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It is a well recognized clinical observation that
young children are prone to have convulsions at
the onset of certain acute febrile illnesses. This
is much less common in older children, and prac-
tically unknown in adults except during hyper-
thermia of the most marked degree. In some
recently completed, but as yet unpublished experi-
ments, Wegman (1) was able to demonstrate
that similar reactions were exhibited by cats of
various ages when hyperthermia was produced by
exposure in a heating cabinet. The observations
of some investigators as to the apparent relation
of body hydration to the convulsions of epilepsy
(2) and those associated with insulin hypogly-
cemia (3), turned our attention to the distribu-
tion of tissue water and electrolytes following
hyperthermia.
The purpose of the present investigations was

to study the changes in the distribution of water
and electrolytes in the brain, muscle and liver of
animals of varying sizes, after exposure in a
heating cabinet according to the technique de-
veloped by Wegman (1). Three problems nat-
urally presented themselves: (1) How do the
tissues of the young animal differ from that of
the older animal? In other words, what is the
effect of growth on the distribution of water and
electrolytes in these tissues? (2) What is the
effect of hyperthermia on these tissues, and how
does this vary in animals of different ages? (3)
Can the convulsions associated with hyperthermia
be correlated with any specific changes in the
brain ?
The first problem propounded, namely the

effect of growth on the distribution of water and
electrolytes will be discussed in another paper (4).
It will suffice at this time to briefly summarize
this phase of the problem as follows. The dis-
tribution of water in brain, liver and muscle

1 This work was aided by a grant from the fluid
research fund of the Medical School.

varies according to the age of the animal. In
brain and liver, the proportion of the total water
represented by the extracellular fluid is slightly
smaller, and that represented by the intracellular
fluid, slightly larger in the older animals. In
muscle, on the other hand, growth is almost en-
tirely due to expansion of the intracellular com-
partment with very little increase in the absolute
amount of extracellular fluid. Thus, in the older
animals, the proportion of total water represented
by the extracellular fluid is less than one-third
that found in very young animals. The percent-
age of total water in all three tissues when
expressed in terms of fat-free tissue, shows very
little change in animals of different ages.
The following discussion will confine itself to

the effect of hyperthermia on the distribution of
water and electrolytes in the brain, muscle and
liver of animals of varying ages.

PROCEDURE

Cats were used as the experimental animals. Since it
was impossible, in many instances, to be sure of the exact
age, the animals' weight was used as the index of growth.
The animals were kept for approximately one week on the
usual kennel diet, consisting of canned meat and milk.
No food was given the day of the experiment. Water,
however, was allowed ad libitum.
Hyperthermia was produced in an elliptical chamber.

The source of the heat was a high resistence wire situ-
ated at the top of the chamber from which the heat was
reflected on to a platform on which the animal was re-
strained. A detailed description of the apparatus em-
ployed will be given in Wegman's paper (1).

Increases in body temperature (rectal) of from 40 to
60 C. were obtained after exposures lasting from 30 to 60
minutes. In some of the animals, the temperature was
allowed to rise more slowly so that similar degrees of
temperature elevation were achieved after exposures last-
ing up to 5 hours. Upon the onset of convulsions, the
animals were removed from the chamber, anesthetized
with ether, and killed by exsanguination through a cardiac
puncture. A similar procedure was carried out on those
animals removed from the chamber before convulsions
occurred. The control animals were anesthetized and
bled in the same manner as the heated ones.
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The blood was collected under oil, allowed to clot, and
the serum removed in the usual manner. The entire liver,
and adequate samples of skeletal muscle (from all four
extremities) were rapidly removed and collected in
weighed, stoppered bottles. The calvarium was carefully
removed, and the brain, including the hemispheres, cere-
bellum and most of the midbrain, delivered in toto into
weighed, stoppered bottles. Any visible particles of bone
were first wiped away. After being weighed, the bottles
containing the various tissues were placed in an oven, at
1050 C., and dried to constant weight. This usually took
about 3 to 5 days.

