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Rat Metabolic Adaptation to Ammonia Inhalation (42664) 
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Abstract. Rats exposed to 25 or 300 ppm NH3 vapor for 5-15 days 6 hr daily showed 
dose-dependent blood ammonia after 5 days. Brain and blood glutamine were also increased at 
the same time in rats exposed to 300 ppm. The blood ammonia concentration of the exposed 
rats resumed control levels at 10 and 15 days while hepatic citrulline synthesis increased above 
that of the controls. The animals exposed to 300 ppm NH3 showed initially a slight acidosis. As 
circulating ammonia decreased, brain and blood glutamine returned to the control range. Our 
findings support the idea that ureagenesis is aimed mainly at the removal of NHZ with only 
secondary and small effects on the acid-base balance. o 1988 Society for Experimental Biology and 
Medicine. 

Chronic ammonia inhalation by domestic 
animals and their tenders is common in 
modern agriculture (1). Ammonia vapor at 
normal concentrations has been regarded as 
only a nuisance (2); however, very high con- 
centrations cause caustic damage of the 
upper respiratory tract and pulmonary 
edema (3). Moreover, moderate doses of am- 
monium salts have very interesting effects on 
cultured astroglial cells (4), on macrophage 
functions (9, and on ureagenesis in meta- 
bolic acidosis (6). 

Apart from the assertation that the urea 
cycle in liver may be crucial in acid-base 
balance (7) ,  it is clear that ureagenesis is 
aimed primarily at removal of the ammo- 
nium ion (8). Acute administration of am- 
monium chloride causes metabolic acidosis 
(8). Eventually this situation would probably 
prove to be intolerable, so it is reasonable to 
expect metabolic adaptation by the exposed 
animals toward sustained absorption of am- 
monia by inhalation. Notably, increased ur- 
eagenesis could be a logical reaction. Al- 
though costly in chemical energy, 4 ATP 
moles being consumed for every mole of 
urea produced, the product is electrically 
neutral, highly soluble in water, and virtually 
nontoxic. 

This paper examines the effects of sub- 
acute inhalation of ammonia on its own in- 
activation by the urea cycle at the two con- 
centration levels relevant to facilities for do- 
mestic animals. 

Materials and Methods. Animals. Female 
14-week Wistar rats were housed in 1 -m3 cu- 
bicles in metal cages with bottom grates on a 
12-hr light/l2-hr dark cycle. The cubicle air 
exchange was 10 to 15 times per hour. All 
animals received animal chow (Ewos, Finn 
Ewos) and tap water ad libitum. 

Exposures. Rats were divided into nine 
groups by a randomization procedure: each 
group included five animals. The animals 
were exposed to gaseous ammonia in the ex- 
posure chambers. The gas was led through an 
adjustable flowmeter to maintain two differ- 
ent concentrations, 25 ppm in one chamber 
and 300 ppm in the other chamber. The pure 
gas (AGA, 99.95% NH3, Helsinki, Finland) 
was diluted to desired concentrations by 
mixture with air through a hole in the bot- 
tom of the chamber. The vapor was expelled 
through a hole in the chamber roof. There 
were three cages in one chamber at the be- 
ginning of the test. The exposures lasted for 
5 ,  10, or 15 days. The animals were exposed 
6 hr daily. The ammonia concentrations 
were controlled by an IR Miran 1B spec- 
trometer and Drager diffusion tubes (Drager 
Ammoniak 1 O/a-D, Dragerwerk. Ag. Lu- 
beck). Control rats were sham exposed to the 
air flow simultaneously. 

