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Hepatic coma is a frequent terminal event in
cirrhosis of the liver. Interest in its pathogenesis
and treatment has been stimulated by recent ob-
servations that there is some relation between the
increased blood ammonia level and the develop-
ment of coma (2-4).
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In the course of a series of observations of the
cerebral blood flow and oxygen uptake in a num-
ber of diseases, the cerebral arteriovenous differ-
ence of ammonia was also measured to test a hy-
pothesis for the chemical mechanism of hepatic
coma. This report deals with the cerebral and
peripheral arteriovenous differences of ammonia
in patients with cirrhosis of the liver, and in sev-
eral other conditions.

METHODS

Arterial blood was obtained by femoral artery puncture
and cerebral venous blood by cannulation of the jugular
bulb by standard methods. Peripheral venous blood was

TABLE I-A
Patients without hepatic disease, blood ammonia, gamma per ml.

Cerebral Peripheral Cerebral Peripheral
Patient Age Diagnosis Mental state Arterial venous venous (A-V) (A-V)
V.P. 20 Post barbit. intox. Alert, Oriented 0.80 0.72 .08
R.G. 23 Post-anoxic brain damage Semi-comatose .60 0.78 —.18
0.86 0.90 -.04
I.C. 88 Hypertensive encephalopathy Semi-comatose 0.33 0.31 .02
C.W. 75 Hypoglycemic coma Comatose 0.70 0.70 .00
F.R. 53 Asthma Alest 0.75 0.73 .02
W.J. 73 Uremia Semi-comatose 0.80 0.86 —.06
W.]J. 77 Arteriosclerosis, Hypertension  Senile 0.84 0.82 .02
M. M. 66 Arteriosclerosis, Hypertension  Senile 0.79 0.72 .07
A.G. 73 Parkinsonism Senile 0.52 0.62 -.10
M. W. 38 Cerebral aneurysm Alert 0.92 0.97 —.05
D.D. 40 Subdural hematoma Comatose 0.80 0.88 —.08
E.D. 47 Uremia, Hypertension Lethargic 0.80 0.80 00
F.C. 39 Barbit. intox. Sleepy 0.77 0.82 —.05
Alert 0.98 1.13 —.15
E.D. 47 Uremia Comatose 0.70 0.66 .04
F. M. 50 Post barbit. intox. Alert, Oriented 0.88 0.76 .12
Mean 0.76 0.78 —.02
. TABLE I-B
W.C. 40 . Post-op. ca. lung Alert 0.73 0.97 -.23
L.A. 57 Diabetes Alert 0.98 0.98 00
V.G. 56 Uremia Semi-comatose 0.77 0.88 —.11
R.B. 60 Uremia Comatose 0.82 0.92 —-.10
}. W. 40 Alcoholism Alert 0.98 0.90 .08
.T. 72 Arteriosclerosis Senile 0.79 0.86 —.07
Mean 0.85 0.92 -.07
23 Observations on 21 Patients
Mean for all patients 0.78
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TABLE IT-A
Patients with hepatic disease, blood ammonia in gamma per ml.

