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The relationship between liver disease and am-
monia toxicity has been known since the discovery
of meat intoxication in Eck fistula dogs (1-4).
The similarity between this syndrome and clinical
hepatic coma stimulated the study of ammonia
toxicity in humans. This proceeded from oral
administration (5-10) to intravenous infusion
(11, 12) and finally to the development of an
"ammonia tolerance test" (13, 14). Ammonia
toxicity studies have been performed in animals
by the intravenous (15-24), oral, subcutaneous,
and intraperitoneal routes (25-29).
Many different ammonium compounds were

used in the above studies with the tacit assumption
that their toxicities were similar. In order to test
that assumption, intravenous LD50's were deter-
mined in mice under controlled conditions.

MATERIALS AND METHODS

Intravenous LD50's were determined in young Swiss
albino mice, weighing 18 to 22 Gm. (average, 19.7 Gm.).
One ml. of isotonic saline containing the ammonium
compounds (reagent grade) in varying concentrations
was injected into a tail vein during an average time of
1.9 seconds. The lethal effect was determined in 10 ani-
mals for each of three to five concentration levels. The
mice were observed continually until all signs of acute
toxicity disappeared and then were examined during the
course of several days for the appearance of any latent
toxicity.
Blood pH was determined with a Beckman Model GS

meter, equipped with a 290-80 blood electrode, on heart
blood obtained from live, unanesthetized animals. The
effect of each ammonium salt on the blood pH was
measured within one minute of its intravenous adminis-
tration.
The LD50's and approximate 95 per cent confidence

limits were obtained by the Carver method (30).

RESULTS

When the intravenous LD50's of ammonium
chloride, citrate, acetate, bicarbonate, carbonate,
and hydroxide were determined, differences in
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their toxicities were noted. On studying the re-
lationship of the LD50's to the pH's of the com-
pounds in isotonic saline and their effect on the
blood pH (normal, 7.46 ± 0.02), it was observed
that the toxicity of the compounds increased with
a rise in pH, as shown in Figure 1. A notable ex-
ception was ammonium citrate which, although it
had the lowest pH, displayed the highest toxicity.
The data pertaining to this seemingly aberrant ef-
fect are not represented in Figure 1 but will be
presented below, as the toxicity of ammonium
citrate does not appear to be due to the ammonium
moiety.
When the ammonium salts, with the exception

of citrate, were administered in a single rapid
intravenous dose (between the minimal and maxi-
mal lethal doses), a reaction began in 2 to 5 sec-
onds, characterized by hyperventilation and clonic
convusions. This was followed by either a fatal
tonic extensor convulsion or the gradual onset of
coma over the course of three to five minutes.
The mice remained in a comatose state for approxi-
mately 30 to 45 minutes, showing no response to
touch or light, but moving convulsively to sound
stimuli. During this time a tonic convulsion and
death, without cardiac arrest, could occur at any
time, but those mice which survived made a rapid
and complete recovery.

There was no discernible effect from the injec-
tion of 1 or even 2 ml. of isotonic saline. The
injection of the maximum lethal dose of am-
monium chloride over increasingly prolonged time
periods of one-half, one, two, four, and six minutes
revealed only a slight diminution of toxicity at
four to six minutes. Since the toxicity of the am-
monium salts appeared to vary with the pH,
the effects of Na2CO3/NaHCO3 and Na2HPO4/
NaH2PO4 buffers with concentrations and pH's
approximating the maximum lethal doses of am-
monium chloride and ammonium hydroxide were
studied. There was no evidence of toxicity. In
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FIG. 1. LD50's OF AMMONIUM SALTS AND THE RE-
SULTANT PH OF BLOOD ONE MINUTE AFTER INJECTION
The rectangle surrounding the points determined de-

notes, on the ordinate, the approximate 95 per cent con-
fidence limits, and on the abscissa, the standard error of
the mean pH-average for 10 animals.

* pH of the solution administered.

order to determine the effect of the anionic com-
ponent of the ammonium salts, sodium salts of
each compound were injected in a concentration
equivalent to the maximum lethal dose, and again
no toxicity was noted. Attempts to achieve a
prior alkalosis, either metabolic or respiratory,
were negated -by the overpowering effect of the
intravenously administered ammonium com-
pounds.

