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Abstract

The role of hyperammonemia in the pathogenesis of cerebral edema was investigated using
mongrel dogs to develop a treatment for cerebral edema in acute hepatic failure. Intravenous infu-
sion of ammonium acetate alone into dogs did not induce brain edema, although blood ammonia
reached unphysiologically high levels. However, ammonium acetate infusion during mannitol-
induced reversible (osmotic) opening of the blood-brain barrier (BBB) effectively induced cyto-
toxic brain edema. Pretreatment with a branched-chain amino acid (BCAA; valine, leucine and
isoleucine) solution prevented an increase in intracranial pressure (ICP) and brain water content,
and caused a decrease in brain ammonia content and an increase in brain BCAA and glutamic acid.
The results suggest that ammonia plays an important role in the pathogenesis of cerebral edema
during acute hepatic failure and that BCAAs accelerate ammonia detoxification in the brain.
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Role of Ammonia in the Pathogenesis of Brain Edema

Masachika Fujiwara
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The role of hyperammonemia in the pathogenesis of cerebral edema was investigated using
mongrel dogs to develop a treatment for cerebral edema in acute hepatic failure. Intravenous
infusion of ammonium acetate alone into dogs did not induce brain edema, although blood ammonia
reached unphysiologically high levels. However, ammonium acetate infusion during mannitol-
induced reversible (osmotic) opening of the blood-brain barrier (BBB) effectively induced cytotoxic
brain edema. Pretreatment with a branched-chain amino acid (BCAA ; valine, leucine and iso-
leucine) solution prevented an increase in intracranial pressure (ICP) and brain water content,
and caused a decrease in brain ammonia content and an increase in brain BCAA and glutamic
acid. The results suggest that ammonia plays an important role in the pathogenesis of cerebral
edema during acute hepatic failure and that BCAAs accelerate ammonia detoxification in the brain.
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Acute hepatic failure shows a high inci-
dence of mortality even when intensive ther-
apeutic medicine is initiated rapidly. Com-
plications of the disease, such as cerebral
edema, sepsis, gastrointestinal bleeding and
renal failure, develop frequently during the
illness. Among these complications, cerebral
edema is the most important (1,2). In9
cases (64%) of 14 hepatic failures in our
clinic, cerebral edema was found during
post-mortem examination of the brain (3).
The low survival rate of patients with acute
hepatic failure might be improved by treating
and controlling cerebral edema. However,
the pathogenesis of cerebral edema in this
disorder has not yet been established. Pre-
vious reports have already mentioned an
increase in BBB permeability in hepatecto-
mized rats (4) and cytotoxic cerebral edema
in patients with acute hepatic failure (5).
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The present study was performed to clarify
the pathogenesis of and develop a treatment
for cerebral edema in acute hepatic failure
by studying the changes in BBB permeability,
the role of hyperammonemia in causing cyto-
toxic edema and the preventative effect of a

BCAA solution.

Materials and Methods

Preparation of experimental animals. Adult
mongrel dogs, weighing 10-15 kg each, were used
after overnight fasting. Animals were anesthe-
tized with ketamine hydrochloride (5.8 mg/kg body
weight, intramuscularly; Sankyo Co., Tokyo, Ja-
pan) and relaxed with succinylcholine chloride
(2 mg/kg body weight, intramuscularly; Yamano-
uchi Pharmaceutical Co., Tokyo, Japan). The dogs
were placed on a volume-cycled ventilator with a
Harvard respiratory pump after intubation, and
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Experimental set up. The dog was anesthetized and relaxed with intramuscular ketamine hydrochloride and

succinylcholine chloride and placed on a volume-cycled ventilator after intubation. Arterial blood pressure was monitored,
and blood was sampled from the femoral artery. An intracranial pressure transducer was inserted into the epidural
space in the parietal region for monitoring ICP. An arterial catheter was introduced into the internal carotid artery
through the common carotid artery for injecting mannitol solution. Drip infusion of 5% ammonium acetate, BCAA or

saline solution was performed using the femoral vein.

anesthesia was maintained by administering the
anesthetics described above at about 2-h intervals
(Fig. 1). Cannulae were positioned in the femoral
vein and artery. Arterial blood pressure was
monitored with a strain gauge electromanometer
(Nihon-Koden Model p-37, Tokyo, Japan), and
blood was sampled from the femoral
Arterial gas analysis was conducted with a Cor-
ning Model 165/2 analyzer (Corning EEL, Essex,
England). An arterial catheter (21 gauge needle
with No. 15 tubing), filled with 0.9% NaCl and
1000 U/ml Na heparin, was introduced into the
internal carotid artery through the common carotid
artery for injecting mannitol solution.