Cerebral Peripheral Cerebral Pe&pl‘xle)ral

Patient Age Diagnosis Mental state Arterial venous venous (A-V)
T. B. 51 Cirrhosis Lethargic, Confused 3.90 3.58 0.32
Semi-comatose 3.94 3.25 0.69
Comatose 8.44 7.12 1.32
AJ 66 Cirrhosis Slightly confused 2.25 2.05 0.20
Semi-comatose 4.70 4.46 0.24
H.A 59 Liver dis. Confused 48 hrs. ago 1.73 1.60 0.12
Alertat time of study
W.S 59 Cirrhosis Acute coma 6.64 4.24 2.40
L.P 59 Cirrhosis Confused 3.68 3.15 0.53
Semi-comatose 3.00 2.32 0.68
V.W 65 Liver dis. (Etiol. ?) Comatose 2.81 2.50 0.31
L.G 51 Cirrhosis Slightly confused 1.59 1.42 0.71
{iID 43 Cirrhosis Confused 1.80 1.43 0.37
M 60 Cirrhosis Lethargic, Confused 3.09 2.94 0.15
L.M 65 Carcinoma of liver Confused 1.89 1.58 0.31
L.H 39 Cirrhosis and uremia Comatose 3.19 2.69 0.50
E.B 44 Cirrhosis (Carcinoma?) Comatose 2.75 2.56 0.19
R.L 49 Cirrhosis Semi-comatose 2.83 2.49 0.34
Mean of Table II-A 3.43 2.90 0.52
° TABLE I1I-B
L.H. 39 Cirrhosis and uremia Comatose 3.19 2.77 0.42
E.B. 44 Cirrhosis (Carcinoma?) Comatose 2.75 2.25 0.50
R.L. 49 Cirrhosis Semi-comatose 2.83 2.62 0.21
C.F. 47 Cirrhosis Semi-comatose 2.16 1.71 0.45
A S. 53 Liver dis. T. B. etiol. Alert 1.39 1.27 0.12
W.C. 39 Portal-caval shunt, Lethargic, Oriented 1.77 1.15 0.62
Cirrhosis
R. W. 38 Cirrhosis Lethargic, Oriented 2.17 1.42 0.75
Mean of Table II-B 2.32 1.88 0.44
Mean of the three patients with all three determinations 2.92 2.58 2.55 0.34 0.37

drawn from the antecubital fossa. Ammonia determina-
tions were made by the method of Seligson and Seligson
(5) modified in the following manner to permit measure-
ment of smaller amounts of ammonia. The diffusion
vessels (15 ml. penicillin vial stoppered with the standard
diaphragm stopper through which was passed a 3 mm.
in diameter glass rod enlarged at the tip to a 6 mm. ball)
were loaded with 1.0 ml. of saturated potassium carbo-
nate. The rods were dipped into normal sulphuric acid
and replaced in the vials. Blood was taken without stasis
into a 2 ml. syringe and ejected from the syringe, 1 ml.
into each of two vials. They were re-stoppered im-
mediately and placed horizontally on a rotating wheel
which revolved at a frequency of 40 R.P.M. At the end
of thirty minutes’ rotation, the vials were removed from
the wheel and the glass rods plunged into 1.5 ml. of Nes-
sler’s solution (6) diluted 1:10 with ammonia free
(Permutit treated) distilled water contained in 1 cm. cu-
vettes for the Coleman Junior Spectrophotometer. The
stopper was pressed tightly against the mouth of the cu-
vette and the cuvette inverted to assure mixing. The opti-
cal density was read at the end of ten minutes at a wave
length of 500 millimicrons. Duplicate standards were
run simultaneously, and all values calculated on the basis

of these standards. Duplicates of the blood samples were
also run in all cases. Half milliliter aliquots of blood
were used when the ammonia level was expected to be
high (1 ml. syringe). No correction for diffusion dif-
ference between blood and standard was applied.
Patients were volunteers or comatose patients.

RESULTS

Table I-A gives the arterial and cerebral venous
ammonia levels in 13 patients (15 observations)
with a variety of conditions, not including any
known hepatic disorder. Table I-B shows the
arterial and peripheral venous ammonia levels in
six patients without liver disease. It is clear that
the blood levels of ammonia by this method cover

_only a narrow range and that normal individuals,

or those not suffering from liver disease, have
ammonia nitrogen levels of 1 microgram per ml.
or less by this method.

Table II-A gives the arterial and cerebral ve-
nous ammonia levels in 13 patients (17 observa-
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Correlation coefficient for these data is 0.82.

TABLE 111
Liver function studies of patienis in Table 1T

G Thymol foash eadenBesh Tot.
e tupmdl - phosh.  pspe Dir.  Indir. prot. Alb.  Glob.  Ascites
Pt. +) (units) units) % (mgm. %) (gm. %)

1. T.B. 4 1 28 0.4 0.2 none
2.A.J. 4 3 31 0.8 1.2 1

3. H.A. 4 13 31 none
4. W.S. 4 5 1.6 10.6 6.4 8.5 3.1 54 3
5. L.P. 4 8 0.2 1.1 5.2 2.8 24 4
6. V.W. 4 16 2
7. L.G. 4 11 26 15 7.8 2.7 5.1 1
8. J.D. 4 9 26 3
9. W.M. 4 12 27 1

