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Abstract. In ureter ligated or nephrectomized dogs continuously infused with 2 mEq 
KCVkg/hr, a nonrenal K homeostatic mechanism retards the development of hyperkalemia 
by transferring much of the K load from extracellular to intracellular fluid. But, the K 
transfer capacity of ureter-ligated dogs is significantly less than that of equally anuric ne- 
phrectomized animals. However, K transfer ability in ureter-ligated dogs can be raised to the 
nephrectomy level if the kidneys are denervated or if the animals are vagotomized by cutting 
both cervical vagus trunks; in ureter-ligated preparations with bilateral adrenalectomy, va- 
gotomy is without effect. It has been shown that in anuric dogs activity of p-adrenergic 
receptors is importantly involved in transfer of a K load to intracellular fluid. Our findings 
suggest that ureter-ligated kidneys give rise to neural impulses that course in fibers of the 
cervical vagus trunk and diminish K transfer by suppressing the secretion of epinephrine, a 
powerful p receptor agonist that is known to increase K transfer markedly in these prepara- 
tions. Division of the renal nerves or of the vagus trunks in the neck interrupts the inhibiting 
neural impulses and releases secretion of endogenous hormone, with a corresponding rise of 
K transfer; unless the source of epinephrine is removed by adrenalectomy. 

In anuric dogs infused with 2 mEq KCV 
kg/hr a nonrenal K homeostatic mechanism 
retards the development of hyperkalemia 
and delays the onset of cardiotoxicity by 
transferring much of the administered K 
from extracellular fluid (ECF) to intracel- 
lular fluid (ICF). However, K transfer to 
ICF in ureter-ligated (UL) dogs is signifi- 
cantly less than that in equally anuric ne- 
phrectomized (nephx) animals (1). 

While studying the influence of cervical 
vagotomy on the insulin secretory response 
of UL dogs to KCl infusion, we observed 
that their tolerance to KCl administration 
was greater than that of control animals. 
With continued study we found that K 
transfer in UL dogs increased to the level of 
nephx animals if their kidneys were dener- 
vated or their cervical vagus trunks cut; and 
that vagotomy had no affect after adre- 
nalectomy (adrenx). 

Materials and Methods. Data were 
gathered from 37 mongrel dogs of either sex 
that weighed between 15.1 and 25.8 kg; 16 
of these (control dogs, nephx and UL) 
have been previously reported. All were 
fasted for 18 hr before an experiment. After 
anesthesia with Na pentobarbital (30 mg/kg 
iv) and ventilation with a Harvard res- 

pirator, a polyethylene catheter was placed 
in a forepaw cephalic vein and the animals 
were infused with 25 mVhr of 0.15 M NaC1. 
In all dogs the abdomen was then opened 
through a midline incision. In 14, both kid- 
neys were surgically removed and in 23, 
both ureters were doubly ligated with silk. 
Immediately before KC1 infusion both 
cervical vagus trunks were divided in 4 
nephx and 12 UL dogs; 5 of the latter 12 
were also adrenx. Both kidneys were de- 
nervated in 5 UL animals by completely 
mobilizing the kidney and the upper half of 
the ureter (the portion above the ligature), 
stripping the adventitia from all renal ar- 
teries, and wrapping the renal pedicle in 
gauze wet with 2% lidocaine. In each in- 
stance, KCl infusion was begun about 20 
min after completion of an operative proce- 
dure. (Twenty minutes is -20 half-lives of 
epinephrine and about one-third the half- 
life of an adrenal steroid (2, 3); i.e., in the 
adrenx dogs only the level of epinephrine is 
close to zero-that of adrenal steroids is 
still significant .) 

The 37 dogs were divided into nephx and 
UL groups. The former comprised a nephx 
control and vagotomized group; the latter, 
one U L  control and three experimental 
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groups. The protocols and K transfer ca- 
pacity for each group are tabulated in 
Table I. 

