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Introduction 
 
Ammonia is a molecule with many properties. Depending upon the pH, it is an ion (NH4

+) 
with an ionic radius and properties similar to that of K+ or a gas (NH3) with free access across 
cellular and subcellular membranes. In aqueous solution, ammonia (NH3) is in equilibrium 
with the ammonium ion (NH4

+). The ratio of NH3/ NH4
+ is a function of pH as defined by the 

Henderson-Hasselbach equation: log10 [NH3] / [NH4
+] = pH − pKa. At 37 ◦C, the pKa of 

ammonia is 9.15 (1). Consequently, under normal physiological conditions, more than 98% of 
ammonia is present as NH4

+. 
 
Ammonia is an important substrate for several enzymic reactions and is a product of others. 
Although ammonia is an important participant in several biochemical pathways, increased 
ammonia concentrations induce hepatic encephalophathy (HE) syndrome with deleterious 
effect on central nervous system (CNS) function. Hepatic encephalopathy remains a major 
clinical problem in patients with cirrhosis and is the feature that defines prognosis in acute 
liver injury. Rapid deterioration in consciousness and increased intracranial pressure can 
result in brain herniation and death (2). The description of ammonia in the pathogenesis of 
hepatic encephalopathy is over 100 years old and more than thousand papers have explored its 
role and confirmed that ammonia is central.  
 
In patients with severe liver dysfunction and, therefore, impaired urea synthesis, ammonia is 
detoxified as glutamine, the major alternative ammonia-detoxification pathway. The only 
enzyme capable of glutamine synthesis is glutamine synthetase (L-glutamate:ammonia ligase 
(ADP); EC 6.3.1.2). Glutamine synthetase (GS) catalyses the ATP-dependent conversion of 
glutamate and ammonia into glutamine:  
 L-Glutamate + ATP + NH4

+        L-glutamine  + ADP + Pi 
GS not only plays a major role in ammonia detoxification, but also in interorgan nitrogen flux, 
acid-base regulation, cell proliferation (3, 4). The importance of GS can be read from the fact 
that it is an evolutionary very conserved enzyme, present in all species investigated and in 
almost all tissues. It is expressed in a tissue-specific and developmentally controlled manner 
(4-6). Cells that function primarily to remove glutamate or ammonia contain very high GS 
levels, whereas cells that synthesize glutamine contain much lower levels (4). Another highly 
characteristic and functionally important feature of GS is its topographic distribution: in 
organs  in which GS is present at relatively high concentrations, it is usually expressed in a 
subset of cells only, whereas in organs in which it is present at low concentrations, it is 
expressed in the majority of cells. Our study has uncovered a >1,000-fold difference in GS 
protein content in various cell types, with quantitatively most of the regulation occurring at 
the transcriptional and posttranscriptional level and hardly at the posttranslational level (6). 
The highest concentrations of GS were found in pericentral hepatocytes, in the principal cells 
of the caput epididymidis, and in the Leydig cells of the testis. Intermediate concentrations 
were found in the epithelial cells of the uterine tube, the parietal cells of the stomach glands, 
the epithelial cells of the proximal convoluted tubule in the kidney, the astrocytes in the brain 
and in adipocytes, while very low levels were found in the epithelial cells of the intestine, 
lung, pancreas and the myocytes of striated muscle.  
 
Ammonia toxicity 
 
Hyperammonemia 
An individual is unlikely to become hyperammonemic unless the detoxification system is 
impaired. A number of human disorders are associated with hyperammonemia. In newborns, 
this impairment is often the result of genetic defects, such as inborn errors of ornithine cycle 
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enzymes, in which blood ammonia concentrations may reach 1mM. In older individuals, the 
impairment is more often the consequence of a diseased liver, including acute and chronic 
liver failure. Acute liver failure (ALF), which may result from the ingestion of toxins, viral 
infections, or autoimmune diseases, results in arterial ammonia concentrations as high as 0.3–
0.45 mM (7). Experimental ALF by infusion of ammonia into laboratory animals can cause 
blood ammonia concentrations as high as 1 mM at the coma stages of encephalopathy (8). 
Chronic liver failure caused by liver cirrhosis or surgical construction of an end-to-side 
portacaval anastomosis increases arterial ammonia concentrations moderately with a range of 
0.1-0.2 mM (9). Blood-brain ammonia concentration ratios (normally of the order of 2) are 
increased to 3-4 in chronic liver failure and can become as high as 8 in acute liver failure (10, 
11).  
 
Neuropathology of hyperammonemia 
Irrespective of the underlying cause, increased ammonia concentrations have deleterious 
effects on the function of the central nervous system (CNS) and cause a disorder known as 
hepatic encephalopathy (HE). The neural cell in the CNS that is most vulnerable to liver 
failure is the astrocyte. Acute and chronic liver failure in adults give rise to distinct 
neuropathological changes (12, 13). In the case of ALF, cytotoxic brain edema with swelling 
of astrocytes and their processes develops. Cell swelling may be so severe as to increase 
intracranial pressure and cause brain herniation, which is the major cause of death in ALF. 
Chronic liver failure, on the other hand, results in characteristic morphological changes in 
astrocytes and a mild form of cell swelling, which are collectively known as Alzheimer type II 
astrocytosis (14).  
 
Pathophysiologic mechanisms of neurotoxicity in hyperammonemia 
The pathophysiologic mechanisms of neurotoxicity in hyperammonemia have been reviewed 
recently (11, 12, 15). Ammonia affects the CNS in structure, function and metabolism. 
Though the true mechanisms still remain to be defined, the two major pathways that are 
triggered by ammonia, are an increase in NMDA/NOS/cGMP signaling and the other is 
astrocyte swelling (16). The overactivation of N-methyl-D-aspartate (NMDA) receptors 
induce the excessive generation of nitric oxide (NO), the second messenger which induces the 
synthesis and accumulation of cyclic guanosine monophosphate (cGMP) in the extracellular 
space (17-20). In parallel, ammonia leads to the generation of oxygen radicals, which cause 
tissue damage on their own or, following interaction with NO, as the highly toxic intermediate 
peroxynitrite (21-24). The activation of NMDA triggers 1) the depletion of brain ATP, which, 
in turn, leads to release of glutamate; 2) the activation of calcineurin and dephosphorylation 
and activation of Na+/K+-ATPase in brain, which increases ATP consumption; 3) the 
impairment of mitochondrial function and calcium homeostasis, which decreases ATP 
synthesis; 4) the activation of the protease calpain, which degrades the microtubule-associated 
protein MAP-2 and alters the microtubular network; and 5) the increased formation of NO, 
which, in turn, reduces the activity of GS and the elimination of ammonia in brain (12). 
 
The increase of astrocyte cell volume, which is a primary cause of hyperammonemic brain 
edema, has been associated with an excessive accumulation of newly synthesized glutamine. 
Originally, it was thought that glutamine acted as an osmolyte and that elevated levels of 
glutamine as a result of hyperammonemia may lead to the influx of water (25, 26). However, 
a number of observations are not compatible with this hypothesis. The correlation of elevated 
glutamine levels with the degree of cell swelling is not tight (27, 28), a reduction of brain 
edema is not tightly correlated with a reduction of brain glutamine levels (29), and ammonia-
induced astrocyte swelling is significantly delayed relative to the rise of cytoplasmic 
glutamine levels (30). For these reasons, the original model was abandoned for the view that 
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glutamine-induced mitochondrial damage is the primary event (31-33). Much of the newly 
synthesized glutamine is metabolized in the mitochondria by phosphate-activated 
glutaminase, yielding glutamate and ammonia (34). Glutamine is transported actively across 
the mitochondrial membrane to accommodate the high KM (~25 mM) of glutaminase (35). 
Intramitochondrial ammonia interferes with mitochondrial function, leading to excessive 
production of free radicals and the induction of the mitochondrial permeability transition. By 
interfering with mitochondrial functions, glutamine likely aggravates ammonia-induced 
impairment of energy metabolism, eventually leads to accumulation of the glucose-derived 
osmolytes lactate and alanine in the cells (29, 36). Astrocyte swelling, which is also causally 
related to activation of NMDA receptors and accumulation of NO (24), is the primary cause 
of death in hyperammonemic patients (37).  
 
 
Ammonia production 
 
Figure 1 shows the interorgan trafficking of ammonia. The main ammonia-producing organs 
are the intestines and the kidneys, whereas the major ammonia-removing organs are the liver 
in healthy individuals and the muscle in hyperammonaemic patients.  
 