CHEMICAL METHODS

Water was determined by drying to constant weight in
an oven at 1050 C. All tissue analyses were carried out
on the dried material, which was first finely ground.
Nitrogen was determined by the Kjeldahl method (5);
total fat gravimetrically by extraction with hot alcohol
and ether for one hour, drying and re-extraction with
petroleum ether; chloride, in serum by the- method of Van
Slyke and Sendroy (5); chloride in tissues, by ashing in
a muffle furnace at 4200 C. in the presence of sodium car-
bonate, extracting the ash with warm water, slightly
acidified with nitric acid, and then proceeding by the
method of Van Slyke and Sendroy (6); sodium, by the
method of Butler and Tuthill (5) after removal of potas-
sium as described by Hald (7); potassium, by Hald's
modification of the method of Shohl and Bennet (7),
except for the final determination of KK2PTCa, which was
determined as chloride after reduction with sodium bisul-
fite (8); phosphorus, by the method of Fiske and Sub-
barow (9). For sodium, potassium and phosphorus
determinations, the material was first ashed in a muffle
furnace at 5000 C. in silicon dishes, the subsequent ana-
lyses being carried out on aliquots of the dissolved ash.

CALCULATIONS

The calculations are based on the assumption that all
tissue chloride is confined to the extracellular compart-
ment. The formulae, their derivations, and consideration
of their validity are given in a previous paper (10). By
means of these calculations the extracellular and intra-
cellular water and the concentrations of intracellular po-
tassium, nitrogen and phosphorus were determined.
The statistical analysis followed that described by Dunn

(11). The standard error was obtained by the formula

where a is the standard deviation and n, the

number of observations. Where the difference between
two means is equal to twice the standard error of the dif-
ference, the probability of the difference not being sig-
nificant is approximately 1 in 20. Where the difference
is three times the standard error, this probability becomes
1 in 300.

RESULTS

In Table I, we have summarized the results of
the analyses of brain, muscle and liver in the

TABLE I

The average concentration, per kilogram of tissue, of water,
nitrogen, chloride, sodium, potassium, and phosphorus in

brain, muscle and liver of normal and heated animals

Normal... 17 828±6.0 15.740.3 41.3±0.8 53.9±0.9 87.561.31 86.0±3.1

Heated.... 18 81965.0 16.6±04A 46.9±1.0 61.2±1.5 89.7±2.0 89.642.7

Normal... 20 77845.0 26.7±0.7 22.3±-1.7 30.7±2.0 84.7±1.8 62.4±1.8

Heated... 18 787+5.0 26.8±0.6 23.9±1.8 31.8±2.4 87.562.3 62.442.0

LVER

Nomal ... 20 719±8.0 25.3±0.8 28.5±2.0 33.8±1.9 77.2±1.6 82.3±2.6

Heated ... 18 740±5.0 28.4±0.5 32.041.2 38.9±1.6 75.3±2.2 84.443.5

heated and control animals. For the sake of
brevity only the averages and their standard errors
are given. Water and nitrogen are expressed as
grams, while chloride, sodium, potassium and
phosphorus are expressed as millimoles per kilo-
gram of whole tissue. Unfortunately, because of
insufficient material, especially in the smaller ani-
mals, analysis for fat could not be carried out on
every tissue. For this reason, it was not'possible
to express the results in terms of fat-free material,
a procedure which is much to be desired. How-
ever, an approximation of the average values for
the percentage of fat in the tissues of the normal
and heated animals may be obtained from the
results of the analyses which were completed.
These consisted of about one-half the tissues in
each group. Thus, in the brain the average value
for fat was 4.5 per cent in both heated and normal
animals. In muscle, this was 2.4 per cent in the
normal animals and 2.2 in the heated ones. In
the liver, there was an appreciable difference,
averaging 5 per cent for the normal, and 2.8 per
cent for the heated animals. In the table, one
may note (1) the significant increases in sodium
and chloride in the brains of the heated animals,
(2) the absence of any differences in the muscle
analyses and (3) the questionably significant in-
creases in sodium, chloride, and water in the
livers of the heated animals.
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The significance of these findings can be dis-
cussed more readily by means of the following
tables which summarize the results of the appli-
cation of the previously mentioned calculations
to the chemical analyses, the averages of which
were presented in Table I.

In the subsequent tables, the first column gives
the number of animals analyzed in each group.

