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It has been appreciated since the classical stud-
ies of Biemond and Daniels (1) and Aitken, Allott,
Castleden, and Walker (2) that the concentration
of potassium in serum falls during attacks in pa-
tients with typical family periodic paralysis. Al-
lott and McArdle (3), Pudenz, McIntosh, and
McEachern (4) and Ferrebee, Atchley, and Loeb
(5) showed that the quantity of potassium ex-
creted in urine was reduced during attacks of
paralysis. These observations implied that during
attacks potassium shifted from extracellular to
some intracellular space. Metabolic balance stud-
ies by Danowski, Elkinton, Burrows, and Winkler
(6) confirmed this hypothesis. The question of
which intracellular space accepted the potassium
that shifted during attacks remained unanswered.

Recently it has been reported from this labora-
tory that there is a diurnal variation in normal
man in exchange of potassium between skeletal
muscle and extracellular water (7). During the
hours between 10 P.M. and 12 noon, that is, 4 to
18 hours after the last meal, with the subject at
rest, potassium moves from muscle to blood, the
rate declining to a minimum or even reversing
slightly (potassium moves from blood to muscle)
between the hours of midnight and 7 A. M., and
then rising again to a peak between 10 A.M. and
noon. It is characteristic of family periodic paraly-
sis that most attacks begin during the middle of the
night (8). This suggested that in patients with
this disease there may be an exaggeration of the
diurnal variation in potassium movement, and that
movement of potassium from extracellular fluid
into skeletal muscle during the night might be re-

1 This work was performed under a contract between
the Office of Naval Research, Department of the Navy,
and The Johns Hopkins University (NR 113-241) and
was further supported by grants-in-aid from the National
Institutes of Health, Department of Health, Education,

and Welfare (A-750) and the Muscular Dystrophy As-
sociations of America, Inc.

sponsible for the attacks. It is the purpose of this
report to present data indicating that this is the
case.

METHODS

Two subjects were studied. Both had well-documented
family periodic paralysis with a history of spontaneous
attacks of flaccid paralysis frequently having their onset
in the middle of the night and associated with definite
hypokalemia.

Subject M. H., a l4-year-old boy weighing 57 Kg.,
had had episodes of weakness and paralysis since age 12.
All the attacks began between 11 P.M. and 9 AM. They
were relieved or prevented by administration of potas-
sium chloride, and serum potassium concentration during
at least one attack was found to be low. The severity of
his attacks was much less than that of the second patient.

Subject M. H. was studied on three occasions:

Study I was performed between 11:30 AM. and 12
noon during spontaneous recovery from a mild attack
which had begun spontaneously during the night. He
had had no food since supper at 6 P.M. the evening prior
to study.

Study II covered the hours between midnight and 7
A.M. The last meal was at 6 P.M. When a spontaneous
attack did not occur by 2:20 A.M., an attack was induced
by administration of glucose and of insulin.

Study III covered the hours between 1 A.M. and 7
AM. During the afternoon prior to study M. H. exer-
cised heavily on a treadmill and at 6 P.M. ate a large
dinner. There was no clinical evidence of an attack
during the time of this study.

Subject A. B., a 24-year-old college student weighing
77 Kg., was a member of a family of whom six members
had clinical evidence of periodic paralysis. His attacks
began at age 12. There were one to three severe attacks
and more frequent mild attacks each month until age 18
when he was first placed on prophylactic potassium ther-
apy. Circumstances under which attacks occurred were
quite predictable. Attacks followed heavy exercise and
high carbohydrate meals, were aborted by mild exercise
and ingestion of potassium chloride. Onset of attacks
was usually in the middle of the night and some of his
attacks were quite severe, involving not only the extremi-
ties but also respiratory muscles.

Subject A. B. was studied on one occasion. Prophy-
lactic potassium therapy was discontinued 24 hours prior
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TABLE 1
Net movement of potassium during spontaneous nocturnal attack—Subject A. B.*