Intestine  
Under normal physiological conditions, ammonia is produced by intestinal mucosal utilization 
of glutamine and bacterial conversion of urea to free ammonia (39-41). The bacterial origin of 
portal ammonia was accepted for a long time. Since hyperammonemia was considered to arise 
from urea breakdown by intestinal bacteria, the majority of treatments were targeted against 
bacteria-derived ammonia from the colon (42, 43). However, this hypothesis does not explain 
hyperammonaemia and hepatic encephalopathy in germ-free animals with a portacaval shunt 
or hepatectomy (44, 45). In contrast, these findings suggest that colonic bacteria have a 
limited role in producing ammonia. It has also become clear that the small intestine is an 
important generator of ammonia via glutamine uptake (46). The intestines have a high 
glutaminase activity, predominantly located in the enterocytes, and only little GS activity, 
making them a major ammonia-producing site during consumption of glutamine (40, 47). In 
rodents, ruminants and chickens, cellular GS mRNA and protein levels are highest in the 
stomach, followed by colon, with lowest levels in the small intestine (4, 48). In the small 
intestine of rat and mouse, GS mRNA and protein are located in the crypt cells of the 
intestinal mucosa (48), whereas in mouse stomach and colon, GS mRNA is found also closer 
to the luminal surface (48). In healthy people, most glutaminase activity along the 
gastrointestinal tract has been found in the small intestine (53 nmol glutamine/min/mg protein 
or 84% of total intestinal glutaminase activity), whereas lower but still substantial activity was 
found in the large intestine (20 nmol glutamine/min/mg protein, or 15% of total intestinal 
glutaminase activity (49)). In rats, the distribution of the glutaminase activity is similar to that 
in humans (50).  The mucosa of the intestine is the major site for catabolism of the glutamine, 
that is released into the circulation by other tissues (40, 47), although glutamine synthesis in 
the gut itself amounts to 30-35% of breakdown (40). Glutamine utilization is essential to 
maintain a healthy, rapidly turning over enterocyte population (51, 52). Furthermore, 
glutamine and lymphocyte glutaminase play a role in the maintenance of immune response in 
the gut (53). 
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Figure 1. Interorgan trafficking of 
ammonia in health and in cirrhosis. In 
healthy individuals, the liver removes 
ammonia by detoxification into urea. In 
patients with cirrhosis, the metabolic 
capacity of liver is reduced, resulting in 
hyperammonaemia: muscle becomes an 
important organ of ammonia detoxification 
into glutamine. Glutamine acts as temporary 
buffer that can both regenerate ammonia 
(enterocytes) and excrete ammonia 
(kidneys) (38). 
 
 
 
 
 
 
 
 

 
Kidney 
The kidney is an organ of net ammonia production in the normal physiologic state. 
McDermott et al. were the first to show that the kidneys release ammonia into the systemic 
circulation in men by sampling the renal vein and artery in 10 post-absorptive patients 
undergoing surgery and this observation has been repeated in normal post-absorptive human 
volunteers (54, 55). Ammonia production to renal vein was estimated to be 40 μmol/min, that 
is, of a similar magnitude as renal urinary ammonia excretion (56). During prolonged 
administration of ammonium chloride in these volunteers, renal venous production of 
ammonia remained the same, but renal urinary ammonia excretion increased (to 100 
μmol/min) (56). In post-absorptive healthy animals, approximately 30% of total ammonia 
produced in the kidneys is released into the urine and the remaining 70% is released back into 
the renal vein (57-59). During hyperammonemia and portal systemic shunting, this is reversed 
to 70% excretion in urine and 30% release into the systemic circulation, making the kidney an 
organ of net ammonia removal during hyperammonemia (57-60).  
 
GS is expressed in the kidney of several species, including rat, mouse, hamster, guinea pig, 
rabbit, sheep and pigeon, but not in the kidney of pig, dog, cat, monkey, man or chicken (4). 
The reason for these species differences are not known, but the excretion of more acidic urine, 
allowing more NH4

+ excretion, has been associated with the absence of GS. Highest levels of 
GS are present in the distal portion of the proximal convoluted tubules and the proximal 
portion of the straight tubules of rat and mouse (4, 48).  The kidneys express both glutaminase 
and GS (59) and are therefore capable of synthesizing and degrading glutamine, the principal 
precursor for renal ammoniagenesis (56, 61-63). Glutamine is metabolized predominantly in 
the proximal convoluted tubule via intramitochondrial phosphate-dependent glutaminase (64). 
Kidney-type glutaminase is strongly inhibited by glutamate and, in contrast to liver-type 
glutaminase, not activated by ammonia (65). The kidneys have the ability to switch from net 
ammonia production to net ammonia excretion, which can be interpreted as beneficial for the 
organism. This implies also an important role for renal ammonia and glutamine metabolism in 
maintaining whole-body acid-base homeostasis, since glutamine breakdown and ammonia 
excretion are an efficient way of excreting protons and generating new bicarbonate (46, 66). 
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Ammonia detoxification 
 
Liver 
Liver ammonia metabolism under normal physiological conditions 
Under normal physiological conditions, ammonia detoxification relies almost exclusively on 
hepatic urea and glutamine synthesis (67-70) (Figure 2). The ornithine cycle and glutamine 
synthesis operate anatomically and functionally in succession (71). Portal blood delivers large 
amounts of glutamine and ammonia to the liver. The periportal hepatocytes, containing 
glutaminase, carbamoylphosphate synthetase (the rate-determining enzyme of the ornithine 
cycle (72)), alanine aminotransferase, aspartate aminotransferase and ornithine-cycle 
enzymes(73) take up some glutamine and most of the ammonia. Interestingly, hepatic 
glutaminase has a requirement for ammonia to become activated (75), and glutamine 
utilization is thus stimulated under conditions of excess ammonia. Glutamine and ammonia 
are metabolized in periportal hepatocytes to urea by a high-capacity/low-affinity system. The 
capacity of the ornithine cycle is much higher than that of hepatic glutamine synthesis, as 
determined in perfused organs, but the Km of carbamoylphosphate synthetase-I for ammonia 
is 1–2 mmol/L. As the concentration of ammonium ions declines during downstream passage 
through the sinusoids, it becomes too low to drive urea synthesis effectively. The residual 
ammonia, not utilized by the periportal cells, reaches the pericentral, GS-containing 
hepatocytes,which efficiently detoxify by the low-capacity/high-affinity enzyme GS (the Km 
of GS for ammonia is 0.2 mmol/L (74)). The presence of glutamine synthesis in a 2-3 cell-
thick layer of hepatocytes surrounding the efferent central veins, which comprises only 8% of 
the total hepatocyte population (4, 6), therefore ensures total ammonia detoxification.  
 
The activation of liver glutaminase by its product ammonia has an important role in 
controlling ammonia access to carbamoylphosphate synthetase, thereby regulating the flux 
through the ornithine cycle (75). The ammonia that is produced by the breakdown of 
glutamine in the intestine and by periportal glutaminase therefore has a feed-forward effect on 
hepatic urea synthesis (75). Periportal glutaminase and pericentral GS operate simultaneously, 
resulting in the so-called intercellular glutamine cycle (Figure 2) (75). In the physiological 
situation, their activity is probably of equal magnitude and therefore the glutamine balance 
across the liver is close to zero (46). Intercellular glutamine cycling, however, also provides 
an effective means for adjusting ammonia flux into urea or glutamine according the needs of 
the acid-base situation (Figure 3). Since mitochondrial glutaminase acts as a pH-regulated 
ammonia amplifier, lowering the extracellular pH from 7.4 to 7.3 already inhibits the enzyme 
by 70%. Inhibition of flux through glutaminase in acidosis diminishes urea synthesis and, 
therefore, bicarbonate consumption in the liver. The liver becomes a net producer of 
glutamine due to diminished glutamine consumption in periportal cells and an increased 
glutamine synthesis in pericentral scavenger cells (76-78). Thus, intercellular glutamine 
cycling is an effective means by which the liver can switch from net glutamine consumption 
to net glutamine output. In acidosis, the glutamine is hydrolyzed by renal glutaminase and 
surplus ammonium ions are excreted into urine. Thus, an interorgan team effort between the 
liver and the kidney maintains both bicarbonate and ammonia homeostasis (35). 
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Figure 2. Hepatic ammonia and glutamine metabolism: structural and functional organization of intercellular 
glutamine cycling and ureogenesis and pathogenetic implications in liver cirrhosis. Periportal hepatocytes 
express glutaminase (GLNase) and ornithine cycle enzymes including the carbamoylphosphate synthetase (CPS), 
but no GS. GS expression is confined to a small rim of pericentral hepatocytes. The later do virtually not express 
ornithine cycle enzymes. Periportal GLNase is activated by ammonia and acts as a pH- and hormone-sensitive 
ammonia amplifier within the mitochondria, thereby determining flux through the ornithine cycle (low affinity 
system for ammonia detoxication). Ammonia that escapes periportal urea synthesis is converted by the 
pericentral hepatocytes (scavenger cells) into Gln as catalyzed by the GS (high affinity system for ammonia 
detoxication). At normal extracellular pH GLNase flux equals GS flux, so that there is no net Gln turnover by the 
liver, but portal ammonia is converted efficiently into urea despite the low ammonia affinity of the CPS. Gln 
release by pericentral hepatocytes is supported by the diminished exposure of these cells to extracellular 
glutamine, high cytoplasmic glutamine levels and less acidic cytoplasm. In liver cirrhosis the ornithine cycle 
capacity is decreased by up to 80%. Due to a reduced bicarbonate disposal this leads to metabolic alkalosis, 
which is in part counteracted by increased glutaminase activity. Defective scavenger cells are accountable for 
hyperamonemia, which plays a key role in the pathogenesis of hepatic encephalopathy. (Figure adapted from 
(35)). 
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Figure 3. pH-sensitivity of 
fluxes through glutaminase 
and GS. Acidosis requires a 
systemic retention of 
bicarbonate. The liver responds 
to acidosis with a decrease of 
urea synthesis achieved by a 
reduced NH4

+ production by the 
glutaminase-catalyzed reaction. 
Simultaneously, NH4

+ passing by 
the acinus is scavenged by the 
perovenous hepatocytes: flux 
through GS increases. (A) Data 
obtained from liver perfusion 
experiments (77). 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Liver GS and hyperammonemia  
Patients with liver cirrhosis have a reduced ammonia-detoxifying capacity, possibly due to a 
diminished urea- and glutamine-synthesis capacity (67, 79, 80). In these patients, the flux 
through glutaminase is increased four- to six-fold (67). This has been interpreted as a 
compensatory mechanism to maintain a normal flux through the ornithine cycle, despite the 
decrease in ornithine-cycle enzyme activities. However, pericentral GS activity is not 
correspondingly increased and ammonia ions escape clearance by the liver and are released 
into the systemic circulation (73). 
 