Before an experiment, the saline drip was 
discontinued and the intravenous polyeth- 
ylene catheter connected to a Harvard 
peristaltic pump that delivered 30 mVhr of a 
KCl solution of such concentration that each 
dog received 2 mEq/kg/hr. Before K load- 
ing, every dog was connected to a Hew- 
lett-Packard ECG machine. During the 
course of KCl administration Lead I1 was 
monitored at frequent intervals and KCl in- 
fusion was continued to the endpoint, i.e., 
until advanced (prelethal) ECG changes of 
cardiotoxicity appeared-rapid ventricular 
tachycardia, ventricular flutter, or a bizarre 
QRS pattern (4). At the endpoint KCl infu- 
sion was immediately discontinued, before 
blood pressure fell significantly. 

Samples of blood from an exposed 
femoral vein and artery for assay of K, im- 
munoreactive insulin (IRI), hematocrit 
(Hct), pH, and serum bicarbonate were 
obtained at the start of KCl infusion, at 
suitable intervals thereafter, and at the end- 
point. Serum K was determined by an In- 
strumentation Laboratory flame photome- 
ter with a lithium internal standard, IRI by 
the method of Soeldner and Slone (3, and 
Hct by a routine laboratory method. PCO, 
and pH were measured with a radiometer 
acid-base analyzer, and used for assaying 
serum HC03-.  A Statham strain-gauge 
transducer measured blood pressure. 

The calculation of K transfer to ICF is 
based on two assumptions; that in anuric 

dogs, infused K unaccounted for in ECF 
and RBC is transferred to ICF-and that 
the sizes of the fluid compartments are rel- 
atively unchanged in dogs in which KCl 
infusion produces negligible changes of Hct 
and total body water (TBW). Dogs have 
about 200 ml (1/5 liter) ECF/kg and -30 ml 
red blood cells (RBC)/kg (6) with a K con- 
centration that is always very similar to that 
of serum (Na, not K, is the predominant ion 
in dog RBC (7, 8). A serum K increase of 1 
mEq/liter (unit rise) is equivalent to the ad- 
dition of 0.23 mEq K/kg (0.2 mEq/kg to 
ECF and 0.03 mEq/kg to RBC). A serum K 
(prelethal minus preinfusion concentration) 
x 0.23 = total mEq K/kg added to ECF and 
RBC at the endpoint. 

The ability to transfer K to ICF can be 
assessed by determining the percentage (P) 
of infused K transferred to ICF; or by cal- 
culating mean transfer efficiency (TE)- 
transmembrane K transfer per unit rise 
serum K, i.e., total mEq K/kg transferred 
to ICF divided by mEq/liter A serum K. 
When K transfer capacity is high TE ex- 
presses its changes more clearly than P; the 
reverse is true when K transfer capacity 
is low. 

Results. Before KCl infusion, mean val- 
ues in the 37 dogs were: serum K = 4.2 
(3.9-4.4) mEq/liter, serum insulin = 8 
(4-10) pU/ml, Hct = 39 (37-40) ~ 0 1 % .  
After KCl infusion, mean A serum K = 5 . 3  
(4.7-6.1) mEq/liter, i.e., 1.2 ( 1 . 1  - 1.4) mEq 
K/kg added to ECF and RBC. (Preinfusion 
serum K added to mEq/liter A serum K of 
Table I1 equals the concentration of serum 

TABLE 1. NEPHX AND UL DOGS INFUSED TO ENDPOINT W I T H  2 mEq KCl/kg/hr 
~~ ~ 

Group Denerv. Vagot. Adrenx. Transfer to ICF 

I (10)" 
11 (4) 

+ 
+ 

- 

+ 

CNLb 
CNL 

CUL" 
CNL 
CNL 
CUL 

'' Number of dogs. 
Control nephrectomy level. 

" Control ureter-ligated level. 
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TABLE 11. U L  AND NEPHX DOGS INFUSED W I T H  2 mEq KCl/kg/hr to ENDPOINT 

K added to K transfer 
K infused AK ECF, RBC to ICF 

Group (mEq/kg) (mEq/liter) (mEq/kg) (mEq/kg) P" TEb 

I' 
I1 
P 
A 
Control 
B 
Vagot. 
p vs Group A 
p vs Group 1 
C 
Denerv. 
p vs Group A 
p vs Group I 
D 
Vagot., 

Adrenx 
p vs Group A 
p vs Group B 

3.8 2 0.29' 
4.7 ? 0.24 

NS" 

