [G]

Under the hypothetical conditions of infinite [Na] and [G], the rate equation
for model 1 reduces to v = K, = 9:60 x 107!° mol/10 mg min. This compares
to previous estimates of V,, of 11-41, 11-98, and 12:47 X 1071° mol/10 mg min
for models 2, 4, and 5, respectively. '
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GABA concentration which gives a velocity equal to V(2
If only [Na] is infinite, the rate equation reduces to
‘ K,[G
@ 1[Gl

V=
K,K,K,
KK, + [G]

..-:Jm

If K,K,K,/(K,Ks) = [G], then

K[G] K
3 _KIG] _ K,
S TG T 2

and the velocity of uptake is equal to half that at infinite [G] and [Na]. In the

present study, a [G] of 3-02 x 107° M satisfies these conditions for model 1,
while previous studies gave values of 1-91, 1-88, and 2-97 x 107% M for models -

2, 4, and 5, respectively.

V.., apparent maximal velocity

Velocity of uptake at infinite [G] is given by the following equation:
@ _ KiKg[Na] + K,[Na}* -

. *  K,K; + K;[Na] + [Na)?

Fig. 1 shows a plot of ¥, as a function of [Na] for model 1. At [Na] = 0, V, =0;

as [Na] is increased from 0, ¥, increases along an S-shaped curve, reaches a peak,
and then declines with further increases in [Na] to approach K, as a limiting
value. Over the range of [Na]’s used in these experiments, ¥, for model 1 is quite
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Fig. 1. The relationship between apparent maximal velocity of uptake (V,) and sodium concen-
tration. K is given by the broken line.
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close to previous estimates for models 2, 4, and 5 (Table 3). The [Na] at which V,
is a maximum can be obtained by setting the first derivative of the above equation
equal to zero, and solving the resultant quadratic equation for [Na]:

(5) K3K7[Na]2 - K3K6[Na]2 + 2K2K3K7[Na] + K2K32K6 - 0.

The real, positive solution to this equation is 212-3 mM. If we insert this [Na]
into equation 4, we obtain a ¥, of 10-17 x 107!° mol/10- mg min. Thus the
true maximal velocity occurs not at infinite [Na], but at a [Na] of 212-3 mM.
Further increases in [Na] above this value result in a reduction in ¥, so that V,
approaches K; = 9:60 x 1071° mol/10 mg min at infinite [Na]. At [Na] = 140
mM, ¥, is 10-03 x 107° mol/10 mg min. Thus at physiological [Na], the carrier
is functioning at close to its maximal capacity with regard to [Na].

Table 3
Computed parameters which are Na-dependent
Va* K.*
[Na], mM

M-1t M-2 M-4 M-5 M-1 M-2 M-4 M-5

0 0 0 0 0-15 7-13 2-52 2-01 4-15
19 2-83 2-31 2-24 2-35 6-59 5-02 4-76 5-45
27 4-19 3-82 3-80 3-93 6-18 5-36 5-28 5-61
43 6-46 6-29 6-48 6-68 5-36 5-34 5-48 5-50
120-8 9-89 10-18 10-81 11-24 3-61 3-79 4-00 4-28
140 10-03 10-84 11- 11-51 3-48 3-63 3-75 4-12
@ 9-60 11-41 11-98 12-47 3-02 1-91 1-88 2-97

* Units of V, are 107 '° mol/10 mg min; units of K, are micromolar.
t M~1 signifies model 1, etc.

Apparent Michaelis—Menten constant

K, the GABA concentration giving a velocity of uptake equal to V,/2, is defined
by the model as follows:
K K,K;K K5 + K,K,K;K;[Na] + K K;K3[Na]®

6 K, =
( ) t K2K3K4K5 + K3K4K5[Na] + K4K5[Na]2

Thus K, is also dependent on the [Na]. At {Na] = 0, the equation reduces to
K, =713 x 107® M. As [Na] is increased, K, declines along an S-shaped curve,
and approaches K, K,K,;/(K,Ks) = 3-02 x 10 M (Fig. 2). Thus the apparent
carrier affinity for GABA increases as the [Na] is increased, since apparent
affinity is reciprocally related to K,. K(Na = 0)/K(Na = 140 mM) = 2-05 and
K(Na = 0)/K(Na = 140 mM) == 0-868; thus the apparent affinity at physio-
logical [Na] is twice that at zero [Na] and 86-8%; of that at infinite [Na]. Com-
parison of K,;’s for model 1 to previous estimates for models 2, 4, and 5 (Table 3)
reveals similar values except at very low and very high [Na]’s.
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1 ' L 1

] A A J

L A
20 40 60 80 100 120 140 160 180 200
[Na], mM

Fig. 2. K,, the GABA concentration giving a velocity of uptake equal to V,/2, as a function of
sodium concentration. Broken line shows the limit at {[Na] = co which is given by K, K, K3 /(KK s).