Hyperammonemia can also be induced by drugs and toxins, which primarily impair the 
function of pericentral hepatocytes, whereas the periportal urea-synthesizing hepatocytes need 
not to be affected (81). The deficient function of pericentral hepatocytes may be related to 
portosystemic shunting (82) and may be a major factor for the development of 
hyperammonemia in liver cirrhosis. In addition, reversal of sinusoidal blood flow, as it is 
sometimes observed in cirrhosis, can produce hyperammonemia, because under these 
conditions the pericentral GS-expressing cells (high-affinity ammonia detoxification) are 
switched before the periportal urea synthesis (low-affinity detoxification)(75). In healthy 
individuals with intact pericentral scavenger cells, a 5-10 % inhibition of urea synthesis does 
not impair hepatic ammonia detoxification. However, in cirrhosis, the scavenger cells are 
defective and even a slight inhibition of urea synthesis will trigger systemic 
hyperammonemia. 
 
Mammalian GS is highly susceptible to oxidative and nitrative modification which is 
associated with inactivation and proteolytic degradation of the enzyme (83-84), which will be 
discussed in the next section. Inactivation of the hepatic GS by tyrosine nitrosylation was 
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recently suggested to play a role in the pathogenesis of hyperammonemia in cirrhotic patients 
with sepsis and infection (85). 
 
Brain 
Brain ammonia metabolism under normal physiological conditions 
Ammonia enters the brain by diffusion from the blood or cerebrospinal fluid, or is formed in 
situ from endogenous nitrogen-containing substances. Despite its central importance in 
nitrogen homeostasis, excess ammonia is toxic to the central nervous system. Metabolic 
trapping of ammonia is the principal mechanism responsible for maintaining brain ammonia 
levels at around 20-50 μM under normal physiological conditions. Since brain is unable to 
remove ammonia in the form of urea due to lack of carbamoylphosphate synthetase I and 
ornithine transcarbamoylase, brain ammonia is metabolized almost exclusively to glutamine 
via GS (86, 87). In the central nervous system (CNS), GS is predominantly expressed in 
astrocytes (88). Astrocytic processes surround capillaries and underlie the ependymal layer. 
GS is therefore strategically positioned as an effective metabolic barrier for trapping incoming 
ammonia from the blood as well as from the cerebrospinal fluid as glutamine (89). The 
location of GS-positive protrusions, near glutamatergic synapses (90), also permits the 
operation of a glutamine-glutamate cycle between astrocytes and neurons (12, 91). Glutamate 
is the major excitatory neurotransmitter in the brain and its extracellular concentration has to 
be kept low to avoid excitotoxicity.  In brief, after being released from pre-synaptical neuron 
terminals and serving as neurotransmitter, glutamate is taken up by astrocytes from the 
synaptic cleft and is metabolized to glutamine. Glutamine is then transferred from astrocytes 
to neurons, where it serves as substrate for glutaminase to produce glutamate. Conversion of 
ammonia to glutamine in astrocytes is a rapid and efficient process: [13N]ammonia is trapped 
within seconds, mostly (>97%) as L-[amide-13N]glutamine, in astrocytes (89, 92). When most 
(>80%) brain GS is inhibited by methionine-sulfoximine (MSO), [13N]ammonia diffusing 
from the blood into the brain is no longer efficiently trapped in astrocytes as glutamine 
(amide) and was thus free to travel into neurons, where some was trapped as glutamate (89). 
The brain contains relatively large amounts of glutamate dehydrogenase, but this cannot 
effectively convert [13N]ammonia to L-[13N]glutamate, when brain GS is inactivated by MSO 
and brain ammonia levels rise five-fold (89). The low effectivity of glutamate dehydrogenase 
in removing [13N]-ammonia in the brain was also demonstrated in rats with hyperammonemia 
induced by portacaval shunts (93). Though glutamine synthesis remains the predominant route 
for ammonia removal in brain under both normal and hyperammonemic conditions, the 
enzyme functions at near maximal capacities under normal physiological conditions (10, 12). 
Thus, hyperammonemia rapidly exceeds the brain’s capacity to synthesize glutamine, and 
ammonia concentrations rise significantly. 
 
Brain GS in response to hyperammonemia  
Under the hyperammonemic conditions of chronic liver failure, capacity of the brain to 
remove ammonia cannot be increased and even decreases in some regions of the brain (94), 
(93, 95-97). This failure to increase GS activity in astrocytes does not result from a limitation 
in availability of the substrate glutamate (94) or the cofactors ATP (98) and Mn2+ (99, 100). 
More recent evidence suggests that the decrease in GS activity can result from nitrosylation of 
its tyrosine residues, leading to a loss of enzymatic activity.  Ammonia-induced tyrosine 
nitrosylation of many proteins has been demonstrated both in in vivo (4-week portacaval-
shunted rats) and in vitro models of hyperammonemia (24). In cultured astrocytes, an increase 
in ammonia-induced GS tyrosine nitrosylation is accompanied with a ~30% decrease in GS 
activity (24). Recently, mass spectrometric analysis of peptides derived from sheep GS 
inactivated by peroxynitrite (ONOO−) in vitro identified a nitrosylated tyrosine residue 
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corresponding to Tyr335 of rat GS, which is highly conserved among eukaryotic GS (85, 
101).  
 
In rats with ALF, GS protein expression and enzyme activity in brain is slightly but 
significantly reduced 6 h following hepatic devascularization (Figure 5) (102). Whether or not 
similar mechanisms of nitrosylation of GS on the tyrosine residues are responsible for the loss 
of brain GS activity in ALF remains to be studied, but the findings underscore the brain’s lack 
of an adequate protection against ammonia toxicity. 
 
Tyrosine nitrosylation is mediated by reactive nitrogen species, such as peroxynitrite anion 
and nitrogen dioxide (NO2), formed as secondary products of nitric oxide (NO) metabolism in 
the presence of oxidants, such as superoxide radicals (O2

−), and hydrogen peroxide (H2O2). 
NO diffuses freely across cell membranes and an increase in NO production could lead to an 
increased production of reactive nitrogen species and, hence, nitrosylation of GS, which in 
turn lowers its capacity to remove ammonia. NO synthase-1 (NOS-1) protein and mRNA 
expression is increased in the brains of portcaval-shunted rats (103). Ammonia-induced 
increases of NOS activity are dependent upon NMDA receptor activation, resulting in an 
opening of the ion channel and entry of calcium (104). Calcium is an important regulator of 
NOS, acting through the binding of calmodulin. NO activates soluble guanylate cyclase, 
leading to an increased formation of cGMP. These studies are summarized in Figure 4.  
 

  
Figure 4. Modulation of GS activity by NMDA 
receptors and NO. Activation of NMDA receptors 
leads to activation of neuronal NO synthase and 
increases the formation of NO that diffuses to 
neighboring astrocytes and modify covalently GS 
(likely by nitrosylation). This modification reduces the 
activity of GS. In addition of the NO generated as a 
consequence of activation of NMDA receptors, other 
sources of NO also contribute to modulation of GS 
activity in rat brain in vivo. The covalent modification 
of GS induced by NOI is reversible. (104)  
 
 
 
 

 
The blocking of NMDA receptors or inhibition of NOS in rat brain in vivo increase GS 
activity and glutamine content, indicating that activation of NMDA receptors or activation of 
NOS maintains an inhibition of GS in brain. Blocking NMDA receptors or inhibition of NOS 
“releases” this inhibition and results in increased activity of GS (22, 105). It should be noted 
that the increase of glutamine is higher when NOS is inhibited than when NMDA receptors 
are blocked in rats. This suggests that NMDA-mediated activation of NOS provides only part 
of the NO that is inhibiting GS and other NOS are also contributing to the NO-mediated 
inhibition of GS (104). The earlier results also show that, in contrast to some reports in the 
literature, GS is not working at maximum rate in the brain and its activity may be increased 
pharmacologically by manipulating the activity of NMDA receptors or the content of NO 
(104). This may be useful, for example, to increase ammonia detoxification in brain in 
hyperammonemic situations. 
 