2.5 ? 0.2 

4.1 ? 0.58 
<0.001 

N S  

4.4 5 0.50 
<0.002 

NS 

2.3 k 0.7 
NS 

<0.005 

4.7 -+ 0.09 
5.7 ? 0.29 

C0.02 

5.4 2 0.15 

5.4 2 0.5 
NS 
NS 

6.1 2 0.42 
NS 

<0.05 

4.8 ? 0.2 
N S  
NS 

Nephx 
1 . 1  ? 0.08 2.7 2 0.27 
1.3 2 0.07 3 .3  5 0.25 

<0.02 NS 

U L  
1.2 2 0.24 1.2 2 0.23 

1.2 ? 0.11 2.8 2 0.58 
NS <0.001 
N S  NS 

1.4 k 0.13 3.0 2 0.44 
N S  <0.002 
NS NS 

1 . 1  2 0.04 1.2 ? 0.08 
NS NS 
N S  <0.01 

70 ? 2.5 
71 2 2 

0.60 2 0.08 
0.58 k 0.05 

N S  N S  

49 2 3.1 0.22 ? 0.02 

71 2 4.1 0.58 2 0.38 
< .005 <0.001 

N S  NS 

68 ? 2.5 
<0.01 <0.001 

N S  NS 

0.50 & 0.04 

50 2 2.0 
N S  NS 

<0.01 <0.01 

0.23 k 0.02 

'( % infused K transferred to ICF. 

' Nephx control. 

'' P > 0.05: Student t test. 

K transferred to ICF/AK 

Mean and SEM. 

K at the end point.) The maximum volume 
of solution administered to any of the dogs 
was 75 ml (-4 mVkg), less than 1% TBW. 
The maximum Hct change was an increase 
of 5 ~ 0 1 % .  There was no ECG or BP change 
following vagotomy, with or without ad- 
renx. There was no change of serum K 
during the 20 min after adrenx, when epi- 
nephrine fell to negligible levels in the 
blood. The operative procedures were 
seemingly well tolerated; postoperatively, 
vital signs were within normal limits in all 
animals. 

Group I .  Control nephx dogs (Table I I ) .  
The development of hyperkalemia is re- 
tarded by a nonrenal mechanism that  
transfers a -70% of infused K from ECF to 
ICF. K transferred to ICF is more than two 
and one-half times that added to ECF and 
RBC, and mean duration of infusion is 112 
min. The maximum rise of serum insulin: 52 
pU/ml,' is attained at  the endpoint. Arterial 
pH before infusion is 7.44 and serum 

Arithmetic mean. 

HC03- 24 mEq/liter; at the end point the 
values are 7.27 and 12 mEqlliter, respec- 
tively. 

Group I I .  Nephx dogs with vagotomy 
(Table I I ) .  Mean duration of infusion, K 
transfer to ICF and K transfer capacity (P 
and TE) are similar to  those values in 
Group I. The rise of serum insulin and 
changes of pH and serum HC03- are almost 
identical. 

Group A .  Control UL dogs (Table II ) .  
Approximately 50% of infused K is trans- 
ferred to ICF-the same amount added to 
ECF and RBC. The lesser ability to transfer 
K to ICF shortens the duration of infusion 
to -75 minutes. End point A serum IRI is 
58 pU/ml. At the start of infusion arterial 
pH is 7.41, and serum HC03- 25 mEq/liter; 
at the endpoint the respective values are 
7.35 and 17 mEq/liter. 

Group B .  UL with bilateral renal dener- 
vation prior t o  K loading (Table I I ) .  K 
transfer capacity in this group is highly sig- 
nificantly different from that of UL control 
dogs and statistically the same as that in 
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nephx controls. At the endpoint, after 
about 130 min of infusion, serum IRI in- 
creases by 64 pU/ml. The changes of pH 
and serum bicarbonate are only slightly 
different from those in nephx controls. 

Group C. UL with bilateral cervical va- 
gotomy (Table II). In this group K transfer 
capacity is statistically the same as that in 
nephx control dogs and in UL preparations 
with bilateral renal denervation. Maximum 
A serum IRI, 75 pU/ml, is attained at the 
end point after a mean duration of infusion 
of 122 min. The values of pH and serum 
HC0,- are almost identical with those in 
Group B. 