10. L. M. 4 10 none
11. L. H. 4 15 35 1.2 1.3 2
12. E. B. 4 9 10 29 3
13. R. L. 4 7.5 1.5 1.9 7.3 3.5 3.8 2
14. C.F. 4 8 9 6.8 13.8 6.8 3.6 3.2 2
15. J. S. 3 7 24 25 8.1 3.1 5.0 3

16. W. C. 3 9 none

17. R.W. 4 7 9 2.2 3.0 8.0 4.7 3.3 none

* BSP = Bromsulfalein retention at 45 minutes after 5 mgm. per kg. dose administered intravenously.
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tions) with liver disease, both comatose and non-
comatose. The last three cases of Table II-A are
included as the first three cases of Table II-B.
In these three cases, arterial, peripheral and
cerebral venous blood samples were drawn within
five minutes of each other and all measured for
ammonia content. In all cases, whether the pa-
tient was comatose or not, the blood values for
ammonia were elevated above normal. In no case
was there a negative cerebral arteriovenous dif-
ference: the final figures in Table II-B give the
average levels of the three patients in whom the
arterial, cerebral and peripheral ammonia levels
were measured simultaneously, and the values for
peripheral and cerebral arteriovenous differences
are nearly the same. The degree of coma, as-
sessed clinically, is roughly proportional to the
level of ammonia, and for two patients (T. B. and
A. J.) the levels of ammonia parallel the develop-
ment of coma. Figure 1 is a plot of all the arterio-
venous differences of ammonia nitrogen of Tables
I and II against the arterial blood level of am-
monia nitrogen. The uptake of ammonia by the
brain shows a striking correlation to the level of
ammonia nitrogen entering the brain.

Table III presents various liver function stud-
ies done on patients in Table II. All these sub-
jects had moderate to severe impairment of hepatic
function by these various tests. However, no one
test paralleled the mental state of the patient as
closely as the arterial blood ammonia level.

DISCUSSION

The results presented confirm the recently re-
ported observations of McDermott and Adams (2)
who reported that the appearance of abnormal
neurological signs shown by a patient with cir-
rhosis of the liver and Eck fistula paralleled
changes in the blood ammonia levels.

The data reported here are also consistent with
the data of Phillips, Schwartz, Gabuzda, and
Davidson (3), if the differences in method are
taken into consideration. The values reported by
that group as normal (1.0 to 3.0 gamma per ml.)
are far higher than the values of Conway (7),
which might, from the standpoint of technique,
be considered to be more accurate indices of the
true blood ammonia. OQur normal values fall
close to the Conway range and never enter the
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range reported by the above (3) investigators.
This suggests that the extraneous nucleotide am-
monia, increasing amounts of which are deter-
mined as free ammonia as the diffusion time is pro-
longed, may mask changes in free blood am-
monia which have profound significance in the
development of coma. The five patients (A. D,
J.M, C.J,E.B,and J. B.) on whom the above
investigators (3) made determinations during
“impending coma” and coma, show a mean in-
crease from the first to the second state of 1.4
gamma per ml. Only one of them (C. J.) showed
a fall in blood ammonia, and this was only 0.4
gamma per ml. which could lie within the experi-
mental error of their method.

The positive A-V difference of free ammonia
shown by the data presented in this report lead
to the conclusion that free blood ammonia is con-
verted by brain and muscle to a bound form which
is no longer detectable by the method employed.
This “utilization” of free ammonia by brain in
hepatic coma suggests an hypothesis concerning
the pathologic chemistry of this syndrome. The
fact that ammonia is taken up by brain and that it
is not in physical equilibrium with brain tissue,
which would be the case if the arteriovenous dif-
ference were zero (as it is in patients without liver
disease), indicates that ammonia is being utilized
in some chemical reaction. Of the many reactions

O=?-OH O= ?-OH
H-C~-NH2 H-C-NH2
! HOH !
H-C-H — H- Cl H + NHs
|
H- C' H ATP H- (': H
- NHz 0-C-OH
GLUTAMINE (a) GLUTAMIC ACID
a
0=(':-0H Os(|:-OI-I
H-C-NH2 (':=O
H-(.:-H T c H + NH3
1 GLUTAMIC
H-C-H  OEHYDROGENASE . _ C H
[}
0=C-OH O=C OH

GLUTAMIC ACID o KETOGLUTARIC ACID

(b)

F1c. 22 THE MAJor REAcTIONS FORMING, OR UTILIZING,
AMMONIA IN BraiN
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utilizing ammonia in the body, two are of signifi-
cance in the brain—glutamine synthesis, and the
reversal of glutamate oxidation, namely reductive
amination of alpha ketoglutarate, Figure 2.