Analyses. All animals were weighed ini- 
tially and before being sacrificed. Animals 
were anesthetized with pentobarbital (60 
mg/ml, 60 mg/kg ip) and blood samples were 
taken for NH;, urea, and glutamine analyses 
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and for pH measurements. Brain, liver, and 
kidney were removed at the autopsies and 
frozen at -20°C. Blood ammonia concen- 
trations were analyzed by Blood Ammonia 
Checker (9). Blood pH measurements were 
done by electrode (Radiometer, Copenha- 
gen). Glutamine was analyzed by LKB 
Biochrom 4 15 1 Alpha Plus amino acid ana- 
lyzer. For brain NH; and glutamine, cerebral 
hemispheres were homogenized in 7 vol of 
water. The combined activity of the liver car- 
bamoyl phosphate synthetase and ornithine 
transcarbamylase was measured according to 
Welbourne and Joshi (6) and Lusty (10). 
Protein measurements were made according 
to Lowry et al. (1 1). 

Histopathology. The animals were autop- 
sied immediately after killing. The thoracic 
cage was opened, the trachea was canulated, 
and the aorta was cut above the diaphragm. 
The lungs were inflated with air and perfused 
with Karnovsky’s fixative (19) via the pul- 
monary artery. The block containing the 
lungs and heart was then put into the same 
fixative for overnight. Part of the liver and 
one kidney were fixed in 4% formalin for 
light microscopy, and small pieces of liver 
were fixed in 4% formaldehyde- 1 % glutaral- 
dehyde solution for electron microscopy. For 
light microscopy, the tissue samples were 
conventionally embedded in paraffin, and 
the sections were stained with hematoxylin 
and eosin. For electron microscopy, the tis- 
sue was postfixed in osmium tetroxide, em- 
bedded in an epoxy medium, cut to 60-nm 
sections, and stained with uranyl acetate and 
lead citrate. 

Statistical analyses were made by two-way 
analysis of variance and with Student’s t 
test (1 2). 

Results. Body weights of the exposed rats 
did not differ from those of controls (data 
not shown). Blood NH; (Y ,  nmol/g) in- 
creased linearly according to the NH3 dose 
(X ,  ppm) at 5 days of exposure ( Y  = 0.23X 
+ 37.50, Y = 0.89, N = 15). The blood NH; 
decreased significantly at later time points in 
the exposed rats (Table I) so that the appar- 
ent dose response was lost. The blood gluta- 
mine concentration in rats exposed to 300 
ppm was slightly above the control levels at 5 
days (Table I). This difference leveled off 
later on; at no time did the blood urea values 
of the exposed rats differ from those of the 
controls (data not shown). 

The blood pH was 7.43 -+_ 0.06 (+SD, N 
= 5) ,  after 5 days for the control rats, 7.34 
f 0.04 (+SD, N = 5, P < 0.05) in rats ex- 
posed to 25 ppm NH3, and 7.36 * 0.03 
(fSD, N = 5 ,  P < 0.05) in those exposed to 
300 ppm NH3. These differences leveled off 
at later time points (data not shown). At the 
end of the experiment the plasma bicarbon- 
ate values had not differed from those of the 
controls: rats exposed to 25 ppm, 24 f 0.9 
mM ( N  = 5); to 300 ppm, 23 k 2.2 mM ( N  
= 5);  and controls, 24 _+ 0.9 mM, N = 5). 

Brain ammonia values in the exposed rats 
did not differ from those of the controls at 
any time point, while brain glutamine con- 
centrations in the former increased after 5 
days (Table 11) and then decreased later. 

The hepatic citrulline synthesis by the ex- 
posed rats did not differ from that of the 

TABLE I. BLOOD AMMONIA AND GLUTAMINE IN NH3 VAPOR EXPOSURE 

Time (days): 5 10 15 

NH3 vapor Ammonia Glutamine Ammonia Glutamine Ammonia Glutamine 
( P P d  (nmol/ml) (nmol/ml) (nmol/ml) (nmol/ml) (nmol/ml) (nmol/ml) 

0 35 f 18 410 -t 50 43 + 12 520+ 60 3 2 k  7 500 k 50 
25 4 4 k  18 470 rt 40 5 7 k  18 5 4 0 2  40 2 1 +  4 500 k 90 

300 105 zk 14*** 590 rt 70* 51 + 3 0  590+ 100 35 zk 19 570 + 50 

Note. Each figure is the mean of five determinations _+ SD. 
* Differs from control at P < 0.05. 

