Biochemical Pharmacology. Vol. 26. pp. 2397-2404. Pergamon Press, 1977. Printed in Great Britain

METABOLISM AND CEREBRAL ENERGY STATE: EFFECT OF
ACUTE HYPERAMMONEMIA IN BEAGLE DOG

G. Benzl, E. ARrRIGONI, P. STRADA, O. Pastoris, R. F. ViLrLa
and A. AGNOLI

Department of Pharmacology. University of Pavia, Italy and
the Department of Neurology. University of L'Aquila, Ttaly

(Received 7 January 1977 accepted 6 May 1977)

Abstract— The acute effect of hyperammonemia (NH; blood level 0.2 mM) was evaluated in the isolated
dog brain in situ. The interference of the transmethylating system of S-adenosyi-L-methionine was
also studied by means of infusion with S-adenosyl-L-methionine or adenosine (blood level 0.4 mM).

The changes induced by hyperammonemia on the cerebral glutamate-ammonia system (pyruvate,
x-oxoglutarate, oxaloacetate, L-alanine, L-glutamate, L-aspartate. t-glutamine, NH;) were evaluated.
Cerebral detoxication of ammonia is connected with the formation of glutamine and. to a lesser extent.
of alanine. and is balanced by a decrease in aspartate; glutamate, oxaloacetate, pyruvate and x-oxoglu-
tarate are unmodified or slightly modified.

Cerebral intermediate metabolism of glucides was largely activated by acute hyperammonemia. a
marked increase in Gibbs free energy being observed. A fraction of this energy not exceeding 10
per cent can be ascribed to the synthesis of glutamine. Hyperammonemia induced a variation of
the resting transmembrane potential (as indirectly obtained by applying the Nernst equation). which

becomes less negative.

The glutamate-ammonia system is the most directly
involved in the detoxication of NH, during hyperam-
monemia syndromes. In fact. the basic event of this
process consists in the conversion of a carboxyl acid
into an amino acid, with ammonia uptake. The
balance of the cerebral ammonia-detoxicating power
must be evaluated by taking into account the changes
occurring in the various components, as a function
of the amount of ammonia reaching the cerebral tis-
sue.

Some participants in the glutamate-ammonia sys-
tem are intrinsically connected with the intermediate
metabolism of glucides. The relationships between
glycolysis or Krebs’ cycle intermediates and the gluta-
mate-ammonia system require that the investigations
be extended to the study of hyperammonemia effects
also at the level of cerebral energy metabolism.

The function of cerebral cells requires a specific and
uneven distribution of ions across the membranes.
When present extracellularly NHj (like K*) de-
creases the resting transmembrane potential, therefore
bringing the potential closer to the threshold for firing
and causing a general increase in nerve-cell excit-
ability [1-3]. Consequently, it is also important to
evaluate the effect induced by hyperammonemia on
the resting transmembrane potential.

The glutamate—ammonia system interferes with
other biological systems of the brain, e.g. the S-adeno-
syl-L-methionine transmethylating system. Indeed,
S-adenosyl-L-methionine: is found under an activated
form; it releases adenosine as a metabolic product;
during its metabolic transformation it yields L-cys-
teine (which, by condensating with «-oxoglutarate,
yields mercaptopyruvate and glutamate); it is in-
volved in the transmethylation processes affecting
also catecholamines.

In the present study in vivo, acute hyperammone-
mia was induced by artificially raising the blood NH;
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concentration by infusion of ammonium acetate to
the regional cerebral circulation. In order to eliminate
response variations due to the different blood levels
of the various components, the cerebral blood flow
was kept constant during each trial. The technique
of in situ isolated brain perfusion was used since it
allows the proper composition of perfusing blood,
blood flow rate, blood oxygenation to be selected at
will [4-14].

By the technique of the dog brain isolated in situ,
in this work we have investigated the effect at cerebral
level of the acute hyperammonemia syndrome: (1) on
the ammonia-detoxicating power; (2} on fuels, end-
products and intermediates of the glycolytic pathway
and citric acid cycle; (3) on the resting transmem-
brane potential. Moreover, we have studied the inter-
ference at cerebral level of the perfusion of S-adeno-
syl-L-methionine or adenosine on the effect of the
hyperammonemia syndrome, evaluated by the three
groups of parameters indicated above.

MATERIALS AND METHODS

The experiments were carried out on female beagle
dogs (aged 240-360 days and weighing from 12.5 to
15.6 kg) all kept under the same environmental condi-
tions (22 + 1", relative humidity = 60 + 5 per cent)
and fed only a standard diet (Altromin Rieper) with
water ad lib. The animals were pre-anaesthetized with
urethane (0.4 g/kg i.p.), and the anaesthesia was in-
duced and maintained only during the surgical pro-
cedure by chloralose (20 —40mg/kg i.v.). The ani-
mals were immobilized by intravenous injection of
gallamine triethiodide (2-3mg/kg), and artificially
ventilated. Because anaesthetics affect cerebral energy
charge, EEG pattern was used to determine the remo-
val of anaesthetic activity before the start of the ex-