The next three columns give the average values
for total water, and its division into extracellu-
lar and intracellular compartments. These values
are expressed as per cent of tissue weight. The
following three columns give the average concen-

trations of nitrogen in grams, and potassium and
phosphorus in millimoles per liter of intracellular
water. Because of the differences in the distri-
bution of water in the tissues of normal animals
of different weights, care was taken so that the
mean, range and distribution of weight of the ani-
mals in the control group was approximately the
same as in the experimental group.

I. The effect of hyperthermia on the distribution
of water and electrolytes in the brain

Table II gives a summary of the significant
data as regards the changes in the brain incident
to hyperthermia. There were 17 animals in the
control group and 18 in the heated group.

TABLE II

The distribution of water and electrolytes in the brains of
normal and heated animals

Num- Extra- Intra- Intra- Intra- Intra-

be,. of TotRl ceull rcelularc elUtarceular celHular
ani- water

caelllr waear Potas ntoe PhosR-
mals watrlatr m phorus

per cent per cent per cent
MM.lierSms p mm.

pert liter per liter per liter

Normal ... 17 82.8±0.5 32.0±0.8 50.9±40.6 16742.5 31.0±0.8 173±5.0

Heated ... 18 81.940.5 35.2+0.9 46.7±0.8 183±3.5 35.3±1.0 190±6.2

The changes may be described as follows.
There is a slight decrease in total water, a change
which, statistically, is only questionably significant.
All of the other changes, however, are definitely
significant, the differences between the means being
at least 3 times or more the standard error of the
differences. These include: (1) an increase in
tle extracellular fluid associated with a quantita-
tively similar decrease in the intracellular fluid;
(2) an increase in the concentration of all the
intracellular elemnents studied. It may also be

noted that the proportionate increase in intra-
cellular concentrations is approximately equal to
the proportionate decrease in intracellular fluid,
signifying, primarily, a shift of water from the
latter compartment.

TABLE III

The distribution of water and elec'rolytes in the brains of
normal and heated animals *

Num- Extra.. Intra- Intra- Inera celluar
ber of Total cellular cellular cellular ctulasr peuoar
ani- water water water nitrogen |gsum phors
mals stm pou

per cent per cent per cent gram. mm. mm.prltr per liter per liter

300 to 800 grams

Normal ... 9 84.6±0.5 33.941.1 50.741.0 29.140.7 1674:3.5 16045.0

Heated ... 9 83.4:1:0.6 35.4411.0 48.040.6 32.841.0 1824:5.0 173415.0

800 to 2500 grams

Normal ... 8 80.8±0.4 29.8±0.6 51.0:1:0.9 33.0±0.9 166±4.0 189±4.0

Heated ... 9 80.44:0.4 35.0:10.7 45.44:0.6 37.84:0.8 18444.0 207416.0

*The table is prepared so that the changes in the
young (weighing from 300 to 800 grams) and older animals
(weighing from 800 to 2500 grams) may be compared.

Table III was constructed in order to determine
whether these changes were present in equal degree
in the younger and older animals. The table is
prepared in the usual manner. The normal and
heated animals were divided into two groups,
those up to 800 grams in weight and those from
800 up to and above 2500 grams. The average
values and standard errors are given for the dis-
tribution of water and concentration of intra-
cellular electrolytes. It will be seen that both
groups show the same changes that were described
above for the total group, namely, a shift of water
from the intracellular to extracellular compart-
ment with a consequent concentration of the in-
tracellular elements. At present no reason can be
given for the fact that the changes are somewhat
less in the younger animals although the direction
of the changes are the same.
Table IV was prepared in order to determine the

relationship of the convulsions to the changes in
the brains of the heated animals. Of the heated
animals there were 8 that did not have convulsions
and 10 that did. From the latter group, 8 were
selected so that the mean weight and distribution
was approximately the same as in the non-convul-
sive group. The table is similar to the previous
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TABLE IX

The distribution of water and electrolytes in the brains of the
heated animals having convulsions compared

with those not convulsing

Nr o Extra- Intra- Intra- Intra- ellularanb aerwfTtlcluater cellular ceUllrclua eua
celluaerlate water potas- cellular phos-

mals slum ~~~~niroen phorus

prcenit per cent per ce-nt MM. grams mm.