Oral
Ai.ﬁe. mE:/L. méqu 100“%9}'3:41» KgCl Muscle strength Tendon reflexest
12:12 247 0.74 1.8 Normal B-1; T-2
K-2, 2
1:08 2.11 0.60 1.3
1:25 Rapid decrease in arms; legs B-0; T-0
to fairly strong. K-1,0; A-2, 1
1:55
2:08 2.11 0.55 0.9
2:55 Maximal inspiration reduced,
but no dyspnea. Neck
flexion very weak.
3:08 1.91 0.44 0.8
4:00 1.85 0.49 1.1 Extremities almost totally
paralyzed. (Severe EKG
abnormalities.)
4:10 5
4:40 5 Subjective improvement. No B-0; T-1
: objective change. K-0,0; A-2, 1
5:48 2.75 0.61 0.8 EK& less abnormal
6:25 2.73 0.36 0.7 5 Extremity strength slightly B-0; T-2
improved. Inspiration K-1,0; A-2, 1
stronger. (EKG—return
to severe changes.)
7:10 5
7:13 3.11 -0.20 —-04" Head can be raised off pillow.
7:43 345 —0.50 -0.8
9:00 5.40 —0.61 —-1.3 Nearly recovered. B-2; T-1
K-3, 2; A-2,2
10:03 5.91 —0.33 -0.7 Essentially normal.

* A = concentration of {)otassium in arterial plasma; A-V = arteriovenous difference in plasma concentration of
o

potassium; Q = net uptake

r net release when value is negative) of potassium by forearm tissues.

B = biceps, T = triceps, K = knee, A = ankle. Only the right biceps and triceps reflexes could be tested;

metabolic studies were made on the left arm. 0 = absent, 1 = reduced, 2 = normal

and ankle jerks, the first number refers to the right side, the second to the left side.

to this study. He received 100 g. of glucose at 3:30 P.M,,
ate his usual supper at 5:30 P.M. with extra dessert plus
100 g. of glucose at 6:30 P.M. Measurements were made
between midnight and 10 A M. A severe attack occurred
and it was necessary to treat him with KCl.

Measurements were made of the metabolism of forearm
muscles with the subject at rest. Uptake and release of
potassium, O,, CO,, glucose and lactate were calculated
as described previously (7, 9) as the products of forearm
blood flow and arteriovenous differences of the metabo-
lites. Venous blood was obtained through a catheter
placed in a deep vein draining forearm muscles. Ar-
terial blood was from the brachial artery. A pressure
cuff about the wrist, inflated to greater than systolic
pressure, excluded blood flow to hand and wrist during
periods of blood collection.

Certain extrapolations of the data are made. In these
it is assumed that uptake or output per min. per 100 ml.
of forearm can be converted to uptake or output per min.
per 100 g. of forearm muscle by multiplying by 44, a con-
version factor estimated previously (9). It is further as-
sumed that extracellular fluid weighs 20 per cent of body
weight and that total muscle mass is 40 per cent of body
weight.

, 3 = hyperactive. In the knee
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RESULTS AND DISCUSSION

Potassium Movement During Spontaneous Attack
and Spontaneous Recovery

Subject A. B. (Table I and Figures 1 and 2)

Arterial potassium concentration was already
reduced greatly by the time the first sample was
drawn at midnight and continued to fall for the
next four hours, after which it was necessary to
treat the patient by administration of KCl. In
subject A. B., between midnight and 4 A.M., ex-
traction of potassium (i.e., A-V difference divided
by arterial concentration) was approximately 25
per cent. In normal subjects little or no extraction
of potassium occurs during these hours.

During the attack potassium moved from plasma
into muscle at a rate of 1.2 pEq. per min. per 100
ml. forearm. Between midnight and 4 A.M., con-
centration of potassium in arterial plasma fell 0.6
mEq. per L., a loss of about 9.5 mEq. of potassium
from total extracellular fluid. During that time
about 2 mEq. of potassium moved from plasma
into muscles of one forearm. If all skeletal
muscles were behaving identically, about 110
mEq. of potassium might have moved from ex-
tracellular fluid into muscle in the four-hour pe-
riod. Since this figure is about 12 times as large
as the estimated loss of extracellular potassium it
follows either that forearm muscles were extract-
ing potassium from plasma at a rate about 12
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F16. 2. PoTtasstuM MoVEMENT BETWEEN PLASMA AND

MvuscLe DuriNG THE NIGHT
Positive values are uptake, negative values are release
from muscle. B, subject A. B. during attack and re-
covery; K and C, normal subjects; H, subject M. H.
who had periodic paralysis but failed to get an attack
during this study. Arrows indicate oral administration of
5g. KCl to A. B.
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times greater than the average muscle or that po-
tassium was added to plasma from some non-
muscular source.

Although the mass of potassium lost from ex-
tracellular fluid was large from the viewpoint of
extracellular potassium, if it all went into skeletal
muscle this quantity of potassium would be suffi-
cient to raise the average concentration of intra-
muscular potassium by only a few per cent, an
amount too small to be detected by available
methods.