_periment on cerebral metabolism.
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The  operative  procedure  consisted  mainly
[4.6.11.12] in the isolation of the external jugular
vein and the common carotid arteries, with ligature
of all their branches {except the internal carotid
arteries) and of the vertebral vessels. Both of the iso-
lated jugular veins were ligated, cannulated. and con-
nected to the venous reservoir of the pump-oxygena-
tor system (through the gravitational flow). Both of
the isolated carotid arteries were also cannulated and
connected to the pump-oxygenator system. The elec-
troencephalogram as well as both systemic pressure
and cerebral perfusion pressure were recorded on
a 12-channel polygraph (Physioscript EE12—-
Schwarzer). A 2.5 cm diameter hole was made in the
frontoparietal area; a plastic funnel was fitted into
the hole and the skin was tightly sutured around the
funnel; subsequently, the plastic funnel was sealed
with a rubber stopper and thermally insulated.

The brain perfusion apparatus employed consisted
of a venous reservoir, an oxygenator with a gasmeter,
a roller-type pump with a flowmeter, two blood filters
(polyester staple 1622 Montefibre), a perfusion pres-
sure regulator with a manometer, a blood exchanger
with a telethermometer. and an apparatus to elimin-
ate blood foam [4. 6. 12]. Prior to the extracorporeal
perfusion, the pump-oxygenator system was filled
with 500 ml of heparinized compatible blood. fiitered
through polyester staple and adjusted to pH 7.35
using 1M sodium bicarbonate. A flow of a
O, + CO, mixture (95:5), maintained at the rate of
51 min~ ', was passed into the oxygenator during the
extracorporeal brain perfusion. The blood flow rate
was kept between 41 and 43mimin" !, the pressure
being cqual to the initial systemic pressure of the ani-
mal.

Induction of acute hyperammonemia. At the end of
the preparative procedure and after an equilibration
period, the hyperammonemia syndrome was induced
in the dogs by infusion of ammonium acetate into
the extracorporcal circuit at the initial concentration
of 2 x 107* M. The level of NHy into the perfusion
arterial blood was kept constant by the continuous
infusion of 6.5 umoles min ™', during the 20 min of the
syndrome.

To study the interference of S-adenosyl-L-meth-
ionine transmethylating system on acute hyperam-
monemia, 20 min before inducing the hyperammone-
mia an infusion of S-adenosyl-L-methionine or adeno-
sine was started. S-adenosyl-L-methionine or adeno-
sine werce present in the perfusion circuit at the initial
concentration of 4 x 107* M during the 40 min of
the experiment. they were continuously infused
{1 ymole min™").

Qur investigation was focused on threc series of
biological events taking place in brain tissue:

(1) the NH -detoxicating power of the glutamate-
ammonia system;

(2) the brain energy balance related to the inter-
mediate metabolism of glucides:

(3) the resting transmembrane potential. indirectly
obtained by applying the Nernst equation.

In order to define the effect induced by the hyper-
ammonemia syndrome, control values were taken as
base values, changes (A) in the parameters examined
being calculated by difference. For statistical analysis,
the Student t-test was used in all instances (P < 0.05).
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Analytical methods. For the evaluation of the arter-
ovenous differences of metabolites across the brain,
glucose. glutamate, glutamine, alanine, O; and NH;
uptake. and lactic acid formation were evaluated from
simultaneously drawn arterial and venous blood
samples. By continuous infusion of glucose
{25 umoles min " ') to the venous reservoir, the glucose
concentration in the blood was kept at a constant
level. For the evaluation of metabolites in brain, at
the set time the motor area of the cortex was frozen
in situ by pouring liquid nitrogen into the plastic fun-
nel fitted into the cranial vault. The cortical portion
of the frozen brain was cut and removed using a
rotating cold hollow tube during continuous irriga-
tion with liquid nitrogen. The frozen cerebral tissue
was then immersed into liquid nitrogen for 10- 15 min
and quickly (3-4 sec) powdered by a precooled auto-
matic apparatus (Microdismembrator Braun) using
frozen 1-23 M perchloric acid. The subsequent steps of
the analytical procedure were carried out in a cooled
box at 0-5° until a perchlorate-free extract was
obtained [15] Metabolites were determined by enzy-
matic techniques: alanine [16]; NH; [17]; aspartate
[18]; citrate [197]: glycogen [207: glucose [21]: gluta-
mate [227; glutamine [23]; lactate [24]; malate [25]:
z-oxoglutarate [26]: O, [27]: pyvruvate [28]: ATP
[297: ADP [30]: AMP [30]. phosphocreatine [31].
The oxaloacetate concentration was calculated from
the formula:

foxaloacetate] = mewul < [malate]

{lactate]

<ARupn Kiond

where K, py and Kypy are the cquilibrium constants
of lactate dehydrogenase and malate dehydrogenase.,
respectively [32].

Evaluation of the NHg-detoxicating power of the
glutamate-ammonia  system.  This  evaluation was
obtained from the balance of variations in the artero-
venous levels and/or in the cerebral concentrations
of NH, . carboxyl acid (x-oxoglutarate. pyruvate, ox-
aloacetate) and amino acids (L-glutamate, r-alanine.
L-aspartate, L-glutamine).