Muscle 
Muscle ammonia metabolism under normal physiological conditions 
Striated muscle fibers contain only a very low concentration of GS. Because of the large 
tissue mass, muscle GS represents a sizable portion of total body GS. For this reason, muscle 
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is considered to function as the major source to maintain glutamine homeostasis in the 
circulation (106-108). Skeletal muscle generates glutamine from glutamate derived from the 
transamination of branched-chain amino acids (109). The importance of skeletal muscle in the 
maintenance of ammonia homeostasis is due to its large mass, over 40% of body weight in 
young adult humans. Although the liver undoubtedly has the highest capacity to detoxify 
ammonia, in patients with advanced liver disease and portal-systemic shunting, ammonia-
laden portal blood bypasses the liver and is diverted into systemic circulation. Under these 
circumstances, skeletal muscle may become an important organ in ammonia detoxification. 
Approximately 50% of the arterial 13N-labelled ammonia tracer is taken up and metabolized 
by skeletal muscle in healthy humans (110). However, ammonia uptake does not give 
information on net ammonia consumption across skeletal muscle (110, 111). The arterio-
venous ammonia concentration difference across normal resting skeletal muscle is close to 
zero in fed (55, 112) and fasted healthy human volunteers (7, 113). The considerable 
difference between the high uptake of an ammonia tracer and the small arterio-venous 
differences for ammonia across muscle have been interpreted to signify that muscle 
continuously uses and produces ammonia (110) and that these processes are, under 
physiological circumstances, in balance. 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. GS protein and enzyme 
activities in brain (cerebral 
cortex) and skeletal muscle of 
rats with ALF. (A) Representative 
Western blots of GS (45 kDa) from 
two ALF rats compared to sham-
operated controls. (B) GS protein 
data from 8 animals per treatment 
group. (C) GS enzyme activities 
determined in cerebral cortex and 
skeletal muscle of eight ALF rats 
compared to eight sham-operated 
controls. Values represent mean ± 
SE, * indicates values significantly 
different from sham-operated 
control values (P<0.05). (102) 
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Muscle GS in response to hyperammonemia 
Observations during hyperammonemia in chronic liver disease have indicated that skeletal 
muscle uptake of ammonia (7, 112, 114, 115), in combination with uptake of branched-chain 
amino acids (BCAAs) or alanine (116, 117), may lead to enhanced muscle glutamine 
synthesis. Skeletal muscle may thereby act as an alternative means of ammonia detoxification 
(110). A good correlation between arterial ammonia concentrations and muscle ammonia 
uptake was observed in patients in hepatic coma (118, 119) and in patients with 
decompensated cirrhosis (115). No significant correlation was found in stable patients with 
cirrhosis of the liver (119) and normal muscle composition (112). The fractional extraction of 
ammonia was reduced in patients with muscle wasting (110, 112), suggesting an important 
role for maintaining an adequate muscle mass in such patients. However, hyperammonemia 
may not always be accompanied by an increased ammonia uptake in skeletal muscle (120). 
Also, if the newly formed glutamine is released from muscle tissue and metabolized to 
ammonia in the splanchnic area or kidney, there is no net effect on ammonia removal. 
Glutamine then only acts as a non-toxic nitrogen carrier, without contributing to net nitrogen 
removal. 
 
In a study of patients with acute liver failure (121), net ammonia consumption by the leg was 
quantified to be 100 nmol/100 g/min. In the splanchnic circulation, there was a net uptake of 
glutamine, and ammonia and alanine were released in an almost 1:1 stoichiometry, whereas in 
the leg, ammonia and alanine were removed and glutamine released. Although no correlation 
between arterial ammonia concentration and ammonia consumption by muscle was 
documented, leg ammonia consumption was correlated with glutamine production, supporting 
the view that skeletal muscle participates in ammonia detoxification in acute liver failure. A 
very recent study on rats with acute liver failure provides direct molecular and spectroscopic 
evidence for an increased ammonia removal capacity of skeletal muscle (102). This increase 
occurs as a consequence of 1.4-fold increased GS protein (but not mRNA) levels and enzyme 
activities (Figure 5). The measurement of muscle ammonia and glutamine fluxes reveals a 12-
fold increase in the uptake of ammonia and a corresponding increase of muscle glutamine 
release from skeletal muscle. The increased de novo glutamine synthesis in skeletal muscle 
was confirmed by 13C Nuclear Magnetic Resonance Spectroscopy. These findings confirm 
and extend those of a previous study based upon a report of increased ammonia removal and 
glutamine release in the femoral vein of patients with ALF (102). However, in both studies, 
total amino acid release from muscle was higher than uptake of ammonia or de novo 
glutamine synthesis, indicating that production of glutamine was not only the result of 
ammonia consumption, but also the result of net muscle catabolism during acute liver failure 
(102, 121).  
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Scope of this thesis 
 
The aim of this thesis is to obtain more insight in the functional role of GS in various 
tissues/organs using knockout mouse models. In Chapter 2, constitutive GS knockout mice 
were generated by in-frame replacement of GS gene with the β-galactosidase reporter gene. 
Studies were performed on GS-null mutant ES cells, embryos and chimeras to illustrate its 
role in early embryonic genesis. In Chapter 3, conditional GS knockout mice (GSflox) were 
generated by flanking its entire coding sequence with loxP sites, because the complete 
inactivation of GS gene in mice (GSLacZ/LacZ) results in early embryonic lethality. The GS gene 
was further inactivated in the astrocytes of the central nervous system by crossing GSflox/flox or 

GSflox/lacZ with hGFAP-Cre mice. Histological and biochemical studies were performed on 
GS-KO/A mice. In Chapter 4 and 5, to assess the importance of hepatic and muscle GS, we 
inactivated the GS gene in liver or muscle by crossing GSflox/flox or GSflox/lacZ mice with Alfp-
Cre mice or MCK-Cre mice, respectively. Characterization of GS-KO/L and GS-KO/M mice 
was described and metabolic fluxes were measured. Since GS is dispensable in liver and 
muscle under normal unstressed conditions, we challenged GS-KO/L mice with an ammonia 
load and GS-KO/M mice with fasting and an ammonia load to investigate whether GS 
function is only required under stressed conditions. In Chapter 6, we determined the GS 
concentration in 18 organs of mouse to confirm the postulated dichotomy between cellular 
concentration and GS function. 
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Abstract  

 
Glutamine synthetase (GS) is expressed in a tissue-specific and developmentally controlled 
manner, and functions to remove ammonia or glutamate. Furthermore, it is the only enzyme 
that can synthesize glutamine de novo. Since congenital deficiency of GS has not been 
reported, we investigated its role in early development. Because GS is expressed in embryonic 
stem (ES) cells, we generated a null mutant by replacing one GS allele in-frame with a β-
galactosidase-neomycine fusion gene. GS+/LacZ mice have no phenotype, but GSLacZ/LacZ mice 

die at ED3.5, demonstrating GS is essential in early embryogenesis. Although cells from 
ED2.5 GSLacZ/LacZ embryos and GSGFP/LacZ ES cells survive in vitro in glutamine-containing 
medium, these GS-deficient cells show a reduced fitness in chimera analysis and fail to 
survive in tetraploid-complementation assays. The survival of heavily (>90%) chimeric mice 
up to at least ED16.5 indicates that GS deficiency does not entail cell-autonomous effects and 
that, after implantation, GS activity is not essential until at least the fetal period. We 
hypothesize that GS-deficient embryos die when they move from the uterine tube to the 
harsher uterine environment, where the embryo has to catabolize amino acids to generate 
energy and, hence, has to detoxify ammonia, which requires GS activity. 
 
 
Abbreviations: ED: embryonic day; ES cell: embryonic stem cell; GS: glutamine synthetase 

(EC 6.3.1.2) 
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Introduction 
 
Glutamine is the predominant amino acid in mammalian plasma, accounting for 
approximately 20% of its total amino-acid content.  Glutamine's prevalence corresponds to its 
central role in nitrogen metabolism, where it serves not only as temporary storage and 
transport form of toxic glutamate and ammonia, but also as donor of the amino moiety of 
amino and nucleic acids, and hexosamines. Despite the many metabolic pathways in which 
glutamine serves as substrate, glutamine synthetase (GS; EC 6.3.1.2) is the only enzyme that 
can synthesize glutamine de novo. The importance of GS can be read from the fact that it is an 
evolutionary very conserved enzyme and it is expressed in a tissue-specific and 
developmentally controlled manner (1-3). Furthermore, a complete deficiency of GS has not 
been reported in either human or mouse. Very recently, however, two unrelated human 
neonates with a considerable congenital loss of GS activity, brain malformations, multiorgan 
failure and infant death were described (4), but whether these findings are causally related 
remains to be established. In agreement with these vital facts, we have established for the first 
time that the complete knockout of the mouse GS gene results in early embryonic lethality. 
Although GS-deficient embryonic cells survive in vitro in glutamine-containing medium, GS-
deficient embryonic stem cells exhibit a reduced fitness if transplanted into wild-type 
blastocysts, and fail to survive in aggregates with tetraploid wild-type blastomeres. 
  

Materials and methods 
 
Mice.  
Mice were maintained on a 12-hour light/12-hour dark cycle with free access to water and 
food. The duration of pregnancy was counted from the detection of a vaginal plug, which was 
set at 0.5 days. The studies were carried out in accordance with the Dutch guidelines for the 
Care and Use of Laboratory Animals. Handling of embryonic stem (ES) cells and embryos 
was done as described (5). 
 
Construction of the LacZ targeting vector.  
Fourteen Kb of the full GS genome (Glu1, MGI: 95739) of mouse strain 129/Ola, from 
position 763 (relative to transcription start site) in intron 1 to the EcoRI site 5kb downstream 
of exon VII, was subcloned from a genomic clone (#7026 in P1 plasmid; Genome Systems 
Inc., St. Louis, Missouri USA). Because GS is expressed in ES cells (see Results section), we 
designed a targeting vector with promoter trap selection to disrupt the mouse GS gene (Figure 
1A) (6-9). Plasmid pBβgeopA, containing a fusion product of β-galactosidase and the 
neomycin resistance gene driven by the human β-actin promoter (7, 9), was modified by 
replacing the human β-actin promoter with that of mouse GS, using the NcoI site for a correct 
in-frame fusion of the GS and the LacZ gene. Furthermore, the SV40pA site was replaced by 
the bovine growth-hormone polyadenylation signal, taken from pcDNA3 (XbaI and PvuII) 
(Invitrogen, Breda, The Netherlands). For correct targeting, the SalI-NcoI (2.2 Kb) upstream 
and the BamHI-EcoRI (4.3 Kb) downstream fragments of the GS-gene were used. 

