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Abstract O The present study compared the effects of acetylcholine to
cyanide under the same experimental conditions of renal clearance in
anesthetized dogs. Since cyanide is one of the few drugs for which the
mechanism of action is known (cytotoxic hypoxia), some insight may be
gained into the renal effects of acetylcholine since both produce direct
natriuresis and diuresis. Infusion of 0.2 ug/kg/min of acetylcholine and
12.0 pg/kg/min of sodium cyanide into the left renal artery resulted in
similar effects, i.e., increased fractional excretion of sodium, potassium,
calcium, and magnesium. These effects were immediate and ipsilateral.
Both agents increased the renal plasma flow to the same extent. In ad-
dition, regression plots of the relation between changes in sodium ex-
cretion and changes in renal plasma flow were similar for both agents.
The pattern of similar renal functional changes suggested that acetyl-
choline is not a mere renal vasodilator but that its action is also mediated
through alterations on direct tubular transport of ions.

Keyphrases O Hemodynamics, renal—effects of cyanide and acetyl-
choline compared O Cyanide—effects on renal hemodynamics and so-
dium secretion, comparison with acetylcholine O Acetylcholine—effects
on renal hemodynamics and sodium secretion, comparison with cya-
nide

May and Carter (1) showed that something other than
simple vasodilation is responsible for the saluretic action
of cholinergic drugs. When they infused cholinergic drugs
into the renal portal system of chickens, there was an
ipsilateral saluresis; however, noncholinergic drugs (iso-
proterenol, papaverine, and dopamine) produced no sal-
uresis despite similar renal vasodilation.

BACKGROUND

The prevalent conclusion has been that vasodilating agents induce
changes in sodium excretion mainly by altering renal blood flow (2, 3).
Using autoperfused kidneys, no correlation was found between changes
in renal perfusion pressure and changes in sodium excretion for either
acetylcholine or isoproterenol (4). Itskovitz and Campbell (5) infused
seven different vasodilators into isolated blood-perfused canine kidneys
at constant pressure. Despite similar hemodynamic effects on renal blood
flow, perfusion pressure, and intrarenal distribution of blood flow, their
effects on glomerular filtration rate (GFR), sodium excretion, and urine
flow were dissimilar. Acetylcholine was by far the most natriuretic. Ele-
doisin, one of the vasodilators examined, actually decreased sodium ex-
cretion.

Stein et al., (6) showed that acetylcholine (in micropuncture studies)
decreased fractional and absolute sodium reabsorption in the proximal
tubule. During this depression of proximal tubular reabsorption of so-
dium, there was no redistribution of glomerular filtration to outer cortical
nephrons. Hayslett et al. (7), using a split-droplet method of micro-
puncture, infused acetylcholine into the abdominal aorta of rats and
obtained a natriuresis despite a 50% reduction of glomerular filtration
and renal blood flow. However, they interpreted the natriuresis to be due
to intrarenal hydrostatic pressure and extraepithelial physical factors.

This study investigated renal vasodilation and the relation between
hemodynamic and natriuretic changes by comparing intrarenal infusion
of cyanide to that of acetylcholine.

EXPERIMENTAL

Materials and Methods—Five mongrel dogs were anesthetized with
pentobarbital sodium, 30 mg/kg iv. Both ureters were cannulated through
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an abdominal midline incision, and the cannulas were positioned ~2 cm
below the ureteral pelvic junction. A femoral vein and artery were can-
nulated, and the arterial cannula was connected to a transducer with a
three-way stopcock for recording blood pressure with a polygraph. Ar-
terial blood samples were obtained through the three-way stopcock.

Solutions containing creatinine, p-aminohippurate, and normal saline
were infused at a rate of 5 ml/min through the venous system using a
dual-syringe constant-flow infusion pump. A 27-gauge hypodermic
needle, attached to a number 10 polyethylene tube, was placed in the left
renal artery in the direction of blood flow. Through this renal arterial
system, a solution of isotonic sodium chloride was continuously infused
at a rate of 0.1 ml/min.