A burr hole was made over the parietal region
of the skull and an intracranial pressure trans-
ducer (Konigsberg Co., California, USA) was in-
serted into the epidural space to monitor ICP.
The burr hole was sealed with a dental rubber
base impression material (Surflex F, GC Dental
Industrial Co., Tokyo, Japan) to ensure stable
positioning of the instrument. The transducer lead
was attached to a calibration unit with an ampli-
fier (Konigsberg Co.). ICP was recorded at a
paper speed of 0.5 ecm/min on a VP-6521 W pen
recorder ( National Co., Osaka, Japan). Calibration

artery.
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was checked before the experimental procedure.
The experiments were started half an h after
inserting the sensor into the epidural space, when
ICP became stable. Changes in ICP were classi-
fied into four patterns: A) continuous increase
throughout, B) one-time increase followed by a
gradual decrease to 10 mmHg above the baseline
value, stabilizing over half an h, C) similar to
Pattern B, except for returning to approximately
the baseline value, and D) no increase.

Physiological conditions such as body weight,
body temperature, arterial blood pressure, arte-
rial pH, PO,, PCO, and initial ammonia levels
were not different between the test group and the
control group.

Experiment 1. To induce acute hepatic failure
in dogs, the abdomen was opened and dimethyl-
nitrosamine (DMN, 25 mg/kg body weight; Wako
Pure Chemical Industries Ltd., Osaka, Japan) was
injected into the portal vein through the mesen-
teric vein in 5 dogs (AHF group). Liver function
tests in the AHF group showed that the average
serum GPT activities increased to 611 IU/1, pro-
thrombin time was delayed (25.2 sec; control 13.5
sec) and blood ammonia concentrations increased
up to 160 pg/dl 12 h after the DMN injection.
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Pathological findings of the liver in the AHF
group demonstrated submassive hepatic necrosis.
The four control animals were injected with phys-
iological saline by a similar route. Twelve h
after the portal DMN or saline injection, a hyper-

osmolar solution of mannitol (1.4 M, 2 ml/kg body
weight (6), Wako Pure Chemical Industries Ltd.,
Osaka, Japan) was manually injected at a constant
rate over 1 min through a 0.2 ym filter (Nipro
Co., Tokyo, Japan) into the internal carotid artery.
The infusate was freshly prepared and warmed
to 37°C to prevent crystallization (7). Immediately
after the mannitol injection, 2% Evans blue (Na-
karai Chemical Co., Kyoto, Japan) was injected
intravenously to indicate the vasogenic state, and
the animals were sacrificed 2 h later. The brain
was removed and macroscopically and microscop-
ically studied. The water content of the grey and
white matter of the optical chiasma was measured
gravimetrically after drying the tissue to constant
weight in an oven (110°C) for 48 h (8). Blood
sugar levels were determined with the Dextro-
meter System (Miles Laboratories Inc., Elkhart,
USA).
Experiment 2. Five percent ammonium ace-
tate solution (Kanto Chemical Co., Osaka, Japan)
was infused into the femoral vein for two h at a
rate of 2 ml/kg body weight/h while monitoring
the ICP of the dogs. This solution produced blood
ammonia levels of 200-400 ug/dl (the Amitest

Meter System, Chugai Pharmaceutical Co., Tokyo,
Japan)(9) after a one-h infusion. Following the
infusion, a 1.4 M mannitol solution was injected
into the carotid artery (n=7; test group). This
mannitol concentration was just above the thresh-
old for osmotic BBB disruption, which reversibil-
ity occurred only for 30 min (6). Two other groups
were used as controls: Control 1, 5% ammonium
acetate was infused without the intracarotid man-
nitol bolus injection (n=4), and Control 2, saline
instead of ammonium acetate was infused with the
mannitol injection (n=75). The animals were sac-
rificed when the ICP stabilized over half an h
(2-3 h following the mannitol administration).
Experiment 3. A BCAA solution was made
by dissolving 63 mM leucine, 42 mM isoleucine
(Ishizu Pharmaceutical Co., Osaka, Japan) and 52
mM valine ( Nakarai Chemical Co., Kyoto, Japan)
(10) and infused into a femoral vein for 4 h at a
rate of 10 ml/kg body weight/h(n=12, BCAA
group). Saline was infused as a control (n=09)
(Fig. 2). One h after initiating the infusion of the
BCAA solution, 5% ammonium acetate was infused
into a femoral vein for 2 h at a rate of 2 ml/kg
body weight/h. One h after starting the ammonia
infusion, hyperosmolar mannitol was injected into
the carotid artery. After a 4-h infusion of BCAA,
part of the cerebral tissue was biopsied with a
freezing clamp (Natsume Industries Co., Tokyo,
Japan) to measure brain ammonia contents, and

