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INTRODUCTION

The free permeability to water of cell mem-
branes provides an automatic mechanism for the
maintenance of a uniform effective osmotic pres-
sure throughout all the fluids of the body. It has
been assumed that the osmotic' pressure is a rela-
tively fixed value and indeed, this appears to be
true under a fair variety of circumstances. Among
the more jealously guarded biologic attributes is
the tonicity of the extracellular fluid (1). It has
been demonstrated both with respect to the red
blood cell in particular and tissue cells in general
that induced alterations in the tonicity of the extra-
cellular fluid will be followed by an inverse change
in volume of the intracellular fluid (2).

Yannet and Darrow (3), however, were unable
to account for the distribution of water between cel-
lular and extracellular compartments on the basis of
osmotic uniformity unless there had been a change
in the osmotic pressure within the cells. Elkinton,
Winkler, and Danowski (4) on the basis of com-
parison of the movements of sodium and potas-
sium with those of water in a series of experiments
concluded that there was inactive base in the cells
which could vary rapidly in amount. Although
this is not unlikely, changes in cellular osmolarity
need not be assigned to variations in inactive cell
base. An alteration in effective osmotic pressure
within the cells will arise from any change in the
concentration of osmotically active constituents.

As a basis for hypothesizing that primary
changes in cellular osmotic pressure may be the
original disturbances leading to abnormal con-
centrations of sodium in the extracellular water in
certain disease states, it is important to demon-
strate unequivocally that large transfers of water
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between compartments can be dictated by changes
in osmolar concentrations within the cells. Ward
and Call (5) demonstrated a respiratory and
metabolic acidosis associated with increased con-
centrations of sodium in the serum of rats one
minute after an electrically induced seizure. The
rise in sodium concentration was not explained.
Altschule and Tillotson (6) demonstrated that
during an electroshock convulsion the plasma vol-
ume diminished. They also reported that these
changes varied with the severity of the convul-
sions and were minimized by curarization.

It seemed quite logical that the violent muscular
activity of a convulsion might be associated with
an increase in cellular osmolar concentration. The
data of Ward and Call (5) and Altschule and
Tillotson (6) suggested that the convulsions might
be accompanied by a contracted extracellular vol-
ume and secondarily an increase in concentration
of sodium in the serum, which could be explained
on the basis of a sharp increase in effective osmotic
pressure within the cells.

The present study was designed to test the
hypothesis that violent muscular activity would
be immediately followed by an increase in cellular
osmolarity which would necessitate a transfer of
water to the cells from the extracellular fluid.
This, in turn, would be reflected in an increase in
the tonicity of the extracellular fluid.

MATERIALS AND METHODS

Nine patients, five women and four men, were studied
during 14 separate episodes of electroshock therapy for
psychotic disorders. The electroshock was administered
with a Lektra machine and the dose was 225 volts ap-
plied for 0.15 second. Blood was drawn under oil from
an antecubital vein just before application of the cur-
rent, immediately at the cessation of the convulsion which
lasted approximately 60 seconds, and, in ten instances
three minutes, and in four instances five minutes after ap-
plication of the current. The five female patients were
each studied in two separate electroshock episodes, one
unmodified and one modified by curare. The curare was
administered intravenously in a dose of 20 units per 40
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pounds of body weight. The electroshock was applied
three to five minutes later when the patient was unable to
raise her head from the table. In each instance in which
curare was used the severity of the convulsion was re-

duced to a variable degree; in Patient 5 it was almost
totally abolished. The concentrations of sodium, chloride,
potassium, and total proteins or serum dry weights wvere
determined in each instance on each blood sample by
methods previously described in publications from this
department (7, 8). Total proteins of the serum were

determined by the biuret method (9) in ten studies. In the
other four studies the dry weight of the sera, in lieu of
total proteins, was determined for the purpose of calcu-
lating serum water.

