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Abstract—It has been reported that ingestion of an ammonium-containing diet produces hyperammonemia
without encephalopathy, thus permitting the study of the specific effects of ammonia toxicity. The present
study investigated the rat cerebral somatostatinergic system using this experimental model of hyp-
erammonemia. Wistar rats were fed a high ammonia diet prepared by mixing a standard diet with
ammonium acetate (20% w/w); in addition, 5 mM of ammonium acetate was added to their water supply.
Control rats were fed with a standard diet. The animals were sacrificed at 3, 7 and 15 days of ammonia
ingestion. Ammonia levels in blood had increased = 3-fold at 7 days of ammonia ingestion. These changes
were associated with a significant decrease in the specific binding of somatostatin (SS) to putative receptors
sites in the frontoparietal cortex and hippocampus at 7 and 15 days after starting the high ammonia diet.
Scatchard analysis shows that the decrease in SS binding resulted from a decrease in the number of available
SS receptors rather than a change in receptor affinity. No changes in the somatostatin-like immunoreactivity
content (SSLI) were detected in either brain area at the three study times. These results suggest that
hyperammonemia alone can affect the rat brain somatostatinergic system. However, the animal modei of
hyperammonemia used here is insufficient to produce encephalopathy despite the significant increase in

serum ammonia. Copyright © 1996 Elsevier Science Ltd

INTRODUCTION

Previous studies on the consequences of hyper-
ammonemia were carried out with experimental
models in which the animals developed secondary
effects which obscured the effects owing to hyp-
erammonemia alone (Lee and Fisher, 1961; Prior and
Visek, 1972). In spite of much research, the mech-
anism for the specific effects of ammonia toxicity has
not been completely elucidated (Raabe and Lin, 1985).
The group of Dr Grisolia developed a new animal
model of hyperammonemia consisting of feeding a
high ammonium acetate-containing diet (20% w/w)
(Azorin et al., 1989). In contrast with the other models
of hyperammonemia (Lee and Fisher, 1961; Prior and
Visek, 1972), this model does not produce encepha-
lopathy and therefore permits the study of the specific
effects of ammonia toxicity. Utilizing this exper-
imental model, these authors suggested that
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ammonium toxicity could be mediated by glutamate
receptors (Felipo et al., 1988 ; Azorin et al., 1989).
Several studies have shown that glutamate can influ-
ence somatostatin (SS)-containing neurons (Terry et
al., 1981; Benyassi et al., 1991; Patel et al., 1991; Ham
et al., 1993; Rage et al., 1993), suggesting that hyp-
erammonemia in the absence of encephalopathy could
modify the brain somatostatinergic system. In
addition, ammonia per se also interferes with many
electrophysiological properties of neuronal tissue that
are modulated by SS (Pittman and Siggins, 1981;
Cooper and Plum, 1987; Inoue et al., 1988; Jacquin e¢
al., 1988; Moore et al., 1988; Watson and Pittman,
1988; Twery and Gallagher, 1989; Wang et al., 1989;
Szerb and Butterworth, 1992; Schweitzer et al., 1993).
Since S8 exerts its biological actions through its bind-
ing to specific receptors (Epelbaum, 1986), a study of
SS receptors in rats fed the ammonium-containing
diet would provide further insight into the response
of the brain somatostatinergic system to hyper-
ammonemia.
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As an initial approach to examining this possibility,
we studied the binding of SS to synaptosomes from
frontoparietal cortex and hippocampus of normal rats
and rats fed a high ammonia diet. The somatostatin-
like immunoreactivity (SSLI) concentration in these
brain areas was also determined. The frontoparietal
cortex and hippocampus were chosen for analysis
both because its sensitivity to ammonia and because of
its high concentration of SS and SS receptors (Pittman
and Siggins, 1981; Inoue ¢r al., 1988; Szerb and But-
terworth, 1992).