1.4 M Mannitol(2ml/kg)
into carotid artery

Sacrifice
5% Ammonium acetate ] ¥
| Branched chain amino acid (BCAA) or saline
0 1 2 3 4 h

! }

Blood ammonia
Gas analysis

Fig. 2

Blood ammonia
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Blood ammonia
Gas analysis
Brain ammonia
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Time course of Experiment 3. A BCAA solution was infused for 4 h at a rate of 10 ml/kg body weight/h.

Saline was infused as the control. One h after initiating the infusion of the BCAA solution, 5% ammonium acetate was
infused for 2 h at a rate of 2 ml/kg body weight/h. One h after start of the ammonia infusion, hyperosmotic mannitol

was injected into the internal carotid artery to open the BBB permeability transiently.

During the 4-h infusion of

BCAA, brain tissue in the parietal region was biopsied with a freezing clamp to measure brain ammonia contents, and

then the dogs were sacrificed by exsanguination. The brain was immediately removed to measure amino acid contents

and for microscopic observation.
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animals were sacrificed immediately. Brain am-
monia contents were determined with an enzymatic
kit (Kyowa Medex Co., Tokyo, Japan) according to
Folbergrova et al. (11). After clear protein-free
supernatants were made of the serum and brain by
adding 5% sulfosalicylic acid, the serum and brain
concentrations of amino acids were determined
using a Nihon-Denshi liquid chromatograph (JCL.-
6 AH, Tokyo, Japan) as reported previously (12).

All of the differences were evaluated for sta-
tistical significance by the unpaired Student’s
t-test.

Results

Preliminary experiment. An intravenous
infusion of ammonium acetate alone did not
increase ICP, although blood ammonia levels

reached 200-400 ug/dl, which are levels

commonly observed in patients with acute he-
patic failure. When a large injection of
ammonium acetate resulted in blood ammonia
levels of 800 ng/dl, ICP finally increased to
a mean level of 34 mmHg. However, this
increase may have been due to severe meta-
bolic acidosis (pH="7.044).

Experiment 1. To investigate changes
in the permeability of the BBB in acute he-
patic failure, both the AHF (portal DMN
injection) and control groups were injected
with the hyperosmotic mannitol solution.
ICP was almost unchanged before the man-
nitol injection, but 2 h after the injection,
ICP became much higher in the AHF group
than in the control group (Table 1). Brain
water content (only in the white matter) in-
creased in the AHF group much more than

Table 1 Intracranial pressure and brain water content (Experiment 1)
Grou No. of dogs Intracranial pressure (mmHg) Brain water content (%)
1% .
examined Initial® Final Gray matter White matter
Control 4 6.3+0.5° 5.8+1.1 79.1+0.4 71.3%0.2
Acute hepatic failure 5 7.0x1.4 20.4 £1.9** 80.2+0.8 72.0+0.2*

a: Twelve h after dimethylnitrosamine or saline administration (immediately before mannitol injection.)

b: Values are expressed as the mean+ SE.
* p<0.05 ** p<0.01 against control.

Table 2 Intracranial pressure and brain water content (Experiment 2)
No. of Intracranial pressure (mmHg) Brain water content (%)
Group dogs
examined Initial® 1h after ammonia® Maximum® Final Gray matter  White matter

Control 1¢ 4 3.8 5.0 e 5.5 80.7 71.1

+0.5% +0.6 +0.7 +0.9 +0.2
Control 2° 5 3.6 - 14.4 4.4 80.5 67.8

+1.0 +4.6 +0.9 +0.7 +1.0
Test’ 7 6.0 9.6 48.6 29.4 84.2 77.5

+1.1 +2.3 +11.3% $9.1% ¥ £0.9% ## £1.7x* ##
a: Beginning of the experiment.
b: 1h after infusion of 5% ammonium acetate solution.
¢: Maximum value after mannitol bolus injection.
d: Ammonium acetate was infused without mannitol injection.
e: Saline instead of ammonium acetate was infused with mannitol.
f: Ammonium acetate was infused with mannitol.
g: Values are expressed as the meanz+ SE.
*