 
Generation of GS+/LacZ ES cells.  
To generate GS+/LacZ ES cell line, the linearized lacZ targeting construct (25 μg, Figure 1A) 
obtained by restriction enzyme digestion with Swa I, was electroporated into 1.3*107 ES cells 
(line E14IB10 derived from the 129P2/OlaHsd mouse strain). Out of a total of 39 neomycin-
resistant clones, 29 clones (74%) were correctly recombined as deduced for their expression 
of the GS-LacZ fusion gene by RT-PCR.  
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Figure 1. Targeted disruption of the mouse GS gene. Schematic diagram is drawn to scale. (A) Upon 
homologous recombination, the LacZ targeting vector replaces exon II from the translation-start site to BamHI 
800 bp downstream of exon VII with a β-galactosidase (LacZ)/neomycin phosphotransferase (NEO) fusion gene. 
(B) In GSGFP/+ ES cells, one GS allele was replaced in-frame by a GFP-laminA fusion gene. These ES cells were 
used to generate GSGFP/LacZ ES cells. GS exons are shown as open boxes. The bent arrow indicates the 
translation-start site. 763: position in mouse GS gene relative to the transcription-start site; B and E: restriction 
enzymes BamHI and EcoRI; triangles 1-13: oligonucleotide-primer sites listed in Table 1. (C) The genotypes of 
ED3.5 embryos from GS+/LacZ intercrosses as determined by PCR analysis (solid triangles: wild-type locus; open 
triangles: targeted locus. +/+: wild-type embryos; +/-: GS+/LacZ embryos; -/-: GSLacZ/LacZ embryos. (D) RT-PCR 
analysis of ES clones: +/+: wild-type ES cells; +/-: GS+/LacZ ES cells; -/-: GSGFP/LacZ ES cells.  
 
Generation of GSGFP/LacZ (GS-null) ES cells.  
The GSGFP/LacZ ES cell line, which does not contain any functional GS allele, was generated 
from GS+/GFP ES cells (line E14IB10; the construction of GS+/GFP ES cells will be described in 
detail elsewhere), in which one GS allele was replaced in-frame by a GFP-laminA fusion 
product via homologous recombination (Figure 1B). The second allele was targeted with the 
LacZ targeting construct as described above. A total of 64 neomycin-resistant ES cell clones 
were obtained. All colonies were genotypically screened by PCR for the presence of GS, GFP 
and LacZ sequences. Clones positive for both GFP and LacZ, and negative for GS, were 
subsequently screened for proper recombination by means of a long PCR of the 5’ and 3’ ends 
of the construct (Expand long template PCR kit, Roche, Almere, The Netherlands). For the 
5’-end, a forward primer in GS intron 1, upstream of the targeting construct, and reverse 
primers in GFP and LacZ gene were used. For the 3’-end, forward primers in laminA and 
LacZ, and reverse primers in the GS gene downstream of the corresponding targeting 
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constructs were used. All primer sequences are listed in Table 1. The ES clones containing the 
correct homologous recombination were then checked for expression of GS-LacZ and GS-
GFP fusion mRNA and lack of GS mRNA by RT-PCR.  
 
Generation of GS+/LacZ mice.  
After karyotyping, the GS+/LacZ ES clones were injected into C57BL/6J blastocysts, which 
were then transferred to pseudopregnant B6D2F1/Ola Hsd (Harlan, The Netherlands) foster 
mothers. To generate GS+/LacZ mice, chimeric male mice were bred with FVB/NHanHsd 
females (Harlan, The Netherlands). Germ-line transmission was achieved for two independent 
clones. The GS+/LacZ mice were crossed into the FVB background for 10 generations. 
Offspring were genotyped by PCR, using primers for the GS and LacZ genes (Table 1 and 
Figure 1). Embryos at embryonic day (ED) 3.5 (blastocyst stage) and ED9.5 were isolated 
from heterozygous GS+/LacZ intercrosses and genotyped. Blastocysts with a minimal amount of 
adhering medium were sampled individually into 200 μL PCR reaction tubes, to which 5μL 
50mM KOH was added. The samples were lysed at 95°C for 5 min, cooled to room 
temperature, neutralized with 5μL 50mM Tris-HCL (~pH 4.0). Ten μL of the mixture was 
used for PCR genotype analysis.  
 
Table 1. Primer sequences, annealing temperature and expected PCR product lengths. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Generation of GSGFP/LacZ chimeric embryos.  
After karyotyping, the GSGFP/LacZ ES clones were injected into C57BL/6J blastocysts, which 
were then transferred to pseudopregnant B6D2F1/OlaHsd foster mothers. Chimeric GSGFP/LacZ 
embryos were collected at ED12.5, ED16.5, and postnatal day 4. They were identified by 

5650 50 GCATCGAGCTGGGTAATAAGCGTTGGCAAT 
GTGTGATGGCTCATGGAATG 

3) LacZ-F 
10) GS-R 14851 

LacZ-3’GS 

57 

57 

58 

56 

60 

63 

61 

58 

69 

53 

Annealing 
Temperature (°C) 

GAPDH 
 

GS cDNA 

GS-GFP 

GS-LacZ 

LaminA-3’GS 

5’GS-LacZ 

GS-GFP 

GFP 

LacZ 

GS 

Product 

TTCCTACCCCCAATGTGTC 
AGCCGTATTCATTGTCATACC 

TCCTCTCCGCCTCGCTCTC 
CCGGTACCATCAACCCAG 

TCCTCTCCGCCTCGCTCTC 
GTTGCCGAACAGGATGTTGC 

TCCTCTCCGCCTCGCTCTC 
ACAACGTCGTGACTGGGAAAACC 

CCATCTCCTCTGGCTCTTCT 
GATACGCAGAGATACCATCA 

TCTACCCTCGCCGGGGTA 
ACTGCAACAACGCTGCTTCGGCCTGGTAAT 

TCTACCCTCGCCGGGGTA 
GTTGCCGAACAGGATGTTGC 

GTGAGCAAGCAGATCCTGAA 
GTTGCCGAACAGGATGTTGC 

GCATCGAGCTGGGTAATAAGCGTTGGCAAT 
ACTGCAACAACGCTGCTTCGGCCTGGTAAT 

CTTACTCCACACACGAGTT 
ACACAAACAACCAGAAAACT 

Sequence 5’  3’ Fragment 
(bp) 

Primers  

255 GAPDH-F 
GAPDH-R 

184 11) GS-F 54  
13) GS -R 3115 

207 11) GS-F 54  
6) GFP-R 

124 11) GS-F 54  
12) LacZ-R Zi 

5381 7) GS-F 722 
4) LacZ-R 

3960 8) Lam-F 
9) GS-R 10748 

255 3) LacZ-F 
4) LacZ-R 

2422 7) GS-F 722 
6) GFP-R 

136 5) GFP-F 
6) GFP-R 

401 1) GS-F 9154 
2) GS-R 9574 
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whole-mount X-gal staining or by PCR-analysis both for LacZ and GFP. The distribution of 
GSGFP/LacZ and wild-type ES cells in organs and tissues was further examined by a 
combination of histochemistry (β-galactosidase staining with X-gal) and 
immunohistochemistry (anti-GS primary antibody) on cryostat sections or by 
immunohistochemistry with anti-β-gal and anti-GS primary antibodies on paraffin-embedded 
sections (as described below). 
 
Generation of GSGFP/LacZ "ES" embryos.  
The tetraploid complementation approach was used to generate GSGFP/LacZ “ES” embryos (10, 
11). Tetraploid morulae were derived from one-cell tetraploid B6D2F1/J@Rj embryos by 
culturing these for 24-30 h after electrofusion. Preparation of GSGFP/LacZ ES cells and 
aggregation were performed as described (11). Aggregates were implanted into the uteri of 
pseudopregnant B6D2F1/J@Rj fosters. E14IB10 wild-type (GS+/+) ES cells were used as 
controls. The “ES” embryos were collected at ED9.5. The placenta (extraembryonic) and the 
heart (embryo proper) were dissected and used to test for the presence of GS, LacZ, or GFP 
alleles.  
  
Cultivation of ED 2.5 embryos.  
ED 2.5 embryos (morula stage) were collected by flushing oviducts and uteri from female 
GS+/LacZ mice after heterozygous mating. The zona pellucida was removed by a short 
incubation in pH2.5 acidic Tyrode’s solution. The embryoid bodies were sampled 
individually into 0.1% gelatin-coated 96-well plates (Nunc, Wiesbaden, Germany) and 
cultured in 60% Buffalo Rat Liver (BRL) conditioned medium (12), supplemented with 2 mM 
L-glutamine (GIBCO BRL Life Technologies, Breda, The Netherlands), 0.1 mM β-
mercaptoethanol and 1,000 U/ml leukemia-inhibiting factor (ESGRO; Chemicon International 
Ltd; Harrow, UK). Individual cultures were maintained for 6 days. Cultures were inspected 
daily and photographed in order to monitor the development of outgrowths. The genotype was 
determined at the end of the cultivation period by PCR. 
 
Detection of β-galactosidase expression.  
Whole-mounts 
ED3.5, ED12.5 and ED16.5 embryos were fixed in 4% buffered formaldehyde for 5, 15 and 
45 min at room temperature, respectively, and washed 3x in PBS followed by whole-mount 
staining with X-gal (13).  
Cryosections 
Embryos were fixed in 4% buffered formaldehyde, exposed to an ascending gradient of 
sucrose solutions (10%, 20%, 30%), embedded in Tissue-Tek O.C.T (Sakura Finetek USA, 
Inc., Torrance, CA USA), frozen, and stored at -80°C until sectioning. Cryostat sections of 10 
μm were fixed in a 0.5% glutaraldehyde/PBS solution for 10 min at room temperature, 
followed by X-gal staining as described (14).  
 