The calculated changes (A') induced by ammonium
acetate were: (i) A'CU = change in Cerebral Uptake
{nmoles g~ min" ")
where:

ACU = CBF x AAV: CBF = Cerebral Blood Flow
(ml min™' g~ '), AAV = ArteroVenous differences
(nmoles ml™ '} of metabolites across the brain:

(it} ACTC = change in Cerebral Tissular Concen-
tration (nmoles g~' min™'}) ACTC = {CTC,pm -
CTC,,,.). t ! where: CTC,,,., = cerebral tissular con-
centrations (nmoles g~ ') of metabolites after
ammonium acetate perfusion; CTC,,,, = cerebral tis-
sular concentrations (nmoles g~ ') of metabolites in
control conditions; = time {min); (i} ACMR =
change in Cerebral Metabolic Rate (nmoles g~
min" ) ACMR = A'CU - ACTC; (iv) ACMZR y; =
change in Cerebral Metabolizing Rate for NH}
{nmoles g7' min" ') ACMZRy; = ACTCyumue +
A'Crcuspan:vlc + A'C"Tculanin\- + 2AI('Vr(:glumminv:: (V)
MPlyu; = Metabolizing  Power Index for NH{
MP’NH; = {A'CMZRNH; )f{A,(‘MRNH“ )



Metabolism and cerebral energy state

Computation of cerebral energy change by NHj .
This evaluation was obtained from the balance of
variations in the arterovenous levels and/or in the
cerebral concentrations of fuels (e.g. glucose, gly-
cogen), of intermediates (e.g. pyruvate} and end-pro-
ducts (e.g. lactate, oxaloacetate) related to the cerebral
metabolism of glucides.

The calculated changes (A") induced by ammonium
acetate were:
(1) A'CU = change in Cerebral Uptake (nmoles g~
mn~') ACU=CBF (ml min™! g ')x AAV
(nmoles mi™'); (ii) A'CTC = change in Cerebral Tis-
sular Concentration (nmoles g~' min~') ACTC =
[CTC,m(nmoles g~ 1) — CTCcon,(nmoles g )]

t~Ymin); (iii) ACMR = change in Cerebral Meta-
bolic Rate (nmoles g~! min™') ACMR = ACU —
ACTC: (iv) A'CAnMR,,,.. = change in Cerebral
Anaerobic  Metabolic Rate for the glucose units
(nmoles g ! min~ ')

1

A'CAnMR -0.5 A,CMR)acwzc

glucose =

where:

A'CMR,, ... = change in Cerebral Metabolic Rate for
lactate. In fact each mole of glucose (or of glucosyl
unit derived from glycogen) anaerobically yields 2
moles of lactate; (v) A'CAeMR,,.. = change
in Cerebral Aerobic Metabolic Rate for glucose
(nmoles g ' min~ ') ACAeMR  c00e = ACMR 105 +
ACMR 1 ppen — ACAOMR e (Vi) ATAG™] =
change in the Cerebral free energy (mcal g=' min™").

In fact, for the measurement of the energy change
induced by NH; in the brain system, we used the
function AG or Gibbs free energy. To further simplify
actual numerical computations, we used the standard
free energy change (AG™), assuming the value of
—47 kcalmol ™' for the reduction of glucose to lac-
tate, and the value of —686 kcal mol™! for the oxi-
dation of glucose to H,0 and CO,. The computated
values of free energy change should be regarded as

2399

relative and utilized only for the evaluation of the
changes (A') occurring between the control condition
and the NH} -induced condition: AAG™).
Computation of the resting transmembrane potential.
For the indirect calculation of the resting transmem-
brane potential {(E;) we used the Nernst equation:

RT ( [K ]zm + I[NH4 ]ml

\F [K —]x \|7+7i [\;qrﬁ4ﬁ]ut !

where: R = gas law constant (1987 cal mol ™' deg™'):

T = absolute temperature; F = Faraday constant
(23,061 cal-vol ' equiv™?): x = 0.2.

E,= —

The subscripts int and ext refer to intracellular and
extracellular concentrations, respectively: o is the per-
meability of NH, relative to K7 (2). The blood
[NH;] and [K"] were used as an approximation
of those existing in brain extracellular fluid [33]. In
this case, the NH; -induced variations in the resting
transmembrane potential as calculated by the Nernst
equation [33] agree with actual direct measurements
made on cat motor neurons and squid giant axons

[2,31.

RESULTS

Ammonium acetate (0.2 mM in the cerebral perfus-
ing blood) causes a derangement in the components
of the cerebral glutamate-ammonia system (Table 1),
lLe. a significant increase in glutamine and alanine,
and a significant decrease of both aspartate and ox-
aloacetate. while glutamate, pyruvate and x-oxoglu-
tarate remain unchanged. As shown in Table 2,
ammonia detoxication is brought about by glutamine
and, to a lesser degree, by alanine. Concurrently, the
detoxicating role of glutamate and aspartate becomes
less important, probably due to the amidation of glu-
tamate to glutamine.