Convul per per liter per liter per liter
sions... 8 81.9+0.5 35.54+1.2 46.64 1.0 18543.5 35.941.2 186+5.0

No con-
vulsions 8 80.7+0.5 33.2+41.1 47.5+0.9 185+4.0 36.140.9 202+8.0

ones, and includes the average values and standard
errors of the distribution of water and concentra-
tion of intracellular elements. It will be noted
that there are no sigilificaint differences between
the groups.

Confirmatory evidence indicating a diminution
in cellular water in the brains of the heated ani-
mals can be seen in Figure 1, which is a micro-
photograph comparing the histological changes in
the brain of a heated animal with that of a normal

one.2 The section on the left is from the cortex
of a normal animal of an age similar to that of the
heated animal whose cortex is represented on the
right. We merely wish to indicate at this time
that the striking change in the ganglion cells is a
shrinking of the cell bodies, manifested by actual
diminution in diameter and an increase in staining
capacity. A more detailed report of the patho-
logical changes found during hyperthermia will be
presented elsewhere (1).

II. The cffect of hyperthermia on1 the distribution
of water and electrolytes itt muscle

Table V shows the effect of hyperthermia on the
distribution of water and electrolytes in muscle.
Statistically, there is no significant difference be-
tween the control and heated groups. The agree-
ment, it will be noted, is exceedingly good, consid-
ering the nature of the calculations involved.

2 We wish to thanik Dr. H. M. Zimmerman of the De-
partment of Pathology for preparing the histological sec-
tions and aiding in their interpretation.

40~~~~~

FIG. 1. MICROPHOTOGRAPH OF HiSTOLOGICAL SECTIONS FROM THE CORTEX OF A NORMAL AND A

HEATED ANIMAL OF SIMILAR AGE.

The sections were taken from an approximately similar location in each brain. That on the
left is from the normal animal.
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TABLE V

The distribution of waer and ekctrolyts in the muscks of
normal and heated animals

Num
T Extra- Intra- Ita- Intra- Intra-bar of TOta cal eua cellula fula r ellular

anl- water potaaje po
water aa iroi

p pa cS p Plpui prr"
PCmPffcen jw at M. groaw =M.

Normal... 20 77.8±0.5 17.341.3 60.6±1.2 13842.2 44.1±0.7 10341.8

Heatd.... 18 78.7±0.5 18.141.4 60.6±1.0 14243.0 44.1±O.7 10343.0
1 1 t~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Furthermore, in the heated group no significant
differences could be demonstrated between the con-
vulsant and non-convulsant animals. Moreover,
no differences were noted in the reactions of the
animals of different ages.

III. The effect of hyperthermia on the distribu-
tion of water and electrolytes in the liver

Table VI is a summary of the data comparing
the water and electrolyte distribution in the livers

TABLE VI

The distribuion of water and electrolytes in the livers of
normal and heated animals

Num- Extra- Intra- Intla- ntra-Intra-ber of Total ceull cellular ceua eulrMUa- water water water P° nitrogeD h

per.end per mM per cad mM.grIas SM.
per ceut per cent per cent pae p lite pe liter

Normal... 20 71.9±0.8 22.940.8 49.1±0.8 154±1.6 51.3±1.6 16845.0

Heated ... 18 74.0±0.5 24.5±0.7 49.6±0.8 147±1.1 57.2±1.9 171±7.0

of the heated and control animals. Unfortu-
nately, as was previously stated, fat determina-
tions could only be carried out on approximately
half the tissues of each group. The average fat
values, of those done, were 5 per cent for the
normal group and 2.8 per cent for the heated
group. If this represents the true difference in
the groups as a whole, the changes in total water
and extracellular water may be attributed to this
factor. The remaining changes are probably not
significant, except for the concentration of intra-
cellular potassium which suggests a real loss of
potassium from the liver cell as a result of heat-
ing. There were, also, no significant differences
between the convulsant and non-convulsant ani-
mals in the heated group, or among the animals
of different ages.