Group D .  UL with bilateral cervical va- 
gotomy and adrenx (Table I I ) .  Despite va- 
gotomy, K transfer capacity in the group is 
statistically the same as in UL controls 
(Group A). The average time of infusion is 
69 min and at the endpoint serum IRI is up 
by 46 pU/ml. Serum HC0,- falls from an 
average of 25 mEq/liter to 18 mEq/liter, and 
pH from 7.41 to 7.34 during infusion. 

Discussion. Denervation of the kidneys 
in K loaded UL dogs (Group B) improves 
the indices of K transfer capacity. P in- 
creases by nearly 40% ((68-49)/49 x loo), 
TE by over loo%, and both become statis- 
tically equal to the corresponding values in 
nephx animals (Group I, A, B, Table 11). 
The neural impulses in the renal nerves that 
are interrupted by the stripping process 
seem to traverse fibers that pass through 
the cervical vagus trunks since dividing 
them reproduces the effect of renal dener- 
vation (Group C, Table 11). 

In a previous investigation in K loaded 
anuric dogs we found that P-adrenergic re- 
ceptors are importantly involved in the K 
transfer process; that epinephrine, a pow- 
erful P agonist, markedly stimulates trans- 
membrane K transfer in UL preparations. 
Our results suggest that UL initiates neural 
impulses that course through renal nerves 
and fibers of the cervical vagus and impair 
the animals K transfer capacity by inhibit- 
ing epinephrine secretions. With release of 
the inhibition by division of the renal nerves 
or vagus trunks in the neck, there is hor- 
mone secretion, and K transfer capacity is 
elevated to  the nephx level; unless the 
adrenal-the source of epinephrine-. is re- 

moved. In the absence of impulses from the 
kidney, i.e., in nephx dogs, vagotomy has 
no effect on K transfer capacity (Group 
11, Table 11). 

Differences in the insulin response to 
KCI infusion do not account for the varia- 
tions of K transfer capacity observed-for 
in all groups the increases of serum IRI are 
substantially alike. The differences in arte- 
rial pH and serum bicarbonate are the re- 
sult, not the cause, of the variations of K 
transfer (9). 

Although UL dogs produce no bladder 
urine, the kidneys continue to secrete urine 
until pressure above the ligature equals or 
even exceeds mean arterial pressure (-70 
mm Hg) (10). At the end of an infusion ex- 
periment, each renal pelvis and ureter 
above the ligature is grossly distended by 
-5 ml urine (7). Since abrupt distention 
above an obstruction is known to stimulate 
ureteral pain receptors (lo), it is conceiv- 
able that in a UL K loaded dog, distention 
may also stimulate receptors that suppress 
the secretion of epinephrine. In a previous 
investigation we observed that early in the 
K loading process, the K transfer capacity 
of UL dogs equals that of nephx prepara- 
tions, and that only after -45 min of KCl 
infusion does their transfer ability abruptly 
decline-while that of nephx dogs K trans- 
fer remains unchanged (1 1) .  This suggests, 
among other possibilities, that a certain de- 
gree of urinary back pressure must be built 
up above the ureteral ligatures before there 
can be stimulation of the appropriate neural 
receptors. 

We continue to find that the nonrenal K 
homeostatic mechanism of hyperkalemic 
dogs is highly complicated. The findings in 
the present experiment suggest that neural 
stimuli from the kidney may influence K 
transfer capacity by inhibiting the adrenal 
medulla and producing an epinephrine defi- 
ciency. Epinephrine deficiency may explain 
the abrupt rise of serum K that can accom- 
pany the use of neuromuscular blocking 
agents in patients with long-standing stress 
(burns, trauma, etc.). Such drugs (e.g., 
succinylcholine) produce a persistent de- 
polarization of the cell membrane and a re- 
lease of K which usually does not affect the 
serum K concentration. However, after 1 to 
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3 weeks of stress (with adrenal exhaus- 
tion?), use of the drug may be accompanied 
by hyperkalemia that can even be fatal (12). 
The hyperkalemia may represent di- 
minished K transfer activity that could be 
restored with epinephrine. 
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