Table 2 shows that adenosine perfusion (0.4 mM)
does not remarkably modify the ammonium-detoxi-

Table . Action of ammonium acetate (added to the cerebral perfusing blood: 2 x 10”7*M) on some components
of the glutamate-ammonia system evaluated in cerebral tissue and by arterovenous differences across the brain

Perfusion with ammonium acetate after and
during the infusion with

S-Adenosyl-1-
Control methionine Adenosine
Unit of conditions (4 x 107* M) 4% 1074 M)
Parameters measurement h) {c} (d)
Cerebral blood flow mi min~! g~! 0.494 + 0011 0.492 + 0010 0477 + 0012 0.485 + 0.0t5
NH; uptake 241 7% + 2@ 94 + l@A &1 + l@
Glutamate uptake nmoles min~' g~! <i <l <1
From arterovenous
differences across
the brain
Glutamine uptake 12403 1.6 + 04 1.1 +£03 <1
Alanine uptake 1.1 +06 <l 1.5+ 04 <l
NH, 0.23 £ 0.04 042 + 001@ 044 + 002@ 0.39 + 0.03@
Glutamate 10.20 + 041 10.09 + 0.32 1012 + 0.1t 10.06 + 0.06
Glutamine 543 + 0.08 629 + 0.02@ 651 + 0.12@ 6.39 + 0.07@
Alanine 0435 + 0.011 0.585 + 0.011@ 0.595 + 0.07e 0,635 + 0.017@A
Concentration in brain
x-Oxoglutarate pmoles g~ 0.199 + 0013 0.192 + 0.006 0.202 + 0.003 0.195 + 0.002
Aspartate 244 +0.10 193 + 0.04@ 1.80 + 0.06® 1.80 + 0.10@
Pyruvate 0.100 + 0.008 0.104 + 0.004 0.102 + 0.003 0.103 + 0.002
Oxaloacetate nmoles g~} 33+02 27+ 01e 25+ 01e@ 28+ 01@

* The values are means (+ standard errors) of six preparations of beagle dog. The symbol (@) indicates the statistical
significance as compared with control condition: (b), (c) and (d) versus (a). The symbol (A) in the hyperammonemic
animals indicates the statistical significance as compared with dogs not infused by S-adenosyl-L-methionine or adenosine:
(c) and (d) versus (b). Level of statistical significance: P < 0.05.
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Table 2. Changes (A’) induced by ammonium acetate (added to cerebral perfusing blood: 2 x 10" * M)
on the glutamate—ammonia system of the brain as compared with control condition

. ACU ACTC ACMR ACMZRy,; Metabolizing
Cerebral Power Index
infusion with Metabolite nmoles g”' mm ' tor NH

NH{ +76 +9 5 L0665
Glutamate <03 - 35 ~55
Glutamine <03 +43.0 +R6.0
Alanine < 0.3 +7.5 +7s
Aspartate —255 - 258
Pyruvate <0.5
x-Oxoglutarate <08
Onxaloacetate <05
(a) Total +623 094
NH; +92@ + (0.5 +R15@
Glutamate <0.5 -4 -4
Glutamine <{.3 +54@ +108@
$-Adenosyl- Alanine <{1.5 +8 + %
L-methionine Aspartate ERA -1le
Pyruvate <(.8
2-Oxoglutarate <{).8
Oxaloacetate <05
(b} Total +80@ 098
NH; +79 +X 471
Glutamate <05 -7 -7
Glutamine <0.8 +48 +96
Adenosine Alanine <05 + 10 + 10
Aspartate - —~1ile
Pyruvate <5
2-Oxoglutarate <05
Oxaloacetate <0.5
(c) Total +67 094
* The calculated parameters are: A'CU = change on Cerebral Uptake; A'CTC = change on Cerebral
Tissular  Concentration; A'CMR = A'CU -~ A'CTC = change on Cercbral Metabolic Rate:

A'CMZRny; = change on Cerebral Metabolizing Rate for NH;
The symbol (@) indicates the statistical significance (P < 0.05) as compared with perfusion without
S-adenosyl-L-methionine or adenosine: (b) and (¢) versus (a)

Table 3. Actionof ammonium acetate (added to the cerebral perfusing blood: 2 x 10™* M) on some parameters related

to the glucidic metabolism and evaluated in cerebral tissue and by arterovenous differences across the brain*

Perfusion with ammonium acetate after and
during the infusion with

S-Adenosyl-L-

Control methionine Adenosine
Unit of condition 14 > 107 *M) (4 > 1073 M)
Parameters measurement (a) (h) (c) (d)
£
é ” g Cerebral blood flow ml mm™' gt 0.494 + 0.011 0.492 + 0.010 0.477 + 0.012 0485 + 0015
g g 8y
uE. E g - Glucose uptake 0.285 + 0.008 (1.322 + 0.000e 0.319 + G0l4e 0325 + D 7e
L e Z Lactate release umoles g~ ' min ' 0.038 + 0.002 0078 + 0.005@ 0.074 + 0.005@ 0.0%1 + 0.005@
3 P 5 Oxygen uptake 164 + 007 173 + 004 176 + 0.02 175 + 003
c Glycogen 348 £ 016 212 + 003@ 244 + 0070A 234 + 006
g Glucose .44 £ 0.15 266 + 0.07@ 228 + 00beA 248 + 006
'2 Pyruvate pmoles g™ ! 0.100 + 0.008 0.104 + 0.004 0.102 + 0.003 0103 + 0002
; Lactate 1.64 + O.15 223+ 007@ 196 + 0.04@4 206 + 004@
=
E ATP 221 £ 004 226 + 005 216 + 0.07 220+ 007
g ADP pmoles g~* 048 + 0.02 045 + 0.01 052 + 0.03 0.43 + 002
§ AMP 0.06 + 0.002 0.09 + 0.003 0.05 + 0.003 008 + 0.002
o Creatine phosphate 482 +0.12 440 + 036 476 + 0.20 459 + 023