Solutions of drugs were also infused through the system at the same
rate by changing the renal arterial infusate to one containing test drugs
dissolved in normal saline. Both acetylcholine and sodium cyanide were
infused into the same animal under the same experimental conditions.
One to two hours was allowed for equilibration, and then collections of
10-min urine samples from each kidney were begun. Blood samples,
drawn every 20 min from the femoral artery, were heparinized and cen-
trifuged, and the plasma was immediately removed. At least three control
urine samples were collected before these agents were infused into the
kidney. The order of drug infusion was altered in some experiments.

Analysis—Chloride concentrations in urine and plasma were deter-
mined using a titrametric chloridometer; sodium and potassium con-
centrations in urine and in plasma were determined using a flame pho-
tometer with an internal lithium standard; a modification of a previous
method (8) was used in the creatinine determinations. p-Aminohippurate
determinations were made using a reported method (9). Tubular maximal
secretion rates of p-aminohippurate were obtained by infusing high
concentrations intravenously and then subtracting the amount filtered
from the total excreted (10). The osmolalities were determined by
freezing-point depression.

In addition to the electrolyte excretion rates, the glomerular filtration
rates, the effective renal plasma flow, and the tubular rejection fraction
of sodium were calculated. Calcium and magnesium were measured by
atomic absorption spectrophotometry. Statistical methods for regression
lines and significance of mean differences were taken from Snedecor
(1n).

Table I—Comparison of Intrarenal Infusion of Acetylcholine to
that of Sodium Cyanide®

Acetylcholine, Sodium Cyanide,
0.88 nmole/kg/min 0.25 umole/kg/min

Parameter Ab SE A SE
v, 1.03 +0.22 2.89 +0.72
ml/min

Cosm, 0.99 +0.24 2.48 +0.57
ml/min

GFR, 1.3 +1.8 3.0 +1.0
ml/min

CpaH, 11 +5.0 11 +3.8
ml/min

Una+V, 145 +32 359 +109
uEq/min

UkV, 9 +4 28 +18
#Eq/min

Ucg2+V, 14 +6 15 +7
uEq/min

Upg+ V., 40 +2 3.8 +1.2
pEq/min

@ All drugs were infused into the left renal artery. » Each value is the mean change
from five dogs obtained by subtracting the changes in the right, control kidneys
from changes in the left, infused kidneys; A = (left kidney: drug period — control
period) — (right kidney: drug period — control).
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Figure 1—Comparison of renal effects of cyanide and acetylcholine during infusion into the left renal artery. Key: - - -, left; —, right, @, acetylcholine

bromide (0.2 ug/kg/min); and m, sodium cyanide (12.0 pg/kg/min).
RESULTS

The effects of acetylcholine and local hypoxia on renal function were
compared during the infusion of 0.2 ug/kg/min of acetylcholine bromide
and 12.0 ug/kg/min of sodium cyanide into the left renal artery of the
same animal at different times (Figs. 1a and 1b). (Converted to a molar
basis, the infusion rate would be 0.88 nmole of acetylcholine bromide and
0.25 umole of sodium cyanide/kg/min, respectively.) During the infusion
of each drug, there were immediate ipsilateral increases in sodium, po-
tassium, and calcium excretion, in osmolar clearance, creatinine clearance,
p-aminohippurate (PAH) clearance, and urine flow. When either drug
infusion was stopped, there was an immediate return to control values,
even for cyanide.

Both acetylcholine and cyanide actually increased p-aminohippurate
secretion from the tubules (Fig. 2).

The relationship between changes in sodium excretion (Una+V) and
changes in renal plasma flow (RPF) are shown in Figs. 3 and 4. The re-
gression line for acetylcholine (Fig. 3) was Una+V = 8.71 (RPF ) + 29 with
a correlation coefficient of 0.83 (p < 0.05); the regression line for cyanide
(Fig. 4) was Ung+V = 11.5 (RPF) + 44 with a correlation coefficient of
0.89 (p < 0.05). Therefore, with the assumption of a linear relationship,
cyanide produced the same effect as acetylcholine on sodium excretion
and renal blood flow.

To exclude systemic influences from direct renal effects during ace-
tylcholine or cyanide infusion into the left renal artery, the data were
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arranged in Table I in the following manner: (2) mean changes in the
excretion of fluid and electrolytes were calculated along with their re-
spective standard errors; and (b) each change was obtained by subtracting
the changes in right, noninfused kidneys from the changes in left, ex-
perimental kidneys. Both acetylcholine and sodium cyanide produced
increased excretion of each electrolyte.