The serum water was calculated from the formula
Ws= 984 - 7.18 P, where Ws represents the amount of

water in a liter of serum, and P is the concentration of
total protein in grams per cent (10). The calculations
used to estimate the concentrations of sodium and chlo-
ride in extracellular water, change in chloride space,

changes in intracellular sodium and potassium are de-
scribed in a previous publication from this department
(8). The initial chloride space was assumed to be 20
per cent of the body weight, and in view of the brief du-
ration of each study the external balances of sodium,
chloride, potassium and water were neglected. The num-

ber of osmotically effective constituents is expressed as

total milliosmols, and is calculated from the formula:
total milliosmols = (Nauw + 10) X 2 X 0.7 W, in which
Wrepresents body weight, and the total body water is
assumed to be 70 per cent of the body weight.

TABLE I

Effects of electroshock convulsion on ekctrolytes and water

Extracellular Intracell.
Serum cha_-__________ ntgaell Total body

Patient Wt. Volume
-_____-_____ - Na Cl Milli- Amilli-
Na Cl K Watert Change Na K o|mols osmols

min.* kilo mEqIL mEqIL mEgIL cc./L mEqIL mEq/L liters liters per cent mEq mEq
I 0 64.5 140 103 4.2 935 142 116 12.9 13710

1 152 108 4.9 930 155 122 12.2 -0.7 -5.4 -71 - 5.8 14910 +1200
3 143 103 3.7 934 145 116 13.0 +18 +12.0 14010 - 900

2 0 54.5 138 106 4.0 938 140 119 10.9 11490
1 150 112 5.0 932 153 127 10.2 -0.7 -6.4 -24 - 7.3 12400 + 910
3 143 106 3.5 934 146 120 10.2 -23 +13.1 11900 - 500

3 0 56.8 137 97 4.0 937 139 109 11.4 11850
1 144 102 5.0 933 146 116 10.8 -0.6 -5.3 + 7 - 8.4 12420 + 570
3 135 98 3.5 936 137 110 11.3 +24 +14.4 11720 - 700

4 0 54.1 135 100 4.2 931 137 113 10.8 11180
1 151 107 5.0 926 154 121 10.1 -0.7 -6.5 -67 - 5.0 12450 +1270
3 143 101 3.6 931 145 115 10.6 + 9 +12.2 11780 - 670

5 0 56.8 137 97 3.6 933 140 109 11.4 11930
1 150 106 - 930 153 121 10.3 - 1.1 -9.7 +11 12990 +1060
3 143 99 3.7 932 146 111 11.1 -45 12410 - 580

6 0 61.8 140 101 4.4 923 144 115 12.4 13290
1 146 104 4.7 917 151 119 11.9 -0.5 -4.0 -31 - 1.7 13940 + 650
5 138 100 4.2 922 142 115 12.4 +51 + 4.2 13140 - 800

7 0 71.4 137 100 4.1 917 142 114 14.3 15180
1 144 104 6.7 882 155 125 13.1 -1.2 -8.4 0 -29.3 16420 +1240
5 137 100 4.1 913 142 115 14.2 + 7 +29.8 15190 -1230

8 0 58.7 141 102 4.6 931 143 115 11.7 12580
1 151 107 5.4 926 155 121 11.2 -0.5 -4.3 -47 - 6.3 13530 + 950
5 142 102 3.2 935 144 115 11.8 +28 +22.6 12680 - 850

9 0 65.0 139 100 4.1 930 141 114 13.0 13780
1 151 106 5.6 921 155 121 12.3 -0.7 -5.4 -71 -15.5 15030 +1250
5 141 101 3.7 922 146 116 12.8 +46 +21.4 14170 - 860

0-just before application of the current.
1-minute after application of the current (at cessation of convulsion).
3-minutes after application of the current.
5-minutes after application of the current.

t The serum water of Patients 1 through S was calculated from the formula described in the section on Methods.
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TABLE II

Effects of electroshock convulsion on electrolytes and water modified with curare

Extracellular Intrcell.
Serum change

Patient Wt. Volume
Na Cl Na K Milli- Amilli-

Na Cl K Watert Change osmols osmols

min.* kilo mEqIL mEq/L mEqIL cc./L mEgqL mEqIL liters liters per cent mEq mEq
I 0 65.9 136 100 3.7 936 138 113 13.2 13670

1 142 105 4.3 934 145 118 12.6 -.6 -4.5 + 3 - 5.2 14240 +570
3 137 103 3.7 934 139 116 12.9 +27 + 6.4 13800 -440