When KCl was administered, although there
was some elevation of arterial potassium concen-
tration, extraction of potassium remained con-
stant for the next two and one-half hours and po-
tassium continued to move into muscle until the
direction of movement was reversed at 7 A.M,,
several hours earlier than the onset of accelerated
output of potassium by muscle in normal subjects.

In summary, an attack of paralysis developed in
the middle of the night about seven hours after a
heavy carbohydrate meal. Potassium moved from
plasma into skeletal muscle, concentration of po-
tassium in plasma was reduced and paralysis oc-
curred. Efforts to terminate the attack by oral
administration of potassium failed to do so during
a two-hour period in which potassium continued
to move from plasma into muscle and there was
only a small increase in concentration of arterial
potassium. Presumably, during these two hours
potassium movement out of extracellular space
into muscle almost kept pace with intestinal ab-
sorption of administered potassium. Later in the
morning the direction of potassium movement
reversed; potassium moved out of muscle into
extracellular space at a rate greater than that seen
in normal subjects during these hours. Concen-
tration of potassium in arterial plasma rose
abruptly and the attack ended. Although the rise
in concentration of potassium in arterial plasma
may have been the result of absorption of ad-
ministered potassium from the gut as well as of
outpouring of potassium from skeletal muscle, the
latter factor alone was sufficient to account for
the observed rise in plasma concentration.

Subject M. H., Study I (Table I1, Figure 3)

Subject M. H. failed to have a spontaneous at-
tack during the time measurements of forearm
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TABLE II

Potassium release during spontaneous recovery from
spontaneous attack—Subject M. H.*

Time A AV o)

11:39 4.09 —-1.05 -3.85
11:50 4.10 —-1.15 —6.23
12:00 4.08 —0.87 -3.70

* Time is A.M. Symbals as in Table I.

metabolism were made. However, forearm me-
tabolism was measured on the morning following
a mild spontaneous attack from which he was re-
covering spontaneously. At the time of the study
there was no longer any gross weakness. Deep
tendon reflexes in the arms were normal but
patellar and ankle responses were still slightly de-
pressed. Release of potassium from muscle was
about six times greater than the average rate
found in normal subjects during the same time of
the day. Presumably at some earlier hour during
the attack there was a reduction in plasma potas-
sium concentration. The rate at which potassium
moved from muscle to extracellular fluid during
recovery, 3 to 5 mEq. per hr. per Kg. of muscle,
was adequate to account for an increase in plasma
potassium concentration. Despite the large con-
tribution of potassium to venous plasma from
muscle, concentration of potassium in arterial
plasma was stable at about 4 mEq. per L. during
the period of observation. This stability of ar-
terial potassium could obtain only if potassium
left the blood stream by some other route as fast
as it entered from skeletal muscle.
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Potassium Movement During an Attack Produced
by Administration of Glucose and Insulin

Subject M. H., Study II (Table IIT)

During Study II of subject M. H., when a
spontaneous attack had not occurred by 2:20 A.M.
a mild attack was produced by administration of
glucose and insulin. At 6:25 A.M. he was given
9 g. KCl by mouth. Within 25 minutes there was
some return of deep tendon reflexes.

When KCl was administered there was a rapid
rise in arterial potassium concentration despite
a large increase in rate of potassium uptake by
muscle. An uptake of this magnitude did not
occur following potassium administration to sub-
ject A. B. at approximately the same time of day.
The difference in response is probably attributable
to the effect of insulin, since the behavior of blood
glucose concentrations indicated that a potent in-
sulin action occurred at the time of massive uptake
of potassium.

From the rise in concentration of potassium in

TABLE III

Net movement of potassium during attack induced by
glucose and insulin—Subject M. H., Study II *

Q
Time A A-V mff’/"zéo
M. mEq./L. mEq./L. ml. forearm Comments
12:20 441 —-0.06 —04 Strength and reflexes
normal.

1:20 444 —-0.11 -—0.8

2:21 431 —=0.16 —12 No symptoms or signs of
impending attack.

2:25 130 g. glucose in 240 ml.

to orange juice.

2:40

2:40 Insulin, 20 U., subcu-
taneous.

3:02 409 -0.34 -26

3:55 4.18 ~—0.01 —0.1 Nochange in strength or
reflexes.

3:55 25 g. glucose, I.V.

to

4:05

4:07 Insulin, 6 U., I.V.

4:41 3.68 0.08 0.7 Strength greatly
diminished. Tendon
reflexes absent.

5:29 3.73 0.26 1.8

6:03 3.68 0.03 0.3

6:15 Further weakness. Re-
flexes remain absent.

6:25 9 g. KCl orally.