DISCUSSION

Both agents increased renal blood flow and increased tubular secretion
of p-aminohippurate. The natriuretic effects of cholinergic drugs are of
the muscarinic type inhibited by atropine (12, 13). Intrarenal infusion
of the muscarinic agent bethanechol (12) produced natriuresis, which
was unrelated to washout of the medullary concentration gradient. No
correlation was shown (14) between sodium excretion and medullary
blood flow when acetylcholine was infused into a renal artery. It was
postulated (13) that cholinergic drugs produce saluresis by direct action
on the renal tubule, but the influence of vasodilation could not be elim-
inated. Cyanide, which is known to depress the energy from the electron
transport system for active sodium reabsorption, also produces vasodi-
lation. Vasodilation does not explain the natriuresis of cyanide and,
therefore, may not explain the natriuresis of acetylcholine. Although a
correlation between two variables does not prove a cause and effect re-
lationship, this comparison of acetylcholine with cyanide does add in-
direct evidence that acetylcholine acts directly on renal tubular sodium
transport in some way.
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Figure 2—Effects of intrarenal acetylcholine bromide and cyanide on
tubular secretion of p-aminohippurate (Twpan) Key: - - -, left; —right;
@, acetylcholine bromide (0.2 ug/kg/min); and m, sodium cyanide (12.0
ug/kg/min).

The direct natriuretic effect of cholinergic agents was shown in chicken
(12, 15) and dog (13, 16-18) kidneys. Some workers concluded direct
tubular effects from micropuncture studies (6, 19); others interpreted
the saluretic effect to be a result of intrarenal physical alterations due
to hemodynamic changes from vasodilation (2, 3, 7). However, papav-
erine, a noncholinergic vasodilator, was found to be natriuretic in anes-
thetized sheep but not in conscious sheep (20). In conscious sheep, there
was an inverse relationship between sodium excretion and changes in
renal blood flow. In fact, there was a reduction in sodium excretion from
the conscious animals despite an increase in renal blood flow. Cholinergic
agents were shown (1) to be natriuretic in chickens, but noncholinergic
vasodilators were not natriuretic even though blood flow was increased.
The natriuretic action of acetylcholine cannot be explained by a redis-
tribution of blood flow to shorter cortical nephrons (6).

The physiological importance of acetylcholine is an interesting question
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Figure 3—Linear regression for changes in sodium excretion (Ung+V)
and changes in renal plasma flow (RPF) during infusion of acetylcholine
bromide into the left renal artery (y = bx + ¢, A Un,+V = 8.71 (ARPF)
+29,y=1724+47,X=16x4,r = 0.83, and p <0.05).
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Figure 4—Linear regression for changes in sodium excretion and
changes in renal plasma flow (RPF) during infusion of sodium cyanide
into the left renal artery (y =bx + ¢, AUno+U = 11.5 (ARPF) + 44,5
=254+ 14,X=18+ 11, r=0.89,and p <0.05).

since renal tubules were shown (21) to be directly innervated by auto-
nomic nerves. In addition, the renal effects of acetylcholine are similar
to cyanide, which inhibits aerobic metabolism equally in the renal cortex
and outer medulla (10, 22, 23), resulting in natriuresis. Cyanide-induced
natriuresis was one of the first observations relating sodium transport
in the kidney to oxidative metabolism (24). Surprisingly, cyanide does
not inhibit p-aminohippurate secretion (25); therefore, its clearance can
be used to measure effective renal plasma flow. Cyanide also increases
renal blood flow (23, 26).