* The values are means (+ standard errors) of six preparations. The symbol (@) indicates the statistical significance
as compared with control condition: (b), (c) and (d) versus (a). The symbol (A) in the hyperammonetmic animals
indicates the statistical significance as compared with dogs not infused by S-adenosyl-L-methionine or adenosine: {c} and
(d) versus (b). Level of statistical significance: P < 0.05.
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Table 4. Changes (A') induced by ammonium acetate (added to the cerebral perfusing blood: 2 x IOA"‘M) on some
parameters related to the glucidic metabolism of the brain as compared with control condition*

ACU  ACTC ACMR  ACANMR,,... ACAeMR,,.... AAGH)
Cerebral
infusion with Metabolite nmoles g~ ' min~' mcal g~ min™’ %
Glucose +37 +61 —24
Glycogen —68 +68 +11 —7.55 83
Lactate —37 +29 — 66 +13 —1.55 17
(a) Total -9.10 100
S-Adenosyl-L- Glucose +34 +42@ —3e
methionine Glycogen -5e +352@ + 8@ —12.350 Yle
4 x 107*M) Lactate -36 +16@ -52e +260 -1.22e 'Y
{b) Total —13.57@ 100
Adenosine Glucose +40 +52 -12e
@ % 107*M) Glycogen -57 +57 +13 ~8.92 86
Lactate —43 +21 —64 +32 —1.50 14
(c} Total —10.42 100
* The calculated parameters (see also Materials and Methods) are:
A'CU = change on Cerebral Uptake; A'CTC = change on Cerebral Tissular Concentration; ACMR = A'CU —

A'CTC = change on Cerebral Metabolic Rate; ACAnMR,,.,,. = —0.5 (ACMR,,,,..) = change on Cerebral Anaerobic
Metabolic Rate for glucose; ACAeMR,,.,,. = ACMR,,,.,.. + ACMR, ... —~ ACADMR,,,.,.. = change on Cerebral
Aerobic Metabolic Rate for glucose; A(AG®) = change on Gibbs free energy.

The symbol (@) indicates the statistical significance as compared with perfusion without S-adenosyl-L-methionine
or adenosine: (b) and {(c) versus {a). Level of statistical significance: P < 0.05.

cating power of brain tissue, whereas the perfusion
with S-adenosyl-L-methionine (0.4 mM) increases the
metabolization of NH . This is caused by a higher
ammonium-detoxicating power of glutamine matched
by a decrease in that of aspartate. The ratio between
ammonium-detoxicating power and ammonia meta-
bolic rate (the Metabolizing Power Index for NH/)
is always very close to 1. This index, in fact. has a
value of 0.94 in hyperammonemia, and values of 0.98
or 094 in the hyperammonemia developing during
perfusion with S-adenosyl-L-methionine or adenosine,
respectively.

Ammonium acetate induces a significant increase
both in glucose uptake and in the formation of lac-

tate, while O, uptake is not significantly increased
(Table 3). At cerebral level, an increase in the concen-
trations of glucose and lactate can be observed. while
a glycogen depletion occurs and tissular levels of pyr-
uvate remain unchanged. There were no NH;,-
induced modifications in the concentrations of ATP,
ADP, AMP and creatine phosphate, indicating no
change in the phosphorylation state of the adenine
nucleotides in the brain. Computations quoted in
Table 4 show that hyperammonemia induces a
remarkable increase in the Gibbs free energy. The in-
tervention of S-adenosyl-L-methionine increases the
Gibbs free energy change by displacing the increased
metabolism of glucides towards aerobic degradation.

Table 5. Action of ammonium acetate (added to cerebral perfusing blood: 2 x 107* M) on some parameters related
to the resting transmembrane potential and evaluated both in arterial blood and in cerebral tissue.*

Perfusion with ammonium acetate after and
during the infusion with

S-Adenosyl-L-
methionine Adenosine

Unit of Control — 4 x 107*M) 4 x 107¢M)
Parameters measurement conditions (a) (h) (c)
K~ arterial 412 + 016 471 + 003@ 488 + 0.04@ 4.77 + 0.03e
K* cerebral 1201 + 15 1165 + 0.5 1142 + 04 1164 + 0.4
NH, arterial pmoles g™ ! 0,022 + 0.003 0214 + 0.007@ 0226 + 0.004@ 0.221 + 0.004@
NH{ cerebral 0.23 + 0.04 042 + 0.01@ 044 + 0.02@ 0.39 + 0.03@
Calculated resting
transmembrane potential mV —90.88 + .26 ~-86.20 + 0.63@ —84.63 + 0.28@ —85.79 + 0.17@

The resting transmembrane potential was calculated as:
RT

[K™Ji + 2[NHJ Jiny

- ~—ln(4\-—ﬁ——~ .
F o A[K" L. + 2[NH ).,
where the subscripts int and ext refer to intracellular (cerebral) and extracellular (arterial) concentration respectively,

and « is the permeability of NHJ relative to K*.