J rate of uptake at infinite [Na] and a given [G]

J., is defined by equation (2); as [G] is increased, J,, increases along a hyper-
bolic curve and approaches K, as a limit at infinite [G] (Fig. 3). J,’s for model 1
are somewhat lower than previous estimates for models 2, 4, and 5 (Table 4).
Ata[G]of1 x 107° M and large [Na], the carrier functions at 25% of its maximal
rate at infinite [G], since J,,/K; = 2-39/9-60 = 0-25.

Ko the [Na] which gives a velocity of uptake equal to J |2

K, is a measure of the carrier sensitivity for GABA; analogously, xy, is a
measure of the carrier sensitivity to sodium. Although xy, can be found by solving
the rate equation for [Na] when v = J_/2, xy, can be found more easily from
Fig. 4 by dropping a perpendicular line to the x-axis from the intersection of
J/2 with the plot for a particular [G). ky, declines as [G] increases, from 52-6 mM
ata[G] of 0-5 x 107 M to 41-3 mM at a [G] of 5 x 10~¢ M. Thus at 140 mM
[Nal, the carrier functions at a rate much higher than J,_/2. Estimates of ky, for
model 1 are considerably less than previous estimates for models 2, 4, and 5,
particularly at lower values of [G] (Table 4).
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Fig. 3. The relationship between J,,, uptake at infinite [Na], and GABA concentration.

Table 4
Computed parameters which are GABA-dependent
Jm* KN-‘
[G] x 10¢

M M-1 M-2 M4 M-5 M-1 M-2 M-4 M-5
0-5 1-36 2-39 2-52 1-81 52:6 120-7 131-1 74-9
0-8 1-74 2-98 3-14 2-30 517 114-5 124-0 73-1
1-0 2-39 3-93 4-16 3-12 50-2 104-5 112-5 .
2:0 3-83 5-82 6-18 5-01 46-8 85-3 90-6 63-5
5-0 5-99 8-27 8-71 7-81 41-3 62-8 65-4 54-2

* Units of J,, are 10~ 1% mol/10 mg min; units of xx, are millimolar.

Velocity as a function of sodium concentration

We can use the rate equation from model 1, along with the best fit constants
(Table 2), to compute velocity as a function of either [Na] or [G]. Fig. 4 shows a
plot of predicted velocity as a function of [Na]. Note how well the predicted
curves fit the experimental data. The average percentage error is only 1-42%;. Over
the range of [Na]’s used, velocity increases with [Na] along a sigmoidal curve for
all [G]’s; at 200mM [Na], the curves have begun to plateau. At infinite [Na},
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velocity of uptake equals J,,. If one compares J,, (Table4) with the predicted
velocity shown in Fig. 4, one finds that for [G]'s of 2 and 5 x 107°M, J,, is
lower than the predicted velocity for 200 mM [Na). Thus at some [Na], velocity

passes through a maximum value and then declines to approach J,,. However,

these peaks occur at [Na]’s far in excess of physiological [Na]. At 140 mM [Na],
velocity is close to that at infinite [Na] for each [G].

7.
6 b e —e— 50
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o
54 ____________ —=2.0
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2'3
o
: ————————————— 1.0
‘—2
>

= —— 06
—————————— 0.5

20 40 60 80 100 120 140
[Na], mM

160 180 200

Fig. 4. Velocity of uptake as a function of sodium concentration for each GABA concentration.
Number to the right of each curve gives the GABA concentration x 105 M. Broken lines give the
limits of the curves at infinite [Na]. Symbols show experimental data points.

Contribution of each pathway to total uptake

Translocation can take place in either of two forms: CNaG or CNa,G. Since
K¢ = ke[Cl, and K; = k,[C],, then k¢/k; = K4/K, = 4162-2/96-01 = 43 -4,
Thus the rate constant for translocation of the CNaG species is much greater
than that for the CNa,G species. Does this mean that uptake is predominately
through the CNaG form? We can evaluate the contribution of each pathway by
dividing the rate equation into its two components:

l), = Vl + V2
) KiNallG]  K;[NaJ[G]
U( = KIKZ K1K2K3
D D ’

D = denominator of the rate equation. Fig. 5 shows plots of computed velocity
through each pathway as a function of [Na] for each [G] used. For uptake as
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eacil GABA concentration used. Number to the right of each curve gives the
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x 10° M. (a) Contribution by pathway 1. (b) Contribution by pathway
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The relative importance of the two pathways to uptake can be appreciated by
dividing the equation for ¥, by that for V;:

V)  K;[Na]
Vl B K3K6

Thus the ratio of the rates of uptake is independent of the [G], but varies with
the [Na] (Figure 6). At 19 mM [Na], V,/V, = 0-739, while at 140 mM [Na],
VIV = 5-45. Expressed as a percentage of total uptake, uptake as CNaG and
as CNa, G, respectively are: 57-50,42-50;48-78,51:22;37-42; 62-58;17-55, 82-45,
and 15-52, 84-48: at [Na]’s of 19, 27, 43, 120-8, and 140 mM, respectively.
Thus at low [Na]’s a majority of total uptake takes place as CNaG, while at
physiological [Na], uptake as CNa,G overwhelmingly predominates.