In this study, the slopes of the lines for the function Ung+V = b(RPF)
+ ¢, where b is the slope of the line and ¢ is the y intercept for a line (y
= bx + ¢), for acetylcholine and cyanide were not significantly different
(Figs. 3 and 4), assuming linear regression. The pattern of electrolyte
excretion was apparently the same for each drug, including that of sodi-
um, potassium, calcium, and magnesium. Just as cyanide acts on both
the proximal and more distal portions of the nephron (23), so does ace-
tylcholine according to micropuncture work (6). Therefore, in vive
comparison of acetylcholine and cyanide under identical clearance con-
ditions in dogs substantiates that acetylcholine is not merely a vasodilator
but either acts directly on tubular transport or increases the permeability
and back-leak of sodium, causing a net increase in sodium excretion.
There were increases in volume of urine flow, osmolar clearance, and
excretion of potassium, calcium, and magnesium. Both acetylcholine and
cyanide increased effective renal plasma flow.
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Abstract O A stability-specific high-pressure liquid chromatographic
(HPLC) method was developed to assay intact chlorambucil (I) in the
presence of its hydrolytic decomposition products. The HPLC method
was used to follow the degradation kinetics of I over pH 1.0-10.0 in the
presence of various buffers with and without added chloride ion. In the
absence of chloride ion, the hydrolysis of I followed first-order kinetics
and the pH rate profile showed a sharp inflection around pH 2.5 attrib-
utable to the ionization of the nitrogen mustard and a shallower inflection
around pH 5.0 attributable to the ionization of the carboxylic group. The
rate was pH independent over pH 6.0-10.0 and independent of buffer
species in the absence of chloride ion. In the presence of chloride ion, the
kinetics of T hydrolysis was still first order. However, the degradation
half-life at a particular pH and buffer concentration increased linearly
with chloride concentration. Kinetic evidence is presented to show that
the mechanism of chloride stabilization involves the attack of chloride
ion on the unstable cyclic ethyleneimmonium intermediate to give back
I. Implications of the kinetic data obtained on the fate of orally admin-
istered I are discussed.

Keyphrases 00 Chlorambucil—kinetics of hydrolysis, high-pressure
liquid chromatography 0 Hydrolysis—chlorambucil, analysis of kinetics
using high-pressure liquid chromatography D High-pressure liquid
chromatography—analysis of chlorambucil hydrolysis kinetics O Ki-
netics—chlorambucil hydrolysis, high-pressure liquid chromatog-
raphy

Nitrogen mustards were one of the first classes of cancer
chemotherapeutic agents systematically studied, and they
still are used clinically (1). Although the general mecha-
nisms of hydrolysis and alkylation for nitrogen mustards
are well known (1-6), little detailed kinetic data are
available on their hydrolysis. One reason for the lack of
comprehensive kinetic work on the mustards has been the
lack of suitable stability-specific analytical methods.
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BACKGROUND

Most early work on the kinetics of mustards was performed by esti-
mating the amount of free chloride ion liberated. However, this indirect
method of determining intact nitrogen mustards and subsequent kinetic
analysis can lead to incorrect stability estimates (3). Furthermore, the
stabilizing effect of chloride on mustard hydrolysis cannot be quantita-
tively evaluated with this method. More recent reports (4, 5) on the hy-
drolysis of melphalan using stability-specific high-pressure liquid
chromatography (HPLC) produced some useful information on the ki-
netics of melphalen hydrolysis and on the effect of chloride ion on its
stability.

Chlorambucil (I), an aromatic nitrogen mustard, is considered stable
enough to be administered primarily as an oral dosage form. However,
there are no reported data on the stability of I over the G1 pH range at
37°. It was recently shown (3), using a stability-specific HPLC method
for I, that the half-life of I degradation was only 25 min at pH 3.0 and 37°.
Since pH 3.0 is not unrealistic for the stomach, these data showed po-
tential stability problems for orally administered I. Thus, a kinetic study
of I hydrolysis over the pH range of the GI system seemed warranted.

EXPERIMENTAL

Materials—Chlorambucil USP reference standard was used for all
kinetic studies. Water was double distilled in an all-glass apparatus, and
glass-distilled solvents! were used for HPLC. All other chemicals were
reagent grade.

Buffers—Citrate buffers (pH 2.0-7.0), acetate buffers (pH 3.5-5.5),
phosphate buffers (pH 6.0-9.0), and borate buffers (pH 8.5-10.0) were
prepared from the 0.25 M stock solutions of citric acid, acetic acid, mo-
nobasic sodium phosphate, and boric acid, respectively, by the addition
of sodium hydroxide solution to the desired pH. Addition of chloride ion
was avoided except when specified. [onic strength was maintained con-

1 Burdick & Jackson Laboratories, Muskegon, Mich.
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