* The values are means (+ standard errors) of six preparations of beagle dog. The symbol (@) indicates the statistical
significance as compared with control condition. The symbol (A} in hyperammonemic dogs indicates the statistical
significance as compared with animal not infused by S-adenosyl-L-methionine or adenosine: (¢) and (a) versus (b).
Level of statistical significance: P < 0.05.



2402

G. BENZI ¢t al.

Table 6. Energy required for glutamine production

Glutamine@ Encrgy Gibbs frecqpe Excess of
roduction required crer, -

Pretreatment and P 4 ) energy - tree encrgy

treatment with nmoles g7 min ! meal g | min ! N
S-Adenosyl-i- 43 0.84 v 10 X6
methionime 54 1.08 134T RN
Adenasine K 194 1042 [Tty

® Data from Table 2.
@@ Data from Table 4.

Hyperammonemia makes the resting fransmem-
brane potential, indirectly obtained by applying the
Nernst equation. less negative (Table 5). The extent
of this event is slightly increased by the cerebral per-
fusion with S-adenosyl-L-methionine and, to a lesser
degree. with adenosine.

DISCUSSION

As proposed also on the basis of previous studies,
the increase in glutamine synthesis represents the
major mechanism in ammonia detoxication. In fact.
in cat brain '*N from ['*N]ammonium acetate was
found to be preferentially incorporated into the
amino group of glutamine. as compared with the
amino group of glutamate [34]. Furthermore. in the
presence of an increased level of ammonia, in the
brain cortex of the cat the specific activity of tissue
O, for glutamine increased without a correspond-
ing decrease in specific activities for glutamate or
aspartate [35]. In agreement with the results obtained
in rat brain [33] frozen within 1sec by the brain-
freezer [36]. in the present study the NHJ -induced
alteration in the glutamate-ammonia system of the
motor area of dog brain cortex suggests (Table 2)
that : {1) the cercbral metabolizing rate for NH; was
increased; (2) much NH, was incorporated into glu-
tamine and a lesser amount into alanine; {3) the NHy
-induced change in the cerebral metabolic rate of glu-
tamate. oxaloacetate. pyruvate and x-oxoglutarate
was negligible: (4) the cerebral metabolic rate of
aspartate was decreased; (5) pretreatment with
S-adenosyl-L-methionine produced an increase in the
NH. -induced synthesis of extra glutamine. Such a
result confirms in rivo that the glutamate-ammonia
system forms an integral whole [37] in which fluctua-
tions in the value of onc component, such as
ammonia, are compensated by corresponding fluctua-
tions in the valucs of other components. At any rate,
the glutamate ammonia system plays a regulatory
role in the cerebral process of NH{ detoxication. In-
deed. the metabolizing power index for NH, respect-
ively showed a value of 094 during the hyperam-
monemia syndrome, and values of 0.98 or 0.94 during
the hyperammonemia syndrome elicited in the course
of the brain perfusion with S-adenosyl-L-methionine
or adenosinc. _

The interference of S-adenosyl-L-methionine on
NH detoxication is probably related to the forma-
tion of L-cysteine and its subsequent condensation
with o-oxoglutarate to form mercaptopyruvate and
glutamate, which may then be further converted to
glutamine. In fact S-adenosyl-L-methionine provides
the methy! groups to the acceptors (38) with the for-

mation of S-adenosyl-L-homocysteine  which s
cleaved to 1-homocysteine and adenosine: i-homo-
cysteine may then undergo remethylation to L-meth-
ionine or enter the transsulfuration pathway with the
formation of r-cysteine [39.407. Although in the
present research no attention was directed to the
problem of the blood-brain barrier penetration of the
substance, it should be noted that the 100 mg/kg Lv.
injection of S-adenosyl-L-methionine in rats induces
the 100 per cent increase of the substance in the brain
within 5 min. S-adenosyl-L-methionine i.v. injected to
the rat, rabbit and man exhibits a f4,.. of about
40 min for rats and rabbits, and of 80 min for man
[42.43]. We suggest that the interference of S-adeno-
syl-L-methionine on cerebral NH; dctoxication is
probably related 1o its increased cerebral concen-
tration, which in our experimental model was induced
by the direct infusion of the substance into cerebral
circulation.

As for the problem of the change induced by NH,
on cerebral energetics, the view that NHJ interferes
with “high-energy bond™ phosphate scems unlikely.
In fact, in agreement with the results obtained in rat
brain [33.41]. in the present research adenine nucleo-
tides concentration was unchanged. indicating no de-
crease in the phosphorylation state of the brain dur-
ing acute hyperammonemia. On the contrary, we
observed a significant increase of Gibbs {ree energy
(Table 4) that can be utilized by a process which
oceurred as a consequence of increased [NH, ]. such
as; incorporation of NH, into glutamince. increase
of amino acids transport to the brain. or ionic effects
of ammonia.