Immunohistochemistry.  
Cryosections 
Ten μm-thick cryosections were briefly washed in PBS to remove the O.C.T. compound, 
postfixed with 4% buffered formaldehyde for 10 min at room temperature, washed again in 
PBS and boiled for 5 min in 10 mM Na-citrate (pH 6.0) to retrieve epitopes (15) and to 
inactivate endogenous alkaline phosphatase. After cooling to room temperature, sections were 
blocked in Teng-T (10 mM TrisHCl, 5mM EDTA, 150 mM NaCl, 0.25% (w/v) gelatin and 
0.05% (v/v) Tween-20, pH 8.0) for 30 min at room temperature and incubated overnight with 
the first antibody diluted in Teng-T (monoclonal anti-GS, 1: 1,500; Transduction 
Laboratories, Lexington, KY) and monoclonal anti-β-galactosidase (anti-β-gal), 1: 500; 
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Promega Benelux, Leiden, Holland). Incubations from which the first antibody was omitted, 
served as negative controls. After washing, the sections were incubated with a 1:100 dilution 
in Teng-T of goat anti-mouse IgG covalently coupled to alkaline phosphatase (Sigma, 
Zwijndrecht, The Netherlands), washed again and incubated with alkaline phosphatase 
substrate (NBT/BCIP, Roche, Almere, The Netherlands) (13) for 30 minutes.  
Paraffin-embedded sections 
Organs and tissues were dissected from chimeric neonates and two month-old mice, including 
liver, brain, intestine and kidney, fixed in 4% buffered formaldehyde overnight, embedded in 
paraffin and sectioned at 7 μm (13). To stain for the presence of GS in wild-type 
129P2/OlaHsd mouse blastocysts, 30 blastocysts were implanted into 0.5 cm segment of adult 
mouse uterus, of which both ends were tied, followed by standard fixation procedure. 
Thereafter, sections were deparaffinized, hydrated in graded ethanol solutions and PBS, 
subjected to antigen retrieval and further processed as described above. 
 
Glutamine synthetase activity assay.  
Tissues and organs were isolated from two month-old mice as described (3). The protein 
content of the lysates (mg/ml) was measured with the bicinchoninic acid reagent of Pierce 
(Rockford, IL, USA), using bovine serum albumin as a standard. The enzymic activity of GS 
was determined with the γ-glutamyltransferase assay as recently described (3), and expressed 
as nmoles product per minute per mg total protein at 37°C.  
 
RNA extraction and RT-PCR.  
Total RNA was extracted with Trizol (Sigma, Zwijndrecht, The Netherlands) from 10 cm2 of 
cultured undifferentiated ES cells. The total RNA concentration was determined 
spectrophotometrically at 260 nm. First strand cDNA was synthesized with 200 U Superscript 
II according to manufacturer's instructions (Invitrogen, Breda, The Netherlands). A total of 
3.5 μg of RNA and 40 pmol oligo-dT14VN was used in a 20 μL reaction volume (16). After a 
1:1 dilution with 2 mM Tris, 0.2 mM EDTA (pH 8.0), the first strand cDNA (0.5 μL) was 
used for PCR. The forward primer was located upstream of the targeting construct in GS exon 
I, whereas the reverse primers were located in the LacZ, GFP, or endogenous GS-coding 
sequence in exon II. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as 
internal control (Table 1). When reverse transcriptase was omitted in the cDNA synthesis 
reaction, no product was formed.  
 
Statistical analysis.  
The genotypes of the offspring of heterozygous GS+/LacZ intercrosses were analyzed with a 
Chi-square test per age group with Mendelian inheritance as expected distribution. The data 
from the experimental and control groups of chimeric and tetraploid embryos were analyzed 
with a Chi-square test. A difference was considered statistically significant at P<0.01. GS 
enzyme activity was tested for gender and genotype effects with a two-way analysis of 
variance (ANOVA) for each of 12 organs. A Bonferroni correction was applied and the 
effects were therefore considered statistically significant at P<0.004. Since no significant 
gender effects were observed (see ref also our earlier data (3), we pooled the data of males 
and females for both genotypes. Data are presented as mean ± SEM per group.   
 
Results 
 
Generation of GS+/LacZ mice 
The GS gene is transcriptionally active in E14IB10 ES cells (Figure 1 D). Therefore, we were 
able to generate GS+/LacZ ES cells by a promoter trap strategy, in which the GS coding 
sequence and 3’UTR of one allele were replaced in-frame with a β-galactosidase-neomycin-
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resistance fusion product via homologous recombination. Correct targeting was confirmed by 
RT-PCR using a forward primer in GS exon I upstream of the targeting construct and reverse 
primers in LacZ and GS, respectively (Figure 1 D). The same strategy was used to produce 
GSGFP/+ ES cells, in which the GS coding sequence is replaced by the Renilla green-
fluorescent protein (not shown).  
 
Two mouse lines, obtained from two independent GS+/LacZ ES clones, were phenotypically 
normal and fertile. We backcrossed the mice to the FVB background for >10 generations. 
Although the reduction in activity did not reach significance in all organs, the elimination of 
one functional allele (GS+/LacZ mice) resulted on average, in a 50% reduction of enzyme 
activity when compared to wild-type (Table 2). Only the colon and stomach of GS+/LacZ mice 
retained approximately 70% of the activity measured in GS+/+ mice. 
 
 
Table 2: GS enzyme activity in wild-type (GS+/+) and heterozygous (GS+/LacZ) mice. Enzyme activity was 
measured as γ-glutamyltransferase activity and expressed as nmoles per minute per mg protein at 37°C.  
 

GS+/+ GS+/LacZ 

Organ n Mean ± SEM n Mean ± SEM P-value 

epididymis 4 5623 ± 271 7 2738 ± 137 2.0E-07 
brain (cerebrum) 8 1234 ± 55 14 786 ± 15 4.8E-09 
brain (remainder) 8 910 ± 54 14 526 ± 21 1.8E-07 
white adipose tissue 8 989 ± 83 14 482 ± 52 2E-04 
brown adipose tissue 8 794 ± 22 14 435 ± 32 1.6E-07 
liver 8 717 ± 21 14 397 ± 12 1.4E-05 
testis 4 337 ± 12 7 130 ± 6 5.8E-05 
stomach-distal 8 328 ± 37 14 228 ± 17 0.033 
kidney 8 179 ± 6 14 99 ± 9 7.9E-07 
colon 8 62 ± 11 14 45 ± 3 0.177 
muscle 8 18 ± 4 14 8.6 ± 22 0.063 
jejunum 8 5.1 ± 2.0 14 1.5 ± 0.5 0.035 
 
 

Figure 2. Co-
expression of GS and 
LacZ in GS+/LacZ mice. 
Serial sections of organs 
of 2-month old GS+/LacZ 
mice were stained 
immunohistochemically 
for the presence of GS 
(A, C, E, G) and β-
galactosidase protein 
(B, D, F, H). The 
expression of β-
galactosidase and the 
endogenous GS showed 
co-localization in the 
pericentral hepatocytes 
of the liver (A, B), in 
the astrocytes of the 
cerebellum (C, D), in 
the enterocytes of the 
crypts of the small 

intestine (E, F), and in the S3 segment of the proximal contorted tubules of the kidney cortex (G, H). C: central 
vein; Co: cortex; OS: outer stripe; Me: medulla. Scale bar: A-F 200 μm. 



Glutamine synthetase in early embryos 

 37

We did not observe any phenotypic abnormalities in GS+/LacZ mice. Organs of GS+/LacZ mice 
were analyzed for expression of β-galactosidase and the endogenous GS protein. Figure 2 
shows overall co-localization of endogenous GS and β-galactosidase in the pericentral 
hepatocytes in the liver (panels A and B), the astrocytes in the brain (the cerebellum is shown 
in panels C and D), the enterocytes in the intestine (mainly in the crypts and goblet cells; 
panels E and F), and in the S3 segment of the proximal contorted tubules of the kidney cortex 
(panels G and H); see ref (3) for a more extensive description of GS expression). From these 
data we conclude that β-galactosidase expression in GSLacZ mice can be used as a marker for 
GS expression. 
 
GS knockout mice are embryonically lethal (Table 3) 
In a total of 95 offspring (3 weeks old) from heterozygous intercrosses, 33 (35%) were wild 
type and 62 (65%) were heterozygous, but no GSLacZ/LacZ homozygotes were found (Table 3). 
Similarly, no mice with GSLacZ/LacZ genotype were detected as neonates or as ED9.5 embryos. 
Interestingly, at ED3.5 (blastocyst stage), 9 out of 125 embryos (7%) were genotyped as 
GSLacZ/LacZ (Figure 1 C), which is still significantly lower than the expected 25% according to 
Mendelian inheritance (Chi-square test: P=0.00002; Table 3). These results show that GS-null 
embryos die prior to implantation. Figure 3, panels A and B shows the staining of wild-type 
blastocysts in mouse uterus for the presence of GS. GS is expressed both in the inner cell 
mass and in the trophectoderm. The expression pattern was consistent with the results of 
whole mount X-gal staining for β-galactosidase expression in GS+/LacZ / GSLacZ/LacZ morulae 
and blastocysts (Figure 3, panels D and E). Figure 3F shows a blastocyst with the zona 
pellucida still intact, but with the inner cell mass displaying decaying cells with a few 
remaining blue-staining, LacZ-positive spots. GS-null mutants were never found after ED3.5 
(Table 3), which indicates GS expression is required and essential in vivo at this early 
embryonic stage.  