Glutamine synthesis could account for the high
uptake of ammonia, and there is no doubt that at
approximately 0.01 molar (8) there is sufficient
glutamate in brain to supply a fair amount for the
synthesis initially to take place. The requirement
of ATP for the synthesis of glutamine might at
first glance suggest that this could be the cause
of the coma, by taking ATP from supplies neces-
sary for other cerebral activities. This explana-
tion is not, however, consistent with the mass of
experimental data which shows that the removal
of ATP from an oxidizing system does not in-
hibit the system, but rather stimulates it to fur-
ther oxidative activity (9-11). Thus, if we are
dealing merely with glutamine synthesis, we should
find the oxygen uptake of the brain in hepatic
coma increased. In addition, in spite of the pre-
formed glutamic acid present in brain, it would
not be long, even at a rate of utilization of am-
monia of only 1 microgram per ml. to exhaust
the total brain glutamate. (At a rate of cerebral
blood flow of 55 ml. per 100 g. per min., such a dif-
ference would imply an uptake of almost four
micromoles of ammonia per minute per 100 gm.
or a loss of glutamate at the same rate.)

On the other hand, the synthesis of glutamate,
Figure 2 (b), from alpha ketoglutarate could

Pyruvate = Loctate

l co2

]
Acetyl Coenzyme A

+ } Citrate
Oxalacetate
= Aconitate
Malate 1 l
u Isocitrate
Fumarate

/

| o/’
Succinate 3&‘, o< Ketoglutorate
NH3
Glutamate
Fic. 3. THE KrEBs CyCLE

A number of intermediate steps not pertinent to the
discussion have been omitted.
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produce the phenomena seen in hepatic coma. To
elucidate this more clearly we must refer to the
Krebs cycle (Figure 3) which is the most likely
final oxidative pathway in brain. The features of
this cycle pertinent to this hypothesis are that the
cycle is regenerative, requiring only minimal con-
centrations of any member at any time, and that
alpha ketoglutarate is an essential member. It
is apparent that any reaction which would tend
to remove alpha ketoglutarate would also diminish
the rate of formation of the succeeding members
of the cycle. Since a major portion of the oxida-
tive phosphorylation of brain is derived from the
Krebs cycle, oxygen utilization and the formation
of metabolic energy (high energy phosphate) will
be diminished in direct’ proportion to the reduc-
tion in ketoglutarate available for the cycle. Both
the decreased oxygen uptake and the utilization
of ammonia by brain are part of the picture of
hepatic coma. Wechsler, Crum, and Roth (12)
report a greater depression of cerebral metabolism
than of cerebral blood flow in hepatic coma and
postulate that the “results implicate an intra cel-
lular metabolic abnormality in the brain as a cause
for the reduction in cerebral metabolism and coma
in severe liver disease.” Fazekas and Bessman
(13) have found similar depression of cerebral
oxygen consumption in patients who are semi-
comatose or comatose due to liver disease.

The finding of some increase in the glutamate
leaving the brain when ammonia is entering (1)
is corroborative of the hypothesis that the lesion in
ammonia intoxication is a reversal of the glutamic
dehydrogenase reaction with resultant formation
of glutamate by brain. Von Euler, Adler, Giin-
ther, and Das (14) have shown that the equilib-
rium for reaction II(b) is far to the left and that
a very low concentration of ammonia can push the
reaction over to net synthesis of glutamate.

This mechanism of action of ammonia has been
studied by Potter and Recknagel (15) who
showed that the in vitro inhibition of tissue respira-
tion by ammonium chloride was accompanied by
accumulation of glutamic and aspartic acids. The
further possible effects of a glutamic acid excess
so produced are suggested by experiments re-
ported from this laboratory (16, 17).

The uptake of ammonia by muscle is to be
expected in view of the fact that the Krebs cycle
is operative here as well as in brain, and that there
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is an active glutamic dehydrogenase system in
muscle.