MATERIALS

Chemicals

Synthetic Tyr''-SS and SS tetradecapeptide were
purchased from Universal Biologicals LTD (Cam-
bridge, U.K.); bacitracin and bovine serum albumin
(fraction V), from Sigma (St. Louis, MO); and carrier
free Na['**I] (IMS 300, 100 mCi/ml) from the Radio-
chemical Centre (Amersham, U.K.). The rabbit anti-
body used in the radioimmunoassay technique was
purchased from the Radiochemical Centre (Amer-
sham, U.K.). This antiserum was raised in rabbits
against SS-14, conjugated to bovine serum albumin
and is specific for SS, but since SS constitutes the C-
terminal portions of both SS-25 and SS-28, the anti-
serum does not distinguish between these three forms.

Experimental animals

Wistar rats (#=>50), initially weighing approxi-
mately 220-250 g were fed ad libitum with a standard
diet (UAR AO4, Panlab, Spain) (17% protein) or
standard diet mixed with ammonium acetate (20%
w/w) as described by Azorin et al. (1989). In the group
of animals fed a high ammonia diet, ammonium acet-
ate (5 mM) was also added to the water supply. The
animals were killed by decapitation at 3, 7 and 15 days
after starting treatment. The brains were removed and
the frontoparietal cortex and hippocampus were rap-
idly dissected.

Ammonia assays

Blood samples for ammonia determinations were
collected at the moment of decapitation; plasma was
separated immediately and stored at —70"C. Blood
ammonia leve] was determined with an Ammonia Kit
(Sigma, St. Louis, MO).

Extraction of tissue and radioimmunoassay of somaro-
statin

Tyr''-SS was radio-iodinated by the chloramine-
T method (Greenwood et al., 1963). The tracer was
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purified in a Sephadex G-25 coarse column (1 x 100
cm), which had been equilibrated with 0.1 M acetic
acid, containing bovine serum albumin 0.1% (m/v).
Specific radioactivity of the tracer was about 600
Ci/mmol.

For measurements of immunoreactivity, the fron-
toparietal cortex and hippocampus were rapidly
homogenized using a Brinkman polytron (setting 5,
30s). in 1 ml 2 M acetic acid. Extracts were boiled for
5 min in a water bath, chilled in ice and aliquots (100
ul) were removed for determination of protein (Lowry
et al., 1951). Subsequently, homogenates were cen-
trifuged at 15,000 x g for 15 min at 4°C and the super-
natant was neutralized with 2 M NaOH. Extracts were
immediately stored at — 70 C until assay. The level of
immunoreactivity was determined in tissue extracts
by a modified radioimmunoassay method (Patel and
Reichlin, 1978), with a sensitivity limit of 10 pg/ml.
The possibility that substances present in the tissue
extracts might interfere with antibody-antigen bind-
ing and give rise to erroneous results, was checked by
performing serial dilutions of selected extracts in the
assays and comparing the resulting changes in hor-
monal immunoreactivity with those of the diluted
standards. In addition, known standard amounts of
the hormone were added to varying amounts of the
extracts and serial dilutions again assayed, in order to
determine if this exogenously added hormonal immu-
noreactivity could be measured reliably in the presence
of tissue extracts. Incubation tubes, prepared in dupli-
cate, contained 100 ul samples of unknown or stan-
dard solutions of 0-500 pg cyclic SS tetradecapeptide,
diluted in phosphate buffer (0.05 M, pH 7.2) con-
taining 0.3% bovine serum albumin, 0.01 M ethylene
diamine tetra acetic acid [EDTA]), 200 ul appro-
priately diluted anti-SS serum, 100 ul freshly prepared
[P Tyr"'-SS, diluted in buffer to give 6000 cpm (equi-
valent to 5-10 pg) and enough buffer to give a final
volume of 0.8 ml. All reagents, as well as the assay
tubes, were kept chilled in ice before incubation at
4°C for 48 h. Separation of bound and free hormone
was accomplished by addition of 1 ml dextran-coated
charcoal (dextran: 0.2% w/v, Serva, Feinbiochemica,
Heidelberg, Germany). Dilution curves for each brain
area were parallel to the standard curve. The
coeflicients for intra- and inter-assay variation were
6.5% and 8.3% respectively.