Since the physical state in which ammonia ex-
ists might influence its toxicity, it was of interest
to calculate the relative amounts of ammonium ion
and ammonia gas at the pH's of the LD50 con-
centrations. In order to do this the following for-

TABLE I

The effect of blood pH on the ratio of ammonia
gas to ammonium ion

LDso
concen-

Ammonium tration Blood NHs NH4+ Ratio
salt mEq./L.* pH mEq./L. mEq./L. NHa/NH4+

Chloride 135.0 7.05 0.84 134.16 0.0063
Acetate 124.6 7.23 1.16 123.44 0.0094
Bicarbonate 100.9 7.48 1.67 99.23 0.0168
Carbonate 89.3 7.58 1.85 87.45 0.0212
Hydroxide 50.5 7.74 1.50 49.00 0.0306

* One ml. administered intravenously to each animal.

TABLE II

The toxicity of ammonium citrate

LDbo concentration
Solution of citrate salts Solution

administered mEq./Kg. pH

Ammonium citrate 1.58 (1.52-1.63)* 4.86
Ammonium citrate +

calcium gluconate 8.40 (8.03-8.79) 4.63
Sodium citrate 1.94 (1.86-2.02) 4.90t

* Approximate 95 per cent confidence limits.
t pH adjusted to 4.90 with HCl.

mula was derived from the mass action law:

(Y - X)(H+) - 1.8 X 109,2

where X equals NH4+ and Y equals total am-
monia. The data calculated from the above for-
mula, summarized in Table I, reveal that as the
blood pH rises, the amount of ammonia gas rela-
tive to ammonium ion increases markedly.
When ammonium citrate was administered,

toxicity appeared to develop in a manner some-
what different from that of the other ammonium
compounds. The animals immediately began to
leap about exhibiting tetanic movements of all
limbs, followed by the sudden onset of apnea and
death, with the heart still beating. They never
developed the clonic-tonic convulsions typical of
ammonia toxicity, and either died in a few minutes
or recovered rapidly, with no subsequent develop-
ment of coma. In order to test whether this ef-
fect was due to the citrate moiety and the induc-
tion of hypocalcemia, enough calcium in the form
of calcium gluconate was added to ammonium ci-
trate, on an equivalent weight basis to bind the
citrate completely. As is shown in Table II, the
toxicity was reduced below that of ammonium
chloride. The toxicity of sodium citrate at a simi-
lar pH was approximately the same as that of am-
monium citrate. Calcium gluconate had no effect
on ammonium chloride toxicity.

DISCUSSION

The material presented in Table I, illustrating
an increased ratio of ammonia gas to ammonium
ion with a rise in blood pH, may explain the differ-
ential toxicity of the ammonium salts studied.

2 This figure was derived from the dissociation constant
of NHOH.
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Preliminary data gathered in this laboratory (31)
revealed that the greater part of the ammonia ad-
ministered in a single injection passed from the
blood in less than three minutes. In spite of this
fall in ammonia level, our mice did not become
comatose for 3 to 4 minutes and they remained
in coma for at least 30 minutes. This may indi-
cate a rapid and early passage of ammonia into the
brain. Therefore, the effect of pH on the blood-
brain-barrier may be related to either the greater
permeability of free than ionized ammonia, or to
an effect of pH directly on the barrier itself.
The pH of the medium in which ammonium

salts are dissolved has been shown to influence the
ability of ammonia to cross cell boundaries in
both red blood cells (32) and other tissues (33).
This appears to be due to the amount of ammonia
gas versus ammonium ion in that the unionized
ammonia has a much greater ability to penetrate
cells. Jacobs and Stewart (33) have shown that
the ammonium salts of weak acids, such as acetate,
bicarbonate, and benzoate, penetrate all cells with
great ease, while ammonium salts of strong acids,
chloride, nitrate, and sulfate apparently do so no

more readily than the corresponding potassium
and sodium salts. The latter salts have been
shown to cross the blood-brain-barrier at an ex-

tremely slow rate (34), requiring a much greater
time to equilibrate with the brain than with other
tissues. In all probability, ammonia gas can pene-

trate this barrier as rapidly as other gases, and
as readily as it passes other tissue barriers.
A direct effect of pH changes on the blood-brain-

barrier has been reported by Broman and Lind-

berg-Broman (35) who found that extreme
changes in pH increase the permeability of the
blood-brain-barrier to trypan blue. Fisher, Troast,
Waterhouse, and Shannon (36) have shown that
the amount of a given sulfa drug that crosses the
barrier is dependent on the pK of the compound;
the higher the pK the greater the passage. The
question resolves itself, therefore, as to whether
more ammonia crosses the barrier at high pH's
because of the increased ammonia gas to ammo-

nium ion ratio, or whether there is a direct effect
on the blood-brain-barrier itself, or both. Ani-
mal studies now in progress may provide an

answer.