Although the evolution of ammonia from muscle
on exertion has been traced to deamination of
adenine nucleotides (18), no comparable study
has been made of the uptake of ammonia by mus-
cle when the blood ammonia is elevated. It is of
clinical significance in two ways. It explains the
high level of glutamate found in the blood of pa-
tients with hepatic coma (19). In addition, it
suggests that in the presence of an elevated arterial
ammonia, the measurement of venous ammonia
gives a false value for the ammonia level in the
blood reaching the brain. This difference between
arterial and peripheral venous ammonia would be
of qualitative importance in the understanding of
borderline cases since there would conceivably be
sufficient uptake of ammonia by muscle to mask
an elevated arterial level, and of quantitative sig-
nificance in comparative studies of blood ammonia
as related to clinical phenomena of hepatic coma.

A word might be said relative to a possibly
broader significance of blood ammonia in the coma
and cerebral symptoms of other diseases. For ex-
ample, Nelson’s and Seligson’s extensive study
of blood ammonia in experimental shock (20)
clearly demonstrates an uptake of ammonia by
brain. The high levels of glutamic acid found in
the blood of patients with many types of wasting
disease, particularly malignancy (21), suggest
a possibly fruitful investigation of the relation of
ammonia to cerebral symptoms in these diseases.
Preliminary studies in our laboratories reveal ele-
vated blood ammonia levels in patients with cardiac
failure, and may implicate ammonia in the cere-
bral symptomatology of cardiac (22) disease.

From the standpoint of therapy there are sev-
eral factors which must be considered. It has
been reported that the blood level of alpha keto-
glutaric acid is increased in hepatic coma (23).
At first glance this would seem incompatible with
any theory which postulated diminished levels of
this intermediate in the brain. Alpha ketogluta-
rate, however, being a dibasic acid, is not taken
up by the brain, and lack of this compound could
well exist behind the “blood brain barrier.” This
keto acid could be a therapeutic agent and prob-
ably does act in muscle to ameliorate the high
levels of blood ammonia by the same reaction
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which is excessive in brain, namely, the reductive
amination to glutamate. The high levels of blood
ketoglutarate probably result from the inability of
the damaged liver to oxidize the intermediate
products of fat, protein, and carbohydrate com-
pletely.

The use of glutamate in therapy of hepatic
coma, as suggested by Walshe (24), could be
rationalized on the basis of glutamine synthesis,
Figure 2, which goes on in kidney and liver, as
well as brain. This might indeed be a good basis
for its use, but clinical experience has not been
uniformly favorable (25).

The use of substances designed to reduce the
production of ammonia might offer some promise.
This was accomplished by McDermott and Adams
(2) by the administration of non-absorbable sul-
fonamides, which probably had the effect of al-
tering the intestinal flora, with loss of ammonia
forming organisms.

SUMMARY AND CONCLUSIONS

1. Arterial and cerebral venous blood ammonia
determinations are reported in normal patients,
patients with hepatic disease, and in a variety
of diseases in the presence and absence of coma.

2. In hepatic disease, the blood level of am-
monia is uniformly elevated, and is roughly pro-
portional to the depth of coma.

3. The brain takes up ammonia when the blood
level rises above 1 gamma per ml. The uptake of
ammonia by brain is roughly proportional to the
arterial concentration.

4. Simultaneous determinations of peripheral
venous blood with arterial and cerebral venous
blood show a parallel uptake of ammonia by
muscle as the arterial level of ammonia rises.

5. A hypothesis for the chemical pathology of
hepatic coma is presented, and the suggestion of-
fered that the phenomenon of ammonia intoxica-
tion is a part of a number of other syndromes.

ACKNOWLEDGMENT

The authors wish to thank Drs. W. V. McDermott and
Ray Adams for the opportunity to discuss their obser-
vations prior to publication (2). The work reported and
the hypothesis presented are the outgrowth of these
stimulating conversations.



628

REFERENCES

1. Bessman, S. P, and Bessman, A. N.,, Ammonia
poisoning of hepatic coma; cerebral arteriovenous
amino acid levels. Federation Proc.,, 1954, 13,
336. .

2. McDermott, W. V., Jr., and Adams, R. D., Episodic
stupor associated with an Eck fistula in the hu-
man with particular reference to the metabolism
of ammonia. J. Clin. Invest., 1954, 33, 1.