2 0 54.6 138 103 3.4 938 139 116 10.9 11400
1 143 107 4.3 934 146 120 10.6 -.3 -2.8 -18 - 8.2 11900 +500
3 136 102 3.4 937 137 114 11.1 +11 + 7.6 11280 -620

3 0 56.8 136 97 3.3 941 138 109 11.4 11750
1 144 102 4.5 939 146 114 10.9 -.5 -4.4 -20 -11.4 12390 +640
3 140 98 3.2 940 141 110 11.2 + 2 +13.0 12000 -390

4 0 55.0 137 98 4.2 930 140 111 11.0 11510
1 144 100 4.6 927 148 114 10.7 -.3 -2.7 -54 - 3.2 12160 +650
3 139 100 3.6 929 142 113 10.8 +56 +10.4 11680 -480

5 0 56.8 137 101 3.8 931 140 115 '11.4 11910
1 137 101 3.6 930 139 114 11.4 .0 0.0 - 2 + 1.9 11880 - 30
3 137 101 3.8 931 140 114 11.5 -12 - 2.3 11930 + 50

* 0-just before application of the current.
1-minute after application of the current (at cessation of convulsion).
3-minutes after application of the current.

t The serum water was calculated from the formula described in the section on Methods.

RESULTS

Table I presents the observed and calculated
data from nine electroshock convulsive episodes
in five women and four men unmodified by curare.

It is clear that there was a sharp rise in the con-

centrations of sodium, chloride, potassium and
total proteins in the serum during the one minute
between the application of the electroshock and the
cessation of the convulsion. The rise in concen-

trations of sodium and chloride in the serum were

proportional and varied from 6.0 to 16.0 mEq/L
in the case of sodium, and from 3.0 to 9.0 mEq/L
in the case of chloride. However, the increases in
the concentrations of potassium were propor-

tionately greater than those of either sodium or

chloride, varying from 0.3 to 2.6 mEq/L. The
concentrations of serum total proteins likewise
rose in the same period. The change in chloride
space calculated as a percentage of the assumed
original volume varied from - 4.3 to - 9.7 per

cent.
The concentrations of sodium, chloride and total

proteins in the serum had closely approached the
original pre-convulsion levels two to four minutes

after the cessation of the convulsion. Likewise,
the chloride space had re-expanded to a volume
almost as large as the pre-convulsion value. At
the two to four minute post-convulsion point, how-
ever, the concentration of serum potassium had
fallen below its initial value in all but two patients.

It can be calculated that the total milliosmols in
the body water increased during the convulsion
period by from 570 to 1250 milliosmols or from
4.8 to 9.1 per cent. Within two minutes after the
end of the convulsion a distinct decrease was de-
tectable, and by the end of four minutes the origi-
nal state had been restored.

The calculated exchanges of sodium between
cellular and extracellular water were small and not
consistent in direction. During the period of the
convulsion there was a small, but almost always
significant, movement of potassium from the cells
to the extracellular space. In the two to four
minutes following the convulsion there was a con-
sistent movement of potassium into cells which,
in all but one study, was distinctly larger than the
loss from the cells during the convulsion.

Table. II presents the data observed in the first
five patients when the electroshock convulsion
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was modified by curare. In four patients all the
changes were qualitatively similar to those ob-
served in the unmodified convulsion, but distinctly
smaller. In Patient 5, whose convulsion was al-
most completely abolished by the curare, there
were no significant changes.

DISCUSSION

The rise in concentrations of sodium and chlo-
ride of the serum at the end of the convulsion ap-
pears to be related to a contraction of the volume
of the extracellular water, owing to a transfer of
water from the extracellular to the intracellular
compartment. The increase of serum protein in-
dicates that this is accompanied by hemoconcen-
tration. Since the movements of water between
extracellular and intracellular compartments are
dictated by osmotic pressure, the osmolar concen-
tration within the cells must have increased. It is
appreciated that precise estimates of the magnitude
of these transfers throughout the body cannot
be derived from analyses of blood from the ante-
cubital vein. In phenomena of such a catastrophic
order general equilibrium is not attained. It is
reasonable to assume, especially in the light of the
experiments with curare, that muscular activity is
the responsible agent and that the transfers;,are
of the general order indicated. This view is fur-
ther supported by the uniform nature of the resto-
ration curves which were more gradual. It is also
justifiable to infer that these catastrophic changes
were not attended by appreciable movements of
sodium or chloride into the cells.