Other investigators have studied the toxicity of
different ammonium salts. As early as 1893,
Marfori (15) noted that ammonium carbonate
was much more toxic than either ammonium lac-
tate or tartrate during slow intravenous infusion
into rabbits and dogs. Roberts, Thompson, Pop-
pell, and Vanamee (23) have recently speculated
that an elevation of blood pH could enhance the
toxicity of ammonia; nevertheless, several in-
vestigators have found no such relationship. Fol-
lowing the administration of ammonium com-

pounds to dogs, Karr and Hendricks (20) felt
that the effect of pH on ammonia within physio-
logical limits was negligible, and although Iwa-
hashi (29) noted differences in toxicity of the
compounds in mice, he could find no consistent
pattern. Eiseman, Fowler, White, and Clark
(24) administered ammonium salts intravenously
to dogs and concluded that there was no relation-
ship between pH and ammonia toxicity. Since

TABLE III

Tabulation of the data of Eiseman and co-workers (24) on the infusion of ammonium compounds into dogs

Highest Blood
blood ammonia

Total ammonia during Total
time level coma NHs Blood

Ammonium Concentration and infused 9g. NHa/ pg. NH3I infused pH at
salt rate of infusion hours ml. ml. Gm. coma Remarks

Chloride 5% 4 175 90 5.73 6.9 Convulsion at 4 hrs.
2 ml./min. 2 hrs.
1 ml./min. 2 hrs.

Hydroxide 1% 5 40 35 1.46 7.4
and HCl, pH 8.8 1 ml./min.

Hydroxide 1% 4.5 50 20 1.31 7.6
1 ml./min.

Citrate 4% 3 30 20 2.14 7.2 Convulsion, 2 hrs.;
2 ml./min. tremors, 40 min.
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their data are particularly pertinent to this dis-
cussion, they are summarized in Table III. The
concentrations of the drugs administered, as well
as the rates and times of infusion and the blood
ammonia levels at onset of coma, were not uni-
form. The symptomatology evinced by the dog
given ammonium citrate did differ from those
given the other salts in that there were tremors at
an early stage and a convulsion about midway in
the course of the infusion. Their data not only
suggest a relationship between blood pH and am-
monia toxicity, but also reveal the excessive tox-
icity of ammonium citrate.

Since ammonium citrate is being used with in-
creasing frequency in both animal and human
studies (12, 14, 24), it is important to note that in
a single intravenous lethal dose in mice the citrate
moiety is more toxic than the ammonium moiety.
The mice die in tetany due to hypocalcemia rather
than in a manner consistent with ammonia toxicity.
Therefore, the use of ammonium citrate in human
experimentation, particularly when administered
via the intravenous route, might be contraindi-
cated.

In relation to clinical hepatic coma and its ther-
apy, Gyorgyi and Kleinschmidt (37) in 1927
found that dogs with Eck fistulas in meat intoxi-
cation were alkalotic. Vanamee, Poppell, Glicks-
man, Randall, and Roberts (38) showed, and it
was confirmed by Robin, Whaley, Crump, and
Travis (39), that the majority of patients in he-
patic coma develop a respiratory alkalosis due to
hyperventilation with blood pH's as high as 7.70.
This alkalosis may effect significantly the toxicity
of a given amount of ammonia in the blood and
may be one of the factors accounting for the poor
relationship between blood ammonia levels (ar-
terial and venous) and clinical hepatic coma.

Gyorgyi and Kleinschmidt (37) noted further
that the oral administration of hydrochloric acid
brought about a rapid improvement even in se-
verely intoxicated animals. The administration
of acidifying agents or carbon dioxide to patients
in hepatic coma may therefore prove to be bene-
ficial.

SUMMARY

1. IntravenousLD5s's of several ammonium
salts were obtained in mice.

2. The ammonia toxicity of the chloride, acetate,
bicarbonate, carbonate, and hydroxide salts in-
creased in relation to their effect in raising blood
pH.

3. This change appeared to be related either to
the effect of pH on the NH./NH4+ ratio and the
ability of ammonia gas to cross the blood-brain-
barrier, or to a direct effect of pH on the barrier.

4. The toxicity of ammonium citrate, under the
above conditions, does not appear to be related
to ammonium toxicity, but to hypocalcemic tetany
induced by chelation of calcium by the citrate
moiety.

5. Evidence was cited from the literature sup-
porting these results obtained in mice by similar
experiments in rabbits and dogs.

6. Therapeutic implications are discussed in the
light of the recent findings that respiratory alka-
losis is a frequent accompaniment of the hepatic
coma syndrome.
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