, p<0.05 ** p< 0.0l against control 1. #, p<0.05 ## p< 0.0l against control 2.
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in the control group. The staining of Evans
blue in the mannitol-injected side of the brain
was also much more intense in the AHF group
than in the control group. These findings
indicate that the BBB in acute hepatic failure
dogs was more easily altered by osmotic
stimulus than in the control dogs.
Experiment 2. The effects of hyperam-
monemia during increased BBB permeability
on ICP and brain water content were tested
by drip infusion of an ammonium acetate so-
lution. ICP and brain water content in the
test group of dogs, which were injected with
ammonium acetate under the osmotic BBB
opening, were much higher than in the two
control groups (Table 2). Although the test
group showed ICP Pattern A or B, the two

317

control groups showed Pattern C or D( y*-
test, p<0.05, data not shown). Macroscop-
ic findings of the brain in the mannitol-in-
jected side showed a swollen hemisphere
with narrowed gyri and flattened convolu-
tions. The light microscopic findings of the
white matter in the injected side demon-
strated a spongy texture. The brain was not
stained with Evans blue 2 h after the mannitol
injection, while ICP and brain water content
remained increased. This result indicates
that brain edema is cytotoxic in nature.
Experiment 3. The preventive effect of
a BCAA solution on ammonia-induced brain
edema was tested using the model described
above. After an intracarotid bolus injection
of mannitol, ICP and brain water content

Table 3 Intracranial pressure and brain water content ( Experiment 3)
No. of Intracranial pressure (mmHg) Brain water content (%)
Group dogs
examined Initial® 1h after ammonia®  Maximum® Final Gray matter ~ White matter

Saline 12 6.3 9.0 69.1 54.3 83.9 76.7

+ Ammonia® +0.7° +1.4 +14.7 +16.2 +0.6 +1.0
BCAA 9 6.7 7.0 26.6 11.7 82.1 70.1

+ Ammonia® +0.8 +1.1 +7.4% +4.0* +0.5 +0.6*

: Beginning of the experiment.

1h after infusion of ammonium acetate solution.
Maximum value after mannitol bolus injection.

5% ammonium acetate solution was infused with mannitol

Values are expressed as the mean= SE.
< 0.05 ** p<0.01 against Saline + Ammonia.

¥ 0 A0 o

» P

bolus injection without BCAA-pretreatment.

Ammonium acetate was infused with mannitol injection with BCAA-pretreatment.

Table 4 DBrain ammonia and amino acid contents (Experiment 3)

Amino acids

No. of
Group dogs Ammonia BCAA AAA
examined
Leu Ile Val Tyr Phe Gln Glu Ala
Saline 5 2.84 0.12 0.07 0.18 0.06 0.12 5.29 5.23 0.95
+ Ammonia® +0.42° +0.03  £0.01  £0.05 +0.01  +0.02 +1.00 +0.45  +0.22
BCAA 5 1.08 0.61 0.35 1.00 0.02 0.04 5.55 6.90 1.26
+ Ammonia® +0.08* +0.10** +0.06** +0.19** +0.00** +£0.01** £1.00 +£0.41* +£0.11

a: 5% ammonium acetate solution was infused with mannitol
b:
c:
*

, p<0.05 ** p<0.01 against Saline+ Ammonia.
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bolus injection without BCAA-pretreatment.

Ammonium acetate was infused with mannitol injection with BCAA-pretreatment.
Values (mmoles/kg brain) are expressed as the mean+ SE.
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in the BCAA-pretreated dogs scarcely in-
creased as compared with those in the saline-
treated group ( Table 3). The number of dogs
with ICP Patterns of A, B, C and D was 0,
2,2 and 5, respectively, in the BCAA group,
which significantly differed from the control
group (ICP Patterns A, B, C and D were
observed in 5, 5,1 and 1 dogs, respectively)
(x*-test, p<0.05).

The brain ammonia and aromatic amino
acid (AAA) contents were much lower in the
BCAA-treated group, while the brain BCAA
and glutamic acid levels were higher, than
in the control group (Table 4). However,
blood ammonia levels in the BCAA-treated
group (73.8+6.5 ug/dl, Mean+ SE) were
not significantly low as compared to those
in the control group (40.8+8.6) at the
time of sacrifice.

Discussion

The blood ammonia concentrations fre-
quently increase in both acute and chronic
hepatic failure { hepatic encephalopathy), in-
dicating that ammonia is an important neuro-
toxin. Moreover, elevation of ammonia in
the blood induces an increase in brain ammo-
nia transport and a corresponding increase
in brain ammonia content (13). These con-
siderations suggest that hyperammonemia
might be involved in the pathogenesis of
hepatic encephalopathy and brain edema in
acute hepatic failure.