Binding assay

Synaptosomes from frontoparietal cortex and hip-
pocampus were prepared as previously described (Yu
and Ho, 1990). Experimental conditions for the bind-
ing of SS were essentially as described previously for
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this laboratory (Colas er al., 1990). Briefly, syn-
aptosomes from frontoparietal cortex and hippo-
campus were separately incubated in 0.5 ml of 50
mM Tris-HCI buffer (pH 7.5) containing 5 mM
MgCl,, 30 mM NaCl, 1% bovine serum albumin,
0.1% bacitracin and 100 pM of ['*I]Tyr''-SS, in the
absence or presence of (0.01-100 nM unlabelled SS.
After 60 min incubation at 25°C, synaptosome-bound
peptide was isolated by centrifugation at 13,000 x ¢
for 1.5 min and the radioactivity determined in a
Kontron gamma counter. Non-specific binding was
obtained from the amount of radioactivity bound in
the presence of 10~° M SS and represented about 20%
of the binding observed in the absence of unlabelled
peptide. This nonspecific component was subtracted
from the total bound radioactivity in order to obtain
the corresponding specific binding.

Evaluation of degradation of radiolabelled peptide

To determine the extent of degradation of radio-
labelled peptide, we measured the ability of pre-
incubated peptide to bind to fresh synaptosomes
as previously described (Schonbrunn et al., 1983).
Briefly, ['*I)-Tyr''-SS (100 pM) was incubated with
synaptosomes from frontoparietal cortex and
hippocampus of the rat (1 mg protein/ml) for 60 min
at 25”C. After this preincubation, aliquots of the med-
ium were added to fresh synaptosomes and incubated
for an additional 60 min at 25°C. The fraction of the
added radiolabelled peptide, which was specifically
bound during the second incubation, was measured
as previously described (Colas et al., 1990).

In a previous study of our group it was determined
that freezing the brain membrane suspension at
—70°C resulted in about 7% loss in specific binding
of '"I-Tyr''-SS after 1 month (Rodriguez-Sanchez et
al., 1989).

Data analysis

The LIGAND computer program (Munson and
Rodbard, 1980) was used to analyze the binding data.
The use of this program allowed us to select those
receptor models which best fit given sets of binding
data. The same program was also used to present data
in the form of Scatchard plots and to compute values
for receptor affinity (K;) and density (B,,,,) that best
fit the sets of binding data for each rat. The paired #-
test was applied to means derived from the best fit of
data points for each individual animal.

RESULTS

As shown in Fig. 1, rats fed on ammonia did not
gain as much weight as the animals on the standard
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Fig. 1. Body weight of rats fed standard diet (open bars) or
high ammonia diet (dotted bars) at 3, 7, and 15 days from
beginning the treatment. Each value is the mean + S.E.M.
of five animals. From 7 days the body weights of rats fed
ammonium diet were significantly lower (**P<0.01;
*** P <(.001) than those fed a standard diet.

diet. Significant differences in weight were observed
by the third day on the ammonia diet and were main-
tained for up to 15 days. Ammonia levels in blood
increased from 0.13 mM in control rats to 0.4 mM in
rats fed the high ammonia diet at 7 days of starting
this diet. The high ammonia diet did not affect SSLI
content in the two brain areas studied in comparison
with the control groups (Table 1).