*** Differs from control at P < 0.001. 
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TABLE 11. BRAIN AMMONIA AND GLUTAMINE IN NH3 VAPOR EXPOSURE 

monia was probably due to its inactivation 
by the astroglial glutamate-glutamine cycle, 
which caused the expansion of the brain glu- 
tamine pool (13). (This pathway seems to 
maintain the brain ammonia within narrow 
limits at the expense of the expansion of the 
brain glutamine pool.) Brain glutamine is 
primarily removed by efflux, which may be 
partially impeded by the simultaneously ele- 
vated blood glutamine. Increased brain glu- 

0. 

......................... 

...................................................... 

0 0.272 +_ 0.042 10.9 +_ 2.6 0.260 k 0.039 9.3 f 0.7 0.298 +- 0.070 9.8 f 0.9 
25 0.225 f 0.064 15.5 k 5.2* 0.162 k 0.038 11.8 f 1.8 0.268 k 0.036 9.8 +_ 0.7 

300 0.212 ? 0.068 15.3 k 1.1** 0.209 _t 0.033 9.7 f 0.9 0.215 k 0.059 10.0 +_ 0.6 

Note. Each figure is the mean of five determinations +_ SD. 
* Differs from control at P < 0.05. 

** Differs from control at P < 0.0 1. 
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FIG. 1. Effect of ammonia inhalation on the combined 
activity of carbamoyl phosphate synthetase and orni- 
thine carbamoyl transferase in liver given as formed ci- 
trulline. Open circle stands for control with bars indicat- 
ing 1 SD ( N  = 10). Filled circles with bars (fSD, N = 5) 
represent data from rats exposed to 300 ppm for 6 hr 
daily, and semifilled circles (fSD, N = 5) are for rats 
exposed to 25 ppm ammonia vapor for 6 hr daily, re- 
spectively. Differs from control at *P < 0.05 and **P 

tamine has been detected in dogs infused 
with ammonium salts (14) or in hyperam- 
monemic rats ( 15, 16). 

It is very interesting to note that the activ- 
ity of the citrulline formation in liver in- 
creases by continued exposure to ammonia 
vapor. The simultaneously decreasing blood 
ammonia concentrations coincide with the 
increased ureagenesis. However, blood urea 
did not increase, since its excretion by the 
kidneys was not hindered. The blood pH, 
only slightly acid at 5 days, and blood gluta- 

< 0.0 1 (two-way analysis of variance). mine resumed control ranges at the same 
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time, probably indicating the role of in- 
creased NHZ. 

It seems that the substrate for carbamoyl 
phosphate synthetase is NH3 rather than 
NHZ (17). The K m  for NH3 is 10-14 pM, 
which is rather high in view of the circulating 
NHZ and which would cause 1-2.5 pM free 
NH3 concentrations at the appropriate pH. 
The high K m  of this rate-limiting enzyme 
may partially explain the elevated blood am- 
monia concentrations from ammonia inha- 
lation introduced in the pulmonary vein and 
arterial circulation before its extraction from 
the blood stream by liver. It is also intriguing 
to note that the enhanced citrulline synthesis 
had no effect on the circulatory bicarbonate 
despite the fact that it is also the cosubstrate 
for the carbamoyl phosphate synthetase. 

The ammonia vapor concentrations used 
in this study were not particularly high. Sen- 
sory irritation should have been small (1 8), 
although pulmonary hemorrhages might 
have resulted from the exposure (20). Never- 
theless, the concentrations were too low to 
cause histological alterations in the lung, 
liver, or kidney, while still causing metabolic 
adaptation. This implies that similar adap- 
tive reactions can occur in domestic animals 
maintained in poorly ventilated sheds. 

This study was supported by the National Board of 
Labour Protection and by the Farmers’ Social Insurance 
Organization. We thank Mr. Heikki Pekonen and Ms. 
Terttu Viitanen for their technical assistance. 
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