Previous investigators demonstrated that
the intravenous infusion of ammonium acetate
solution (unphysiological leveis of blood am-
monia = 3938 xg/dl) resulted in a rise in
ICP in normal cats (14) and rabbits (15).
They suggested that hyperammonemia induced
an increase in cerebral blood flow and a re-
markable fall in the resistance of the cere-
brovascular bed (no brain edema, because
brain water content did not increase). In the
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present experiment, however, ICP did not
rise at blood ammonia concentrations of 200-
400 pg/dl, which were obtained by ammo-
nium acetate infusion in dogs. These levels
are found commonly in patients with hepatic
failure. The additional ICP rise induced by
infusing a larger dose of ammonium acetate
seemed to be due to severe metabolic acido-
sis, and the blood ammonia levels obtained
(about 800 xg/dl) were also beyond clinical
significance.

In our laboratory, Shiota (13) previously
demonstrated that brain ammonia contents in
acute hepatic failure rats were very high as
compared to those in normal rats even when
similar blood concentrations in both groups
were obtained by injecting ammonium acetate.
This might be due to changes in permeability
of the BBB in acute hepatic failure. The
present study (Experiment 1) also showed
that the BBB in acute hepatic failure dogs
was easily opened by the stimulus of hyper-
osmotic solution. These findings strongly
suggest that the cerebral influx of ammonia
increases because of increased BBB perme-
ability in acute hepatic failure.

In order to confirm this hypothesis, the
BBB was transiently opened by an intraca-
rotid infusion of hyperosmotic mannitol in
Experiment 2 (6). During the BBB opening,
an ammonium acetate solution was infused
intravenously to obtain blood ammonia con-
centrations of 200-400 xg/dl. An increase
in both ICP and brain water content with
exclusion of Evans blue dye was confirmed,
indicating that hyperammonemia produces
cytotoxic brain edema only during increased
BBB permeability.

Ionized ammonia (NH,”) does not pene-
trate the BBB, and 99.5% of the blood am-
monia is ionized at physiological pH(16).
On the contrary, un-ionized ammonia (gas
form of ammonia, NH;), which exists at less
than 1% in the circulating blood, enters the
brain easily by diffusion. However, under
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increased permeability of the BBB and with
an increased percentage of un-ionized ammo-
nia due to metabolic alkalosis found in acute
hepatic failure, both ionized and gaseous
ammonia could enter the brain together. Once
in the brain, they would inhibit glial and
neuronal Na*-K* ATPase activities (17) and
consequently induce brain Na™ retention and
finally produce cytotoxic brain edema. Pre-
treatment with a BCAA solution could prevent
ammonia- induced brain edema, because while
the brain ammonia contents markedly de-
creased, both the BCAA and glutamic acid
contents increased after the BCAA adminis-
tration (Experiment 3). Therefore, the brain
ammonia content appear to be closely involved
in the pathogenesis of brain edema, support-
ing the hypothesis stated above.

In our laboratory, Takei (18) demonstrated
that brain ammonia contents closely corre-
lated with the increased activity of BCAA
transaminase and branched chain «o-ketoacid
dehydrogenase in the brain mitochondrial
fraction and also with the enhanced BCAA
decarboxylation in the brain. Furthermore,
administration of BCAAs resulted in de-
creased brain ammonia and increased brain
glutamine, glutamic acid and alanine contents
(19). The main inhibiting factor of the mal-
ate-aspartate shuttle (20) by ammonia load-
ing would be a decrease in brain glutamic
acid content. Therefore, if glutamic acid in
the brain was supplied by BCAA administra-
tion, ammonia could be effectively detoxified
and, thus, the neurotoxicity of ammonia could
be reduced. Indeed, in the present experi-
ment, brain glutamic acid contents signifi-
cantly increased upon BCAA administration.
The reason why brain glutamine did not in-
crease in Experiment 3 might be the rapid
efflux of glutamine and utilization of gluta-
mine by neuronal cells.

A recent clinical study (21) also revealed
that a BCAA-enriched solution infused for
the treatment of hepatic encephalopathy effec-
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tively reduced the ammonia concentration in
the cerebrospinal fluid.

In summary, ammonia plays an important
role in causing cerebral edema during acute
hepatic failure, and BCAAs accelerate am-
monia detoxification in the brain. However,
the exact mechanism of the ammonia-induced
brain edema is unclear and, thus, further
study will be required. The substances that
induce increased BBB permeability in acute
hepatic failure must be investigated in the
future.
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