The specific binding of "I-Tyr''-SS to fron-
toparietal cortex and hippocampus synaptosomes was
time-dependent in all the experimental groups; an
apparent equilibrium was reached and maintained
between 50 and 120 min at 25°C (data not shown).
All subsequent binding experiments were therefore
conducted at 25°C for 60 min. Degradation of peptide
was determined in all the preparations to rule out the
possibility of different degrading activities of SS which

Table 1. Effect of high ammonia diet on somatostatin-like immu-
noreactivity (SSLI) concentration in rat frontoparietal cortex and
hippocampus

Frontoparietal cortex Hippocampus
SSL1 SSLI
Days Control Ammonia Control Ammonia
3 11.044+3.26 10.51+0.88 12.20+2.80 14.02+0.90
7 9.95+2.84 10.56+1.20 12.16+2.05 11.7540.26
15 10.9341.31 10.58+0.95 12.85+0.92 13.184+1.26

Determinations were made in duplicate for each experiment. Results
are expressed as ng somatostatin (SS)/mg protein and as
means+ SEM for five rats in each group. No statistically sig-
nificant differences were obtained when compared with control
animals.
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might have affected the interpretation of the results.
Frontoparietal cortical and hippocampal synapto-
somes from all experimental groups showed a
similar degradation of radiolabelled peptide capacity.
and the values varied by no more than 10% in all
groups. Increasing concentrations of unlabelled SS
competitively inhibited the specific binding of '**I-
Tyr''-SS to rat frontoparietal cortex and hippocampal
synaptosome preparations in both control and high
ammonia diet rats (Figs 2 and 3. left panels). The
specific binding of the tracer to synaptosomes pre-
pared from both brain areas was significantly lower
in the rats fed ammonia than in those fed the standard
diet at 7 and 15 days from the start of the treatment.

Scatchard plots of the binding data were linear.
indicating the presence of a single class of receptors
for the ligand (Figs 2 and 3, right panels). Table 2.
which shows the corresponding equilibrium par-
ameters for the SS receptors, indicates that at 7 and
15 days of high ammonia diet the number of SS recep-
tors in synaptosomes from the frontoparietal cortex
and hippocampus decreased without the affinity con-
stant being affected. The Hill coefficient, calculated
from competition curves, was close to unity (from
—1.038 to — 1.027 in hippocampus and from —1.041
to —1.027 in frontoparietal cortex). No significant
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differences were observed between the different time
periods in both brain areas in terms of Hill coefficient.

We evaluated the in vitro effects of ammonium acet-
ate on synaptosomes from frontoparietal cortex and
hippocampus. The presence of ammonium acetate at
variable concentrations (10"'-10"° M) in the incu-
bation medium did not change the binding of SS to
its receptors (data not shown).

DISCUSSION

The present results show that ingestion of an
ammonium-containing diet as described by Azorin
et al. (1989) increases ammonia levels in blood and
decreases the binding of SS to its specific receptors in
rat frontoparietal cortex and hippocampus 7 and 15
days after commencing its ingestion. The effects of
ammonium ingestion on growth patterns of rats and
the ammonia levels in blood were no different from
those obtained by Azorin et afl. (1989). Similar con-
centrations of ammonia have been detected in the
blood of patients with moderate hyperammonemia
without any obvious neurological changes (Cooper
and Plum, 1987). The decrease in the number of SS
receptors in the frontoparietal cortex after 7 days of
the high ammonia diet was greater than at day 15 and
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Fig. 2. Left panel: effect of high ammonia diet on competitive inhibition of specific ('*I-Tyr''-SS, 100 pM)

binding to synaptosomes from the frontoparietal cortex. Synaptosomes (1 mg protein/ml) were incubated

for 60 min at 25°C in the presence of 100 pM '"*[-Tyr''-SS and increasing concentrations of native peptide.