 
 Figure 3. LacZ and 
GS expression in 
blastocysts. Panels A-
C: Serial sections of 
wild-type blastocysts 
collected in the cavity 
of an adult uterus were 
stained for the presence 
of GS protein. GS is 
also expressed in the 
endometrial epithelium 
(3). Panels A1-B2 show 
higher magnifications of 
the embryos indicated 
by arrows in panels A 
and B. Panel C: control 
incubation of serial 
section to panel B. 
Panels D-F: ED3.5 
embryos from GS+/LacZ 
intercrosses were 
analyzed by whole-
mount staining for β-
galactosidase activity. 
Panel D shows β-
galactosidase activity in 

a morula stage, while panel E shows staining in both the inner cell mass and trophectoderm. Panel F shows a 
dying blastocyst. Red arrows: blastocysts; ICM: inner cell mass; TE: trophectoderm; ZP: zona pellucida. Scale 
bars: A-C: 100 μm; A1-F: 25 μm. 
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Table 3. Distribution of genotypes of offspring from GS+/LacZ intercrosses. The chi-square test was used to 
examine if the observed number of offspring with the -/- genotype differed from the expected Mendelian 
inheritance distribution (a: P=0.0000001, b: P=0.0003, c: P=0.03 and d: P=0.00002).  
 
 
 
 
 
 
 
 
 
 
 
 
GSLacZ/LacZ

 embryonic cells can be rescued by glutamine supplementation.  
To investigate if the early embryonic lethality associated with the GSLacZ/LacZ genotype was 
confined to embryos and would not occur if embryonic GSLacZ/LacZ cells were given access to 
external glutamine, we isolated embryos from heterozygous intercrosses at ED2.5. After 
removal of the zona pellucida, the specimens were cultured in medium with 2 mM L-
glutamine for 6 days, prior to genotype analysis. A total of 48 embryos including 43 morulae 
and 5 blastocysts were cultured. In the first two days of culture, most of them still kept their 
shapes as spheres and some of them developed into blastocysts with the trophoblasts lying 
outside. Thereafter, they flattened out, attached to the culture plates, and developed 
outgrowths, including distinct cell clumps on top of a monolayer of the trophoblast giant cells 
(Figure 4). For 29 of them a genotype analysis was possible: 13 were wild type, 12 GS+/LacZ 
and 4 GSLacZ/LacZ (14%). No growth or morphological differences were observed among the 
three groups of embryonic cell cultures. The results demonstrate that ED2.5 GS-null mutant 
cells derived from the 
trophoblast (the giant cells) and 
from the embryoblast (the 
small cells) were capable of 
proliferation and could not be 
distinguished from either 
GS+/LacZ or GS+/+ embryos 
during in vitro culture in the 
presence of glutamine.  
 
Figure 4. In vitro cultivation of 
ED2.5 embryos. E2.5 embryos were 
isolated from GS+/LacZ intercrosses and cultured in 96-well plates. Pictures were taken on a daily basis with a 
Leica DMIRE2 inverted microscope. ICM: inner cell mass; TGC: trophoblast giant cells. Scale bars: 50 μm. 
 
Generation of GSGFP/LacZ chimeras 
The conclusion that glutamine supplementation allows GSLacZ/LacZ embryonic cells to survive 
implies that GSLacZ/LacZ cells should also survive in chimeric embryos. In other words, we 
predicted that GS deficiency would not confer a cell-autonomous inability to survive in vivo. 
In order to obtain GS-/- ES cells, we disrupted the remaining GS allele in GSGFP/+ ES cells with 
the β-galactosidase-neomycin resistance fusion gene, that is, the LacZ targeting vector. 
Among 64 neomycin-resistant clones obtained, we found 34 (55%) homologous 
recombinations, of which 17 were of the GS+/LacZ and 17 of the GSGFP/LacZ genotype 
(determined by long PCR on both ends, data not shown). The equal distribution of these 2 

0 62 (65) 33 (35) 95 At weaninga 

no. offspring with genotype (%) Total no. Age 

0 14 (67) 7 (33) 21 ED 9.5c 

9 (7) 76 (61) 40 (32) 125 ED 3.5d 

Neonatesb  0 33 (69) 15 (31) 48 

-/- +/- +/+ 



Glutamine synthetase in early embryos 

 39

genotypes indicates that GSGFP/LacZ ES and GS+/LacZ clones have the same viability. We 
continued with three GSGFP/LacZ ES clones, all with no detectable GS mRNA by RT-PCR 
(Figure 1D).  
 
Wild-type blastocysts injected with GSGFP/LacZ ES cells were implanted into pseudopregnant 
females and allowed to develop. GS+/LacZ ES cells served as controls. The LacZ reporter gene 
in both GSGFP/LacZ and GS+/LacZ ES cells was used to trace ES cell-derived cells in chimeric 
embryos. Table 4 shows that injection of 194 blastocysts with GSGFP/LacZ cells resulted in 36 
(19%) live embryos, whereas injection of 279 blastocysts with GS+/LacZ cells resulted in 71 
(25%) live offspring. Of the GSGFP/LacZ injected blastocysts, only 9 (5%) contained 
recombinant cells at harvest, whereas this number was 31 (11%) for the GS+/LacZ injected 
blastocysts. The approximately 2-fold lower survival of GSGFP/LacZ cells compared to GS+/LacZ 
cells in blastocysts in vivo was statistically significant (P=0.013; Table 4) and demonstrates 
that the capability to generate viable chimeras is lower for GSGFP/LacZ than for GS+/LacZ ES 
cells. On other words, GSGFP/LacZ ES cells have a 2-fold lower chance to survive in host 
blastocysts than GS+/LacZ ES cells. Figure 5, panels A-F shows whole mount β-galactosidase 
(X-gal) staining of ED12.5 and ED16.5 embryos. The chimeric embryos displayed a range of 
low to a high-degree of chimerism, judged by X-gal staining (Figure 5 A-C), and were 
comparable in GSGFP/LacZ and GS+/LacZ chimeric embryos. Histological analysis of ED12.5, 
ED16.5 and postnatal day 4 GSGFP/LacZ chimeras did not reveal any obvious morphological 
abnormalities, even when a high degree of chimerism was present (Figure 6). Furthermore, 
the morphological features of the limb buds, gut, neuronal structures and vasculature were 
appropriate for the stage of development (17). GSGFP/LacZ-derived LacZ-positive cells were 
found in nearly all tissues/organs examined, including brain, choroid plexus, spinal cord, 
salivary glands, heart, lung, liver, stomach, pancreas, small intestine, colon, kidney and 
adrenal (Figure 6). This distribution of LacZ-positive cells is consistent with the normal 
distribution of GS-positive cells in non-chimeric littermate embryos (e.g. Figure 6H); see also 
previous studies (18, 19). Immunohistochemistry on serial sections of chimeric embryos 
showed that the GS-positive wild-type cells (GS+/+) had a complementary distribution pattern 
to LacZ-positive cells (GSGFP/LacZ) (e.g. Figure 6, panel B vs C, panel E vs F, and panel D vs 
G). The contributions of mutant cells in many different lineages clearly showed that the 
consequences of GS deficiency was either not detrimental in many organs or was 
compensated for by surrounding wild-type cells.  
 
Table 4. Summary of GSGFP/LacZ and GS+/LacZ mouse chimera production. A Chi-square test was used to 
compare the recovery of blastocysts injected with GSGFP/LacZ or GS+/LacZ ES cells and containing ("chimeric") or 
not containing ("non-chimeric") descendants of these cells at recovery. a: P=0.9 (27 out of 194 and 40 out of 
279); b: P=0.013 (9 out of 194 and 31 out of 279). 
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Figure 5. Whole-mount 
staining of GSGFP/LacZ 
chimeras for β-galactosidase 
activity. Embryos were 
recovered at ED12.5 (A-D) and 
ED16.5 (E, F). Panels A-C and 
E: embryos containing 
GSGFP/LacZ cells. Panels D and 
F: non-chimeric littermates. An 
incision into the anterior 
abdominal wall was made to 
allow penetration of the fixative 
and X-gal staining solution. 
Scale bars: 2 mm. 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 6. The in 
vivo distribution 
of GSGFP/LacZ cells 
in ED 16.5 
chimeras. Serial 
cryostat sections 
of an ED16.5 
GSGFP/LacZ chimera 
(A-G) and a non-

chimeric 
littermate (H) 
were stained for 

β-galactosidase 
enzyme activity 
and GS protein. In 
the chimera (A, 
D), GSGFP/LacZ 
cells (blue) were 
present in brain, 
spinal cord, 
salivary gland, 
heart, lung, liver, 

stomach, 
pancreas, small 
intestine, colon, 
kidney, adrenal 
and muscle. 
Panels B and C 

are a magnification of the boxed area in panel A and show the choroid plexus hanging in the 4th brain ventricle. 
Panels E and F are a magnification of the boxed area in panel D and show the liver. The chimeric embryo shows 
a complementary staining pattern of β-galactosidase and GS (B vs C; E vs F; D vs G), whereas the non-chimeric 
embryo (panel H) shows a normal distribution of GS-positive cells. A: adrenal; C: cerebellum; Co: colon; H: 
heart; I: small intestine; K: kidney; Lu: lung; L: liver; M: muscle; Me: mesencephalon; My: myelencephalon; P: 
pancreas; R: rhinencephalon; S: salivary gland; St: stomach; SC: spinal cord; T: tongue; Te: telencephalon; V: 
vertebrae. Scale bars: A, D, G, H: 500 μm; B and C: 100 μm; E and F: 25 μm. 
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Generation of GSGFP/LacZ "ES" embryos 
After having demonstrated the survival of GSGFP/LacZ chimeras to the neonatal stage as 
opposed to the early embryonic lethality of GS-null mice (ED3.5), we tested the viability of 
embryos generated entirely from GS-deficient ES cells. For this we used the ES-tetraploid 
complementation approach, in which the wild-type tetraploid cells are excluded from the 
embryonic lineages, but support inner cell mass development of compromised ES cells (20). 
Figure 7A shows that, judging by the number of decidual reactions, there is no difference in 
implantation efficiency between GSGFP/LacZ and GS+/+ ES-embryos at ED9.5 (16 out of 
371=4.3% and 8 out of 298, =2.7%; P=0.26). However, we did not recover any viable 
GSGFP/LacZ ES embryo at ED9.5 (0 out of 16), which is significantly lower than of the control 
group (2 out of 8, 25%) (P=0.037). We noticed that one implantation in the GS-deficient 
group resulted in a dead embryo, in which the heart had developed to ED8.5 (Figure 7-B1; 
staging according to Theiler (21)). PCR genotype analysis of this heart tube and the 
corresponding placental tissues showed contribution of both GSGFP/LacZ and tetraploid cells to 
both organs (Figure 7-B2).  