6:40 495 0.68 6.6 Reflexes and strength re-
turning,

6:58 5.56 0.45 6.7 Almost complete
recovery.

* Symbols as in Table I.
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arterial plasma, from the measured uptake of po- S woom © 6 o
tassium by muscles of the forearm, and from rea- 3| g™ Toe "
sonable assumptions of the size of extracellular e
space and total muscle mass in M. H. it can be
estimated that of the 120 mEq. of potassium ad- Qlefem = § ©
ministered about 20 mEq. went into extracellular Z < Z
space and about 65 mEq. went into skeletal
muscle in 33 minutes, leaving about one-fourth SR8s 8 8 §
unaccounted for. Similar calculations made for * 13333 8 S S
the case of A.B. following the first 10 g. of ad- : Lot I
ministered KCl (Table I) indicated that of the 3 % amg: ¥ 1w ow
135 mEq. of potassium administered about 14 53 § Z seg22 2 g8 8
mEq. went into extracellular space and about 35 "" b !
mEq. went into muscle in two hours, leaving 2 oo & o e
about two-thirds of the potassium unaccounted for. < < 8838 = I X
This suggests that the failure of oral administra- § eeee © ©
tion of KCl to produce prompt restoration of nor- g
mal potassium concentration in arterial plasma 3 al8388 8 § 2
and clinical recovery may have been in part due to § et 9 °
delayed absorption of potassium from the gut dur- >
: w | 8 NVVRS © N
ing the more severe attack suffered by A. B. 3 é Z ge3z z 2 9
3 [
Normal Pattern of Potassium Movement During § NG® ~ o
a Night When No Paralytic Attack Occurred b} | 3SEE W W
&
Subject M. H., Study ITT (Figure 2) 2%
SR g|a588 8 & X
During the early part of Study II, between mid- 2 H|SwoSs & o o
night and 2:20 A.M., subject M. H. had no spon- '§
taneous attack and potassium movement at this = =288 8 = 2
time was indistinguishable from that observed in -g 9| Shnd ® &
normal men. In Study III, between 1 A.M. and 3 E
7 AM,, subject M. H. again had no spontaneous § © ; iiéﬁ § 3 §
attack and potassium movement appeared to be R -§
normal, S <8838 2 3 3
g J5g2 2 g @
Fragmentary Observations on Other Abnormali- §
ties of Muscle Metabolism Occurring During a 8, o|8288 8 8 2
Spontaneous Attack of Paralysis (Table IV) g botabob R A
Certain observations discovered during the at- ;‘ g > 2888 3 X 8
tack in A. B. which differ from those obtained in = §|¢|SQS3 ¥ 8 &
normal subjects are reported. These differences N O o
may prove ultimately to be of no significance since YS9 %e & & @
thé number of normal subjects studied is small.
On the other hand, even if they prove to be real Ti | omeReRInnY
departures from the normal it is not clear whether A R R D D PR A
these differences are fundamental to the disease,
whether they represent a defect parallel to but PRISE$-3:-4-F Fhubed-
unrelated to the anomaly of potassium movement, g | Qmamtnor~og
whether they are in some way causally related to

Concentrations are in mM per L. Q expressed as uM per min. per 100 ml. forearm. L/G is per cent of glucose

(G-L)/0. is per cent of O; uptake accounted for by apparent oxidation of glucose.

* Time is AAM. Symbols as in Table I.
uptake accounted for by lactate production.
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B, subject A. B. during attack and recovery; C, K and
N, normal subjects; H, subject M. H. who failed to de-
velop hypokalemia or clinical paralysis.

potassium movement, or whether they are conse-
quences of the disease. None of these metabolic
differences appeared in subject M. H., Study III,
during the night in which he failed to have a
spontaneous attack.

Concentration of glucose in arterial blood was
definitely higher in subject A. B. than in normals
during the night (Figure 4), and at least during
the first four measurements A-V glucose differ-
ences were higher than normal. It has been noted
previously (10) that A-V glucose differences
varied directly with arterial glucose concentra-
tions in normal subjects during the night. This
relation was true also for subject A. B., so that
the abnormally high glucose A-V differences and
glucose uptakes in this subject may have resulted
from abnormally high delivery of glucose to
muscle. Since the concentration of arterial glu-
cose tended to decrease during the night, it is not
unexpected that glucose uptake tended to de-
crease similarly.