IV. The effect of hyperthermia on the concentra-
tion of serum electrolytes and water

Table VII gives the averages and standard er-
rors of the concentrations of chloride, sodium,

TABLE VII

The concentrations of chloride, sodium, potassium, water and
protein in the sera of normal and heated animals

Num-
Chloide Sodium Potaaium Water Protein

mala

mM. per mM. per mM. per Pliter liter liter Pcr
Normal . . 20 116±0.7 152±41.1 8.6±0.5 94.2±0.1 5.5±0.2

Heated... 18 118±41.2 152±2.0 11.3±L0.5 93.6±0.3 6.6±0.2

potassium, water and protein in the serums of the
control and heated animals. A significant increase
in serum potassium can be noted in the heated ani-
mals. (This confirms the findings of Kallos-
Deffner (12).) The increase in serum protein and
decrease in serum water are also probably sig-
nificant. There are no changes in the concentra-
tions of chloride and sodium.

DISCUSSION

While no significant changes can be demon-
strated in the distribution of water in muscle and
liver as a result of hyperthermia, the effect on the
brain is quite definite. This consists of a redis-
tribution of water, involving a shift from the brain
cells to the extracellular compartment. This water
shift is apparently unaccompanied by any of the
intracellular elements investigated.

In Table I, it was noted that the only significant
change found in the brains of the heated animals
was an increase in sodium and chloride. There
was little, if any, change in the total water and no
change in nitrogen, potassium and phosphorus.
Since sodium and chloride are extracellular ions,
and since the concentrations of these two elements
in the serum did not change, it is apparent that an
increase in the quantity of extracellular fluid must
have taken place. In the presence of a constant
amount of total water, this increase could only be
brought about by a shift of water from the cells.
This water, equilibrating with the extracellular
fluid of the body, would therefore account for the
increased content of sodium and chloride in the
brain.
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Since the term " edema " ordinarily implies an
increase in extracellular fluid, one may rightfully
consider the change as one of " brain edema."
However, it differs from the usual type of edema
in other tissues, in that the total water shows little
change and changes within the cells are probably
primary.
As pointed out in previous papers (13, 10) the

distribution of water between the intracellular and
extracellular phases is largely dependent on the
distribution of potassium and sodium in these
phases. Thus, a decrease in concentration of
sodium in extracellular fluid should be accom-
panied by a decrease in the amount of water in the
extracellular fluids and an increase in that of the
intracellular fluids. Conversely, an increase in
concentration of sodium in extracellular fluids will
result in a shift of water out of the cells into in-
terstitial spaces. These changes are necessary to
equalize the osmotic pressures of the two phases
of body water if other factors remain the same.

In the brains of the hyperthermic cats, despite
the lack of appreciable changes in concentration of
extracellular sodium or changes in the total amount
of potassium in the brain, a shift of water from
the brain cells to the extracellular spaces was dem-
onstrated. Such a result must have been initiated
by a decrease in the osmotic pressure within the
cells. Since the osmotic pressure of intracellular
fluids is largely determined by the concentration
of potassium, the activity of this ion must have
changed. Presumably about one-third of the po-
tassium of cells is combined with proteins, one-
third with organic phosphates and one-third with
a heterogeneous group of anions. Conceivably
one or several of these combinations are changed
from largely dissociated to largely undissociated
combinations either by some alteration produced
by a rise in temperature or some metabolic process
induced by fever. Whatever the mechanism, the
cells of the liver and muscle are absolutely or rela-
tively unaltered while the brain is quite suscepti-
ble to the change.
The brain is peculiar in that the concentration

of intracellular protein is the lowest of any tissue
examined, being somewhat more than half the con-
centration in muscle or liver and about one-third
that in erythrocytes. Conceivably a rise in tem-
perature alone may induce changes in the combina-
tion of brain proteins and salts. On the other

hand, an alkalosis induced by overbreathing in hy-
perthermia (14 to 20) might initiate the changes.
However, without more knowledge of the factors
affecting the base-combining properties of cellular
proteins, further speculation is not justified. An-
alogous changes in the other combinations could
equally well explain the shift in water.