As for NH; incorporation into glutamine. in the
amidation reaction catalyzed by glwumine synthase
the free standard energy expenditure is 7 keal mol ',
depending on the transformation of ATP to ADP.
However, during glucose degradation, cnergy is trans-
duced into ATP with a yield of 36 per cent. Therefore,
in order to perform the amidation reaction a gross
energy expenditure of approximately 195 kcal
moles ™! should be computed. By taking into account
the values of glutamine production. the gross energy
required for this production, under the various experi-
mental conditions, can be calculated. The data sum-
marized in Table 6 clearly show that the amount of
energy required for the amidation of glutamate to glu-
tamine is much lower than the change of Gibbs frec
energy caused by the hyperammonemia syndrome.

As for the increase in the amino acid transport to
the cerebral tissue, it should be noted that the NH, -
induced changes in the uptake of glutamate. gluta-
mine and alanine (Table 2) across the brain are negli-
gible. This observation can not lead to any conclusive
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data, because other amino acids may be carried to
the brain and converted by the cerebral tissue. In fact
in the blood-brain barrier there is one cartier {or neu-
tral amino acids and one for basic amino acids that
can, for their transported substances, compete suc-
cessfuily against even strong hydrogen bonding to
plasma water [44].

An ammonia-induced decrease in the resting trans-
membrane potential of about 4.5 to 6.0 mV was calcu-
lated from the Nernst equation in our various experi-
mental conditions at an NH, blood level of 0.2 mM.
In brain of ammonium acetate injected rats. with an
NH; arterial blood of 1.7mM (33), a decrease in the
resting transmembrane potential of about 15 mV was
indirectly calculated. This agrees with actual direct
measurements made in cat motor neurons and squid
giant axons, indicating that NHJ decreases the rest-
ing transmembrane potential, therefore bringing the
potential closer to the threshold for firing [1-3];
S-adenosyl-L-methionine seems to magnify this de-
crease. In cerebral tissue, NH, may exchange with
K* [45], a K* efflux from brain being induced. In
fact, after 20 min period of constant 0.2mM
ammonium acetate infusion, plasma [K*] rose from
4.1 to 4.7 umoles g~ !, while cerebral [K*] decreased
from 120.1 to 116.5 ymoles g~ '. According to the
result obtained in rat brain (33), it may be suggested
that the increased [NH; ] and the resulting rise in
[K*] may account. at least in part, for the changed
metabolic rate. This action could be brought about
by the activation of Na*-, K *-stimulated adenosine
triphosphatase activity [46]. The stimulation of brain
oxidative metabolic rate is proportionately related to
plasma [NH;]. In fact, in rat with 1.74 mM plasma
[NHZ1. the brain oxygen uptake increased by 27.2
per cent [33], while in the present experiment in
beagle dog with 0.2 mM plasma [NH,]. the brain
oxygen uptake increased only by 5.5 per cent. Glu-
cose, glycogen and lactate cerebral utilization or pro-
duction increased quite proportionately in the two
quoted experimental conditions, indicating the impor-
tant role of NH; on the cerebral metabolic and

detoxicating processes. involving also the ionic dyna-
mic state.

REFERENCES

1. R. Lorente de No. F. Vidal and L. M. H. Larramendi.
Nature, Lond. 179, 737 (1957).

2. L. Binstock and H. Lecar. J. gen. Physiol. 53, 342
(1969).

3. H. D. Lux, C. Loracher and E. Neher. Exp. Brain Res.
11, 431 (1970).

4. A. Geiger and J. Magnes, Am. J. Physiol. 149, 517
(1947).

5. A Geiger Physiol Rev. 38, 1 (1958)

6. D. D. Gilboe, W. W. Cotanch and M. B. Glover,
Nature, Lond. 206, 94 (1965).

7. D. D. Gilboe, W. W. Cotanch, M. B. Glover and V.
A. Levin, Am. J. Physiol. 212, 589 (1967),

8. D. D. Gllboe R. L. Andrews and G. Dardenne, Am.
J. Physiol. 219, 767 (1970).

9. D. D. Gilboe and A. L. Betz, Am. J. Physiol. 224, 588
(1973).

10. D. D. Gilboe, A. L. Betz and D. A. Langebartel, J.
appl. Physiol. 34, 534 (1973).

ii. R. J. White, M. S. Albin and J. Verdura, Science, N.Y.
141, 1060 (1963).

12.

177
1.

18.

20.

21.

30.

31

36.
37.

38.
39.

40.

U“"—‘OEZDS-WU:&P”!"_W&

2403

G. Benzi, F. Berte’, A. Crema and G. M. Frigo, J.
pharm. Sci. 56, 1349 (1967).

. G. Benzi, F. Berte’ E. Arrigoni and L. Manzo. J. pharm.

Sci. 58, 885 (1969).

. G. Benzi, M. De Bernardi, L. Manzo. A. Ferrara, P.

Panceri, E. Arrigoni and F. Berte’, J. pharm. Sci. 61,
348 (1972).