Points correspond to values of animals fed standard diet (O) or high ammonia diet at 3 (@), 7 (&) and 15

(W) days of the start of treatment. Each point is the mean of five replicate experiments. The results express

the value of a pool of the control groups, since the B,,, and the K, values for the separate control groups
were not affected. Right panel: Scatchard analysis of the same data.
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Fig. 3. Left panel: effect of high ammonia diet on competitive inhibition of specific '**I-Tyr'"'-SS (100 pM)

binding to synaptosomes from hippocampus. Synaptosomes (1 mg protein/ml) were incubated for 60 min

at 25°C in the presence of 100 pM '*I-Tyr''-SS and increasing concentrations of native peptide. Points

correspond to values of animals fed standard diet (O) or high ammonia diet at 3 (@), 7 (A) and 15 (M)

days of the start of treatment. Each point is the mean of five replicate experiments. The results express the

value of a pool of the control groups, since the B, and the K, values for the separate control groups were
not affected. Right panel: Scatchard analysis of the same data.

greater than in the hippocampus which may be due to
the higher blood ammonia levels reached at this time
period.

For election of the tracer concentration, we based
our study on the previous study of our group on
characterization of somatostatin binding to syn-
aptosomes from rat cerebral cortex (Colas et al., 1990)
in which we observed that SS binding reached satu-
ration with 100 pM of 'I-Tyr!'-SS.

The SSLI content and the binding parameters of SS
receptors in the frontoparietal cortex and hippo-
campus of the control rats were similar to those
previously reported by others (Epelbaum et al., 1982;
Pitkanen et al., 1986; Srikant and Patel, 1981). The
Scatchard analysis of the stoichiometric data suggests
the existence of only one type of SS receptor. This

finding agrees with some studies in rat brain in which
'I-Tyr''-SS was also used as a tracer (Czernik and
Petrack, 1983) but differs from other data reported
when different SS analogs were used and two SS recep-
tor subtypes were distinguished (Reubi, 1984; Tran et
al., 1985). Recently, five different SS receptor subtypes
have been cloned (Bell and Reisine, 1993) and the
tissue distribution of the messenger ribonucleic acid
for SS receptor subtypes has been studied in the rat
(Bruno et al., 1993; Pérez er al., 1994). The fact that
the studies with '*I-Tyr'’-SS only show one single
type of SS receptor might be explained by the hypoth-
esis that the dissociation constants at which this radio-
ligand binds to all types of SS receptors are virtually
identical and cannot be discriminated by Scatchard
analysis. The fact that the Hill coefficient was close to

Table 2. Effect of high ammonia diet on equilibrium parameters of somatostatin binding to synaptosomes from rat
frontoparietal cortex and hippocampus

Frontoparietal cortex Hippocampus
B,..., fmol/mg protein Ky, nM B..... fmol/mg protein Ky 1M
Days Control Ammonia Control Ammonia Control  Ammonia Control Ammonia
3 325+£15 275410 0.65+0.04 0.6+0.02 221415 224417 0.534+0.09 0.50+0.06
7 303427 138 +21%* 0.55+0.05 0.38+0.04 231+17 158 +6* 0411007 0.35+0.06
15 334424 2064 15%* 0.67+0.04 0.47+0.05 215112 145427+ 0.43+£0.09 0.38+0.01

Results are expressed as means+SEM of five rats in each group. Binding parameters were calculated from Scatchard
plots by linear regression. Student’s t-test for unpaired variables was employed to assess differences between control
and experimental groups. Statistical comparison versus control: *P < 0.05; **P <0.01.
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unity is in agreement with the heterogeneity of the SS
receptors. as previously documented (Bruno er af.
1993; Pérez et wl., 1994).