Recently, it has become clear that the salts of
intracellular fluid form quite variable combina-
tions. Yannet, Darrow and Cary (21) found in
experiments of short duration that the concentra-
tion of sodium in serum predicted the concentra-
tion of sodium plus potassium in erythrocytes in
dogs, monkeys and rabbits. In some of the ex-
periments on dogs by the above investigators (un-
published), when sodium had been made to shift
into the red cells in response to an increase in
serum sodium, the cellular sodium was found to
remain high with respect to solids after the serum
sodium had returned to the normal level. Eisen-
man, Hald and Peters (22) found in patients that
the red cells responded to changes in concentration
of serum base by shifts of water which would in-
dicate that the erythrocytes are perfect osmom-
eters. Nevertheless, changes -in concentration of
base within the cells occurred independently of
changes in concentration of extracellular base.
Harrison and Darrow (23) demonstrated analog-
ous changes in muscle cells of adrenalectomized
rats. Here, while the total solids of muscle cor-
related with the concentration of serum sodium, a
large increase of cellular potassium occurred de-
spite a decrease in concentration of extracellular
sodium. In another series of experiments (24)
involving balance studies following the production
of sodium chloride deficits, it was demonstrated
that large retentions of potassium occurred, unac-
companied by changes in body water or concentra-
tion of sodium in serum. While the distribution
of body water between intracellular and extracel-
lular phases must be determined by the distribu-
tion of sodium and potassium, a number of factors
affect the activity of base in the cells. Hence the
above statement should be regarded primarily as a
first approximation.
At present, the changes in the brain cells cannot

be directly related to the convulsions, although
such a relationship is a most suggestive possibility.
That other factors are also involved is suggested
by the fact that similar changes in the brain are
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found in those animals which did not have convul-
sions. An examination of the present data to de-
termine whether the length of time of exposure in
the cabinet was related to the occurrence of con-
vulsions did not bear this out. Neither was the
absolute elevation of temperature the deciding fac-
tor. In this connection, it is interesting to note
that Wegman (1) found that animals of the same
weight which would have convulsive seizures if
their body temperatures were elevated very
rapidly, are less likely to convulse if a similar
elevation in body temperature is induced very
slowly.
The data throw little light on our original ques-

tion, namely, why the young child (as well as the
young animal (1)) is more likely to have a con-
vulsion with the rapid elevation of body tempera-
ture, than the older individual. Changes of a
similar nature were found, in this study, in both
the older and younger groups. The explanations
ordinarily given for this tendency have made use
of such ill-defined considerations as "maturation
of the central nervous system" and "protective
action of myelin." Our data, unfortunately, is of
little help in this respect.

Clinically, the effect of exposure to abnormally
high external temperatures manifests itself pri-
marily in two ways. In the first, the body main-
tains a normal temperature, mainly through
excessive sweating, which results in the loss of con-
siderable quantities of sodium chloride and water.
If this is not replaced, a condition known as heat
cramps ensues, involving spasm of many of the
voluntary muscles of the body. This condition is
completely relieved or may be prevented by the
administration of adequate amounts of saline solu-
tion. When the above regulatory mechanism is
inadequate, the body temperature will rise to ex-
tremely high levels, often 108 to 1090 F. Under
these conditions, evidences of injury to the central
nervous system appear in the form of delirium,
convulsions and coma. Recovery is prolonged
and difficult and sequelae in the nature of hemi-
plegias and paraplegias have been reported (25).
It is in conditions of this kind that one would ex-
pect to find histological changes in the brain similar
to those described in the present study. We have
been unable to find any pathological reports in the
literature bearing on this point. Zimmerman (26)
has recently had occasion to study the brains from

two adult patients, both of whom died about 3
days after an uncontrolled hyperpyrexia follow-
ing the application of mechanical fever therapy.
The histological changes in these brains were simi-
lar to those found in the experimentally heated
animals.

SUMMARY

The effect of hyperthermia on the distribution
of water and electrolytes in brain, liver and muscle
of cats of various ages, was investigated. The
following results were obtained.

1. In the brain, hyperthermia results in a re-
distribution of water, involving a shift of water
from cells to the extracellular fluid, without change
in total water. The shift of water is unaccom-
panied by loss of intracellular potassium, nitrogen
or phosphorus. The concentrations of these sub-
stances, therefore, are increased in the cells.
However, the concentrations of sodium and chlo-
ride in the extracellular fluid remain unchanged.
Confirmation of this shrinking in cell volume is
obtained from histological examination of the
brains of the heated animals.

2. The changes in the brain, as described above,
could be demonstrated in the animals that con-
vulsed as well as those not convulsing as a result
of hyperthermia.

3. The same changes could be demonstrated in
both young and older animals exposed to hyper-
thermia.

4. No significant changes could be demonstrated
in the liver or muscle as a result of hyperthermia.
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