Although interpretation of these high concen-
trations of glucose in arterial blood is complicated
by the fact that A. B. had a high carbohydrate diet
six and nine hours before the first blood sample
was collected, even the last arterial specimen drawn
16 hours after the last meal showed higher than
normal glucose concentration, 5.57 mM per L.
(mean arterial glucose concentration after 16 to
18-hour fast in 24 normal subjects is 5.01 mM per
L.+027 S.D.).

Since uptake of glucose by skeletal muscle was
at least normal, the high concentration of glucose
in arterial blood implies that some other organ
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failed to remove circulating glucose or that hepatic
contribution of glucose was accelerated.

Concentration of lactate in arterial blood was
within normal limits during the early part of the
study and rose during the later hours (Figure 5),
approximately coincident with recovery from
paralysis. Lactate production by muscle was er-
ratic. There is no evidence that the rise in ar-
terial lactate concentration was owing to increased
production of lactate by skeletal muscle in the
forearm. It is possible, however, that other
muscles did contribute, since muscle power and
deep tendon reflexes were examined from time to
time during this period.

During the night and the following morning,
forearm blood flow in subject A. B. was within
the limits defined by studies of two normal sub-
jects during the night (10) and a larger group of
normal subjects during the late morning (9).
Nor were there any deviations from normal in
O, uptake, in CO, production or in A-V differ-
ences of CO, or O, content. However, the ar-
terial concentration of CO,, initially normal, fell
to levels lower than those in normal subjects
(mean of 24 normal subjects, 21.9 mEq. per L. =
098 S.D.) (Figure 6). Although pH was not
measured, this decrease in arterial CO, presum-
ably represented extracellular metabolic acidosis.

Mean respiratory quotients of forearm muscles
in three normal subjects between the hours of
10 P.M. and 4 A.M. were 0.75, 0.84 and 0.84.
In subject M. H., during the same time interval
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when he failed to have an attack, the R.Q. was
0.82. In subject A. B. during the spontaneous
attack, R.Q. was 1.00.

The fraction of O, uptake by muscle which is
spent in oxidation of glucose is defined by the
following relation (9): 6(glucose A-V difference
minus 15 lactate A-V difference)/oxygen A-V
difference. In contrast to data found in normal
subjects during the same hours, during the early
hours of the attack glucose uptake was greatly
in excess of the amount needed to account for all
the O, uptake. Later, glucose uptake decreased
and was sufficient to account for only a minor frac-
tion of O, uptake, as was true in normals. In nor-
mal subjects the fraction of O, uptake accounted
for by glucose oxidation varied directly with ar-
terial glucose concentration (10). This was true
also in subject A. B.

These data do not explain the exaggerated
movement of potassium between plasma and
muscle seen during paralysis and recovery. Al-
though unusually rapid uptake of potassium by
muscle was associated with unusually rapid glu-
cose uptake, the direction of potassium movement
reversed, and potassium moved from muscle to
plasma during recovery at a time when arterial
glucose concentration was still excessive and glu-
cose uptake by muscle was still relatively large.

Net efflux of potassium from cells under the in-
fluence of acidosis has been described (11) and a
suggestive correlation between potassium move-
ment from muscle and CO, production by muscle

KENNETH L. ZIERLER AND REUBIN ANDRES

was found in normal subjects during the night
(10). This correlation could be demonstrated for
subject M. H., who had no attack, but could not
be demonstrated for subject A. B. during and fol-
lowing the attack.

The possibility has been considered that changes
in concentration of potassium in plasma may be
owing to water shifts either from extravascular
space or from erythrocytes into plasma. To test
this possibility, hematocrits were determined on
paired samples of arterial and venous blood
throughout the night. Among seven pairs of he-
matocrits, mean arterial hematocrit was 44.20,
range 43.1 to 45.5, mean venous hematocrit was
4426, range 43.4 to 45.5, and mean difference be-
tween pairs of arterial and venous blood was
— 0.06, range — 0.5 to + 1.0. Thus there was
no evidence of net water shift into plasma.

SUMMARY

1. A large net uptake of potassium from ar-
terial plasma by skeletal muscle (the forearm)
has been demonstrated a) during the development
of a spontaneous nocturnal attack of periodic pa-
ralysis and b) during the development of a noc-
turnal attack induced by the administration of
glucose and insulin.

2. Movement of potassium out of skeletal
muscle has been demonstrated a) during the spon-
taneous recovery from a nocturnal attack which
developed spontaneously and b) during recovery
from an attack after oral KCl administration.

3. The characteristic onset of attacks during the
night with spontaneous cure later in the morning
seen in many of these patients may be due to ex-
aggerations of the normal diurnal variation in net
potassium movement between muscle and plasma.
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