3. Phillips, G. B., Schwartz, R., Gabuzda, G. J., Jr,
and Davidson, C. S., The syndrome of impending
hepatic coma in patients with cirrhosis of the
liver given certain nitrogenous substances. New
England J. Med., 1952, 247, 239.

4. Bessman, S. P., Fazekas, J. F,, and Bessman, A. N.,
Uptake of ammonia by the brain in hepatic coma.
Proc. Soc. Exper. Biol. & Med., 1954, 85, 66.

5. Seligson, D., and Seligson, H.,, A microdiffusion
method for the determination of nitrogen liberated
as ammonia. J. Lab. & Clin. Med., 1951, 38, 324.

6. Vanselow, A. P., Preparation of Nessler’s reagent.
Indust. & Engin. Chem., Anal. Ed., 1940, 12, 516.

7. Conway, E. J.,, Apparatus for the micro-determina-
tion of certain volatile substances. IV. The blood
ammonia, with observations on normal human
blood. Biochem. J., 1935, 29, 2755.

8. Bessman, S. P.,, Magnes, J., Schwerin, P., and
Waelsch, H., The absorption of glutamic acid and
glutamine. J. Biol. Chem., 1948, 175, 817.

9. Belitzer, V. A,, La Regulation de 1a Respiration Mus-
culaire par les Transformations du Phosphagéne.
Enzymologia, 1939, 6, 1.

10. Green, D. E., Atchley, W. A. Nordmann, J., and
Teply, L. J., Studies on the cyclophorase system.
XII. Incorporation of P®. Arch. Biochem., 1949,
24, 359.

11. Lardy, H. A., and Wellman, H., Oxidative phosphory-
lations: Réle of inorganic phosphate and accepter
systems in control of metabolic rates. J. Biol.
Chem., 1952, 195, 215.

12.

13.
14.

15.

16.

17.

18.

19.

21.

SR

25.

SAMUEL P. BESSMAN AND ALICE N. BESSMAN

Wechsler, R. L., Crum, W, and Roth, J. L. A, The
blood flow and O, consumption of the human brain
in hepatic coma. Clin. Research Proc., 1954, 2, 74.

Fazekas, J. F., and Bessman, A. N., To be reported.

Von Euler, H, Adler, E., Giinther, G, and Das,
N. B, Uber den Enzymatischen Abbau und Aufbau
der Glutaminsiure. Ztschr. f. physiol. Chem.,
1938, 254, 5.

Potter, V. R, and Recknagel, R. O., Alternative
metabolic pathways in rat liver homogenates.
Federation Proc., 1950, 9, 215.

Bessman, S. P., Glutamate stimulation of malate and
fumarate oxidation in brain homogenates. Federa-
tion Proc., 1952, 11, 187.

Bessman, S. P., Rossen, J., and Layne, E. C., Gamma-
aminobutyric acid-glutamic acid transamination in
brain. J. Biol. Chem., 1953, 201, 385.

Embden, G., and Schmidt, G., Uber die Bedeutung
der Adenylsiure fir die Muskelfunktion VI,
Weitere Untersuchungen iiber die Herkunft des
Muskel-ammoniaks. Ztschr. f. physiol. Chem.,
1930, 186, 205. )

Walshe, J. M., Observations on the symptomatology
and pathogenesis of hepatic coma. Quart. J. Med,,
1951, 20, 421.

. Nelson, R. M., and Seligson, D., Studies on blood

ammonia in normal and shock states. Surgery,
1953, 34, 1.

Beaton, J. R., McGanity, W. J., and McHenry, E. W.,
Plasma glutamic acid levels in malignancy. Canad.

M. A. ], 1951, 65, 219.

. Bessman, A. N., and Evans, J. Mc., To be reported.
. Seligson, D., McCormick, G. J.,, and Sborov, V.,

Blood ketoglutarate and pyruvate in liver disease.
J. Clin. Invest., 1952, 31, 661.

. Walshe, J. M., The effect of glutamic acid on the

coma of hepatic failure. Lancet, 1953, I, 1075.

Webster, L. T., Jr., and Davidson, C. S., Hepatic
coma: Effect of sodium glutamate. J. Clin. Invest.,
1954, 33, 971.