®)

8
6k
Z af
>3
o b
40 80 120 160 200
(Nal, mM

Fig. 6. Ratio of the uptake by the CNa,G pathway to that by the CNaG pathway as a function of
sodium concentration.

4. Discussion

It can now be reasonably concluded that uptake in zero sodium medium is either
zero or so low as to be within the experimental error of the studies. Therefore, it is
unnecessary to include translocation as CG in the model. Under these con-
ditions, model 1 gives a much better fit to the data than either of the other models
tested. The fit of the data to this model is excellent; the average percentage error
between experimental data and model predictions is only 1-42%. The validity
of the model is further enhanced by the fact that the number of experiments has
been doubled and by the improvement in the blank procedure.
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In general, the calculated parameters for model 1 are not dramatically different
from those calculated previously for models 2, 4, and 5, although there are
differences. ¥, and ¥, are quite similar to previous estimates, while X, is similar
except at very low and very high [Na]’s. The [G] which gives a velocity equal to
V,/2 is somewhat higher than previous estimates, while estimates of J,, and xy,
are considerably lower.

The most significant difference between model 1 and the other models is in
fundamental mechanism. The assumptions embodied in this model as are follows:

(1) there is a fixed total concentration of carrier, [C],;

(2) there is no fixed order of combination of sodium and GABA with the carrier;
(3) reactions of sodium and GABA with the carrier may be treated as equilibria;
(4) translocation may occur as CNaG or as CNa,G.

From this model, and from the computed fit of the data to the model, we arrive at
the following conclusions:

(1) uptake is totally sodium dependent;

(2) since translocation can take place as CNaG and as CNa,;G, the coupling
ratio is either one or two;

(3) at high [Na], uptake takes place primarily through CNa,G, while at low
[Na], a majority of uptake is through CNaG;

(4) the rate constant for the CNaG species is much higher than that for the
CNa,G species, which implies that the di-sodium form moves through the
membrane with much more difficulty than does the mono-sodium form;

(5) plots of uptake through CNa,G as a function of [Na] are sigmoidal in shape,
while such plots for uptake through CNaG pass through maximal values
and decline with further increases in [Na];

(6) as a consequence of (5), plots of total uptake versus [Na] pass through
maximal values and decline with further increases in [Na]. Thus increasing
[Na] above certain critical levels results in inhibition of uptake—the [Na] at
which this occurs depends on the GABA concentration. However, at physio-
logical [Na], velocity is close to the optimal value for all {G]'’s;

(7) V,, the apparent maximal-velocity, is sodium dependent. V, increases with
[Na], passes through a maximal value, and declines with further increases
in [Na];

(8) K,, the apparent Michaelis constant, is sodium dependent. K,
declines with increasing [Na], which implies that apparent carrier affinity
for GABA increases with [Na]. The apparent affinity at physiological [Na]
is 86-89 of the theoretical maximal value.

(9) J.., rate of uptake at a given [G] and infinite [Na] is hyperbolically related to
the GABA concentration;

(10) Ky, the [Na] which gives J,,/2, is dependent on the GABA concentration;
Kna declines as [G] increases, which implies that the apparent affinity of the
carrier for sodium increases as the GABA concentration increases.
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The sodium dependence of the uptake of two other substrates, glutamic acid
and choline, has also been studied in cortical synaptosomes (Wheeler, 19794,5). In
all three cases, the minimal best fit model is a simplification of the following model:

C + Na= CNa + Na = CNa,

+ + +
S S S
) I )
CS + Na = CNaS + Na = CNa,S
! ! !

The model for glutamic acid was found to be identical to that discussed here for
GABA. For choline, the model could be further simplified as follows:

C + Na = CNa + Na = CNa;

+ +
S S
&I &

Cs CNa,S
! !

That certain components of the larger model drop out for GABA and glutamic
acid while others drop out for choline may simply reflect the fact that the concen-
tration of each of these components is too low to measurably affect the rate
equation. Although these components may in fact not exist, this cannot be proved
by the optimization process. It may be that the dissociation constants are such
that the concentration of these components is low, even though they are involved
in the process of loading the carrier with sodium and substrate.

Sodium-dependent transport mechanisms represent one of the most important
means by which organic solutes are transported across the cell membrane, and are
present in widely divergent organisms, from marine bacteria to mammals (Schultz
and Curran, 1970). It is interesting to speculate that uptake of other substrates
in other cells and organisms might take place by a similar process to that found
for choline, glutamic acid, and GABA in rat brain synaptosomes.
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