The two sources of increase of the concentration
of osmotically active constituents within the cells
during the violent muscular exercise of a con-
vulsion are the accumulation of acids within the
cells and the breakdown of large complex organic
molecules into more numerous smaller compo-
nents. The first of these is related to the large
buffer activity of the base-protein complexes.
This is comparable to the sharp increase in water
content in red blood cells when the serum is acidi-
fied (11), but in contrast to the very small in-
crease in intracellular water of muscle reported
when the extracellular fluid is acidified (12). The
precise reasons for this difference in behavior are
not completely understood but may largely be re-
lated to the facts that'the muscle cell is not per-
meable to bicarbonate and chloride as is the red

blood cell. However, in the present instance it
is the internal milieu of the cell to which large
amounts of acid have been added and the cellular
base-protein buffer activity must result in an in-
crease in osmolar concentration.

The fact that there is a reversal to the pre-shock
distribution of water within a few minutes can be
explained by the operation of two mechanisms.
Many of the new smaller compounds are probably
rapidly resynthesized to the larger, more complex
but necessarily less numerous molecules. In ad-
dition, a large number of the newly formed small
molecules may actually be able to cross the cell
membrane, thus failing to exert an effective os-
motic pressure. However, if they can permeate
the cell membrane, they must move with a signifi-
cantly slowver speed than water, and therefore only
transiently set up an osmotic gradient that de-
mands the movement of water into the cells. The
removal of acids from the cells would also reduce
the osmolar concentration.

The movement of potassium from the cells dur-
ing the convulsion may result from the liberation
of potassium previously associated with large or-
ganic complexes that have broken down into more
simple molecules. The return of potassium to
the cells during the recovery period is probably re-
lated to the re-introduction of this ion into the
resynthesized large organic complexes. It is not
clear, however, why a larger amount of potassium
moves into the cells during the recovery period.
It may be related to a mechanism for the transfer
of glucose from the extracellular fluid to the cells.

The demonstration that primary changes in
osmolar concentration of this magnitude within the
cells can occur and must of necessity cause a shift
of water into the cells, and secondarily, a change
in electrolyte concentration in the extracellular
water provides a sound basis for the consideration
of the possible role of such a mechanism in certain
disease states. A chronically increased cellular
osmolar concentration would be a plausible mecha-
nism for the occurrence of hypernatremia in cer-
tain cerebral disorders (13, 14). Likewise, a
chronically decreased cellular osmolar concentra-
tion might be the original defect in those instances
of hyponatremia frequently observed among pa-
tients with pulmonary tuberculosis and other
debilitated states (15-18). These so-called "salt-
wasting syndromes" may not represent a deple-
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tion of sodium in any true sense. The excretion
of sodium and negative balance of this ion at re-
duced concentrations of sodium in the serum may
merely represent an attempt to reduce the tonicity
of the extracellular fluids in conformity with the
reduced osmolar concentration within the cells.
This mechanism may even apply in some debili-
tated patients with severe congestive heart failure
who have hyponatremia without evident loss of
sodium from the body. In this instance the re-
duced tonicity of the extracellular water must be
achieved by the dilution effect of retained water,
since other factors operative in congestive failure
cause an almost complete tubular reabsorption of
filtered sodium.

SUMMARYANDCONCLUSIONS

The violent muscular activity of an electroshock
convulsion is accompanied by a rapid redistribu-
tion of body water characterized by a contraction
of the extracellular space. This is presumably a
response to an increase in cellular osmolar con-
centration. The extracellular space re-expands
within two minutes after the cessation of the con-
vulsion. There are no significant exchanges of
sodium between the cells and extracellular fluid.
During the convulsion potassium leaves the cells
and in the recovery phase a larger amount of this
ion moves back into the cells.

The suggestion is made that primary and more
chronic alterations in cellular osmolar concentra-
tions may be the original defect responsible in cer-
tain states for hypo- and hypernatremia.
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