Felipo e al. (1988) and Azorin ¢r al. (1989) have
found that this experimental model of hyper-
ammonemia affects glutamatergic  neurotrans-
mission. It has been demonstrated that glutamate
exerts a stimulatory action on SS release involving
N-methyl-p-aspartate (NMDA) receptor subtypes
(Terry er al., 1981; Benyassi ef al., 1991). In this re-
gard, Dr Grisolia’s group has also reported that
ammonium leads to the activation of the NMDA
type of glutamate receptor (Marcaida et «l.. 1992).
Recently, Rage er «l. (1993) have shown that NMDA
induces specific stimulation of SS gene expression and
biosynthesis in vitro in several brain regions. Although
SSLI content in the present study did not change in
either brain area studied. this does not discount the
possibility that glutamatergic neurotransmission
could affect the SS-containing neurons. In this regard.
no change in the SS content was detected in these
brain regions after glutamate treatment by Terry ¢/
al. (1981). An increase in the synthesizing activity
of somatostatinergic neurons that did not exceed the
amount required to compensate for the loss of SS
owing to the increased release would be responsible
for the lack of changes in SSLI content. The obser-
vation that SSLI levels are the same in high ammonia
diet rats as in the controls does not exclude the possi-
bility that synaptic SS concentrations may be
increased after 7 days of ammonia ingestion since SS
content reflects the balance between secretion, syn-
thesis and storage. If this were the case. increased SS

release or turnover might lead to down-regulation of

SS receptors in both brain areas studied. A sustained
increased occupancy of SS receptors which occurred
secondary to modest increases in SS release rates
might not be detected by measuring SS concentration.
even thought it might be sufficient to initiate down-
regulation of SS receptors in this region. Further stud-
ies regarding precise synaptic events. including
measurements of SS release rates are necessary.

The lack of effect of adding ammonium acetate to
the incubation medium when measuring SS binding
to synaptosomes from frontoparietal cortex and hip-
pocampus suggests that high ammonia diet-induced
effects on SS receptors in vivo do not represent a direct
effect of ammonium acetate on the synaptosomes, and

the effect of the diet may represent the beginning of

a cellular response that is expressed as a change in
membrane binding activity.

It has been suggested that the brain membrane lipid
composition may change in response to ammonia

(Pappas et al., 1984). These findings together with the
possibility that specific membrane phospholipids may
participate in the modulation of SS binding to its
receptor (Matozaki et al., 1987) have tempted specu-
lation that these events could play a role in the
decrease of the number of SS receptors found in the
frontoparietal cortex and hippocampus coinciding
with the significant elevation of ammonia levels in
blood.

The lower food and caloric intake described in the
present experimental model (Azorin ef al., 1989) did
not appear to affect the binding of SS to its specific
receptors in the two studied brain areas since the body
weight decreased throughout all the time studied. In
addition, previous studies have shown that starvation
decreases brain SSLI levels (Shulkes et af.., 1983). Since
this result does not agree with the observations in this
study. which did not find any change in SSLI levels.
it is possible that lower food and caloric intake was
not a significant factor. Nevertheless, to our knowl-
edge, the effect of starvation on brain SS receptors has
not been demonstrated.

In relation to the specificity of the present results,
reports on the effects of hyperammonemia on other
brain peptides are very scarce. Hyperammonemia has
been shown to increase serotonin 5-HT,, receptor
expression (Alexander ef al., 1995). No appreciable
change in the affinity or density of the high or low
affinity GABA receptors, the density of glutamate
receptors or the affinity of acetylcholine receptors has
been observed in other studies (Ferenci er al., 1984).
Zeneroli ¢t al. (1985) have shown an increase in the
number of opiate receptors in the frontal cortex and
hypothalamus of dogs with portal-systemic encepha-
lopathy. However, Ferenci er aof. (1984), in gal-
actosamine-induced hepatic encephalopathy, found
no appreciable changes in cerebral opiate receptors in
rabbits.

Since SS hyperpolarizes neurons in cerebral cortex
and hippocampus (Moore ¢t al., 1988; Watson and
Pittman. 1988; Inoue ef a/., 1988; Jacquin ef al., 1988;
Twery and Gallagher, 1989; Wang ez «/., 1989), it is
tempting to speculate that the decrease in the number
of SS receptors seen in the present study could be, at
least partly, responsible for the alterations that excess
ammonia causes in the electrophysiological properties
of neural tissue (Raabe and Lin, 1985; Cooper and
Plum, 1987; Szerb and Butterworth, 1992).
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