. B. K. Siesjo and L. Nilsson Scand. J. clin. Lab. Invest.

27, 83 (1971).

16. M. Grassl, in Methods of Enzymatic Analysis. (Ed. H.

U. Bergmeyer), pp. 1682-1685. Academic Press Inc..
New York (1974).

E. Kuyn and E. B

AUl anGé oo o,

Analysis. (Ed. H. U. Bergmeyer)
demic Press Inc.. New York (1974).
H. U. Bergmeyer, E. Bernt, H. Mdllering and G. Pflei-
derer, in Methods of Enzymatic Analysis. (Ed. H. U.
Bergmeyer), pp. 1696-1700. Academic Press Inc.. New
York (1974).

A othods of Enzymatic
s of Enzymalic

pp. 1802-1806. Aca-

. H. M&llering and W. Gruber, Analyt. Biochem. 17, 369

(1966).

O. H. Lowry and J. V. Passonneau, A. Flexible System
of Enzymatic Analysis. pp. 189-193. Academic Press
Inc., New York (1972).

H. U. Bergmeyer, E. Bernt, F. Schmidt and H. Stork.
Mothods of Enzvmatic Analvsis. (Ed. H. U

Methods of Enzymatic Analysis. (Ed. H. U. Bergmeyer),

eyer),

pp. 1196-1201. Academic Press Inc.. New York (1974).

22. H. O. Beutler and G. Michal, in Methods of Enzymatic

Analysis. (Ed. H. U. Bergmever), pp. 1708-1713. Aca-
demic Press Inc.. New York (1974).

. P. Lund, in Methods of Enzymatic Analysis. (Ed. H.

U. Bergmeyer), pp. 1719-1722. Academic Press Inc.
New York (1974).

. I. Gutmann and A. W. Wahlefeld. in Methods of Enzy-

matic Analysis. (Ed. H. U. Bergmeyer), pp. 1464-1468.
Academic Press Inc., New York and London (1974).

. H. Mollering. Methods of Enzymatic Analysis. (Ed. H.

U. Bergmeyer). pp. 1589-1593. Academic Press Inc.

New York (1974 3.

W YOIK 1V /4

. H. U. Bergmeyer and E Bernt. in Methods of Enzymatic

Analysis. (Ed. H. U. Bergmeyer), pp. 1577-1580. Aca-
demic Press Inc., New York (1974).

7. D. D. Van Slyke and J. M. Neil. J. hiol. Chem. 61,

523 (1924).

. R. Czok and W. Lamprecht, in Methods of Enzymatic

Analysis. (Ed. H. U. Bergmeyer). pp. 1446-1451. Aca-
demic Press Inc.. New York (1974),

. W. Lamprecht and 1. Trautschold in Methods of Enzy-

matic Analysis. (Ed. H. U. Bergmeyer), pp. 2101 2110.
Academic Press Inc.. New York (1974).
D. Jaworek, W. Gruber and H. U. Bergmeyer, in

Methods of Enzymatic Analysis. (Ed. H. U

Sof & (RS L & PR 3 (14

BReramever)

e A
pp. 2127-2131. Academlc Press Inc.. New York (1974).
W. Lamprecht, P. Stein, F. Heinz and N. Weisser in
Methods of Enzymatic Analysis. (Ed. H. U. Bergmeyer),
pp- 1777-1781. Academic Press Inc., New York (1974).
London (1974).

. D. H. Williamson, P. Lund and H. A. Krebs. Biochem.

. 103, 514 (1967).

A. Hawkins, A. L. Milier, R. C. Nielsen and R.
. Veech Biochem. J. 134, 1001 (1973).

Berl. G. Takagaki, D. D. Clarke and H. Waeisch.
. biol. Chem. 237, 2570 (1962).

. Waelsch, S. Berl. C. A. Rossi. D. D. Clarke and
. P. Pnrmqu 1. Neurochem. 11, 717 (1964},

. L. Veech R L. Harris, D. Veloso and E. H. Veech
Neurochem. 20, 183 (1973).

. M. Benjamin and J. H. Quastel. J. Neurochem. 25,
7 (1975).

L. Cantoni, J. biol. Chem. 204, 403 (1953).

. Lombardini and P. Talalay. Adv. Enzyme Reg.

. 349 (1971).

. M. Greenberg, Adv. Enzymol. 25, 395 (1963).



2404 G. Bexzi er al,

41, B. Heindfelt and B. K. Siesjo. Scand. J. clin. Lab. In- 44, W. H. Oldendorf, Ann. Rev. Pharm. 14, 239 (1974).
vest. 28, 365 (1971} 45. D. B. Tower. J. R. Wherrett and G. M. McKhann.

42, G. Stramentinoli and E. Catto. Pharm. Res. Commun. in Regional Neurochemisiry. (Eds §. S. Kety and 1
8. 211 (1976). Elkes). pp. 65-88. Pergamon Press. Oxford {1961}

43. G. Stramentinoli, E. Catto and S. Algeri Commun. Psy- 46, M. Dixon and E. C. Weeb, Enzymes. p. 84 Longmans
copharm. 1, 89 (1977}, Green. London (1964).