 
Figure 7. Survival of 
GSGFP/LacZ "ES" 
embryos at ED9.5. 
Aggregates of 
GSGFP/LacZ or GS+/+ ES 
cells and tetraploid 4-
cell stage 
B6D2F1/J@Rj embryos 
were introduced into the 
uterus of 
pseudopregnant mice. 
Panel A: Implantation 

frequency estimated as the number of decidual reactions in the uterus and survival at ED9.5. A chi-square test 
was used to compare the efficiency of implantation and survival: "a": P=0.26 (16 out of 371 and 8 out of 298) 
and "b": P=0.037 (0 out of 16 and 2 out of 8). Panel B: Heart of dead GSGFP/LacZ ES embryo (panel B1; 
developmental stage: ED8.5) that contained both GSGFP/LacZ cells (LacZ-positive) and tetraploid wild-type cells 
(GS-positive; panel B2). Abbreviations: h: heart DNA; p: placental DNA of the same embryo. 
 
 
Discussion 
 
We report the generation of a constitutive GS deletion in the mouse and established that GS 
already becomes essential in the blastocyst stage of embryonic development. If this finding 
can be extrapolated to human development, it explains why a complete deficiency of GS has 
not yet been reported.  
 
To facilitate the analysis of GS deficiency in developing mice, we replaced the coding 
sequence of the GS gene with that of the LacZ reporter gene. Both our histochemical and 
biochemical data showed that this reporter gene accurately and reliably mimicked the spatio-
temporal expression pattern of the GS gene. Immunohistochemical analysis of GS+/LacZ mice 
showed overall co-localization of β-galactosidase and endogenous GS, which shows that 
introns 2-6 and the GS 3’ UTR do not affect the pattern of expression of GS. GS+/LacZ mice 
showed on average a 50% reduced GS enzyme activity in different organs when compared to 
wild-type mice, showing that both GS alleles are transcriptionally active. This finding is in 
apparent contrast with that in two human infants, in whom mutations in the C-terminus of GS 
strongly decreased specific enzyme activity and increased cellular GS protein content (4). 
This difference probably reflects the fact that we completely eliminated expression from one 
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allele, whereas the point mutations in the human patients allowed expression of the affected 
allele and perhaps even stabilized the resulting protein. In any case, our findings do not appear 
to support the hypothesis that a decrease in cellular GS activity induces an increased 
expression of the gene to compensate for the loss in enzyme activity. 
 
Viability of GS-deficient cells 
We did show that ED2.5 GSLacZ/LacZ

 embryonic cells survived in vitro, if they were provided 
with glutamine (Figure 4). Similarly, the equal number of GS+/LacZ and GSGFP/LacZ ES clones 
that were obtained during targeting the second GS allele in GS+/GFP ES cells was in agreement 
with the prediction that the LacZ-targeting construct had the same chance of targeting the 
wild-type or GFP-knockin allele if both GS heterozygous and knockout cells would survive in 
glutamine-containing medium. Moreover, we observed that GS-/- did not behave in a cell-
autonomous manner in chimeric embryos (Figures 5 and 6). Our finding that GS is 
dispensable for cells that have access to external glutamine differs from the apparent inability 
to culture fibroblasts derived from two congenitally GS-deficient human infants (4). Whatever 
the reason for this latter observation, our culture data do indicate that GS-deficient embryos 
die due to the metabolic effects of GS activity, that is, insufficient access to glutamine or 
toxicity of ammonia or glutamate.  
 
Efforts to grow GS-deficient embryos by maintaining them in an environment that would 
presumably take care of their glutamine supply or their ammonia detoxification showed that 
the environment in the blastocyst differs profoundly from that in the Petri dish. Thus, we 
noted that GSGFP/LacZ ES cells had an approximately 2-fold reduced chance to generate viable 
chimeras compared to GS+/LacZ ES cells (Table 4). Furthermore, we noted that none of the ES 
embryos made by fusing tetraploid wild-type blastomeres and diploid GS-deficient ES cells 
survived to ED9.5. In such "ES" embryos, the trophectoderm and hypoblast derive from wild-
type tetraploid cells, whereas these tetraploid cells should not thrive in the epiblast lineage 
(20). Together, these data indicate that embryos with a GS-deficient inner cell mass do not 
survive, even if GS is present in the surrounding (tetraploid) trophectoderm. Because we were 
able to produce embryos with both a high and a low degree of chimerism for GS-deficient 
cells - one embryo with >90% blue cells in GS-expressing tissues, including the brain, 
survived to ED16.5 and did not develop the brain malformations that were found in GS-
deficient human infants (4) (Figure 6) -, only few wild-type cells were apparently necessary to 
allow a chimeric embryo to survive. We therefore attribute the recovery of a single, severely 
retarded ED8.5 ES embryo to the fact that its inner cell mass did harbour tetraploid wild-type 
cells (Figure 7). The participation of wild-type tetraploid cells in the formation of ES-embryos 
has been reported and can amount to 10-50% of the embryo's cells in liver, lung and heart of 
ED18.5 embryos (22).  
 
What causes death in GS-deficient embryos at ED3.5? 
Table 3 clearly shows that GS-/- embryos are dying off at ED3.5, that is, when the embryo 
moves from the oviduct into the uterine lumen and transits to the blastocyst stage of 
development. This finding demonstrates that GS enzyme activity becomes essential in vivo at 
this early embryonic stage. In accordance, our immunohistochemical data show that GS is 
expressed in both the inner cell mass and the trophectoderm of mouse blastocysts (Figure 3). 
The question therefore arises whether substrate toxicity (ammonia or glutamate) or product 
shortage (glutamine) causes embryonic death. Major changes in the environment of the 
embryo when it moves from the oviduct into the uterus, are a 2-fold decline in the 
concentration of glucose and most amino acids (23). In view of the fact that glucose is the 
major energy source of the blastocyst (24), the decline in ambient glucose concentration in 
passing from the oviduct to the uterus is striking and suggests that alternate energy sources 
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are used, with amino acids as obvious candidates. In this respect, the 3-fold decline in 
concentration of ambient glutamine (23) is remarkable, because it is reported that the addition 
of amino acids, in particular glutamine, to the culture medium of embryos in vitro improves 
their development (25).  
 
The blastocyst consumes almost exclusively glutamate, aspartate, serine, arginine, and glycine 
(together approximately 6.5pmol/embryo.h) and produces alanine and glutamine (together 
approximately 2pmol/embryo.h) (26). Assuming ~10 ng protein/embryo and ~2.5 cell 
divisions/day, it can be calculated that approximately 3pmol/embryo.h is used for protein 
synthesis in the blastocyst.  Furthermore, ammonia production in mouse blastocysts amounts 
to approximately 1pmol/embryo.h (27). This production of ammonia does not affect embryo 
development, but further accumulation has detrimental effects on many aspects of embryo 
physiology, including reduced blastocyst cell number, decreased development of the inner cell 
mass, perturbed metabolism, impaired intracellular pH regulation and altered gene expression 
(28). Because glutamine and alanine are well-known amino-carriers, their net production 
implies that both alanine aminotransferase and glutamine synthetase apparently function to 
avoid the accumulation of toxic amounts of free ammonia due to amino-acid catabolism. The 
data therefore indicate that glutamine is used as an amino-carrier rather than a fuel in the 
mouse blastocyst and that the alanine aminotransferase route alone does not suffice to 
detoxify all the ammonia produced. In aggregate, these considerations favor ammonia 
accumulation as the cause of death of the GS-deficient blastocysts. Our findings therefore 
question the benefits of adding extra glutamine to embryo culture media (25, 29). 
 
Conclusion 
 
GS-deficient mice die at ED3.5, unequivocally demonstrating that GS carries out an essential 
function at that developmental stage. We hypothesize that the transition from the tube into the 
harsher uterine environment forces the embryo to catabolize amino acids to generate energy 
and that the resulting ammonia production requires GS activity for detoxification. The 
survival of heavily chimeric mice up to at least ED16.5 suggests that after implantation, GS 
activity is not essential until at least the fetal period.  
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Abstract 
 
Glutamine synthetase (GS) functions to remove ammonia or glutamate, and to produce 
glutamine. GS expression in astrocytes is thought to form a key link in the "glutamine-
glutamate cycle", but this function has not been tested experimentally in vivo. Astrocyte-
specific elimination of GS was accomplished by crossing GS-flox mice with glial fibrillary-
acidic protein (hGFAP)-Cre mice. Cretg/-/GSfl/LacZ (GS-KO/A) mice were born without 
morphological abnormalities, but failed to grow and died within 3 days. The null allele was 
detected only in brain tissues. Cellular morphology (Nissl stain), cell death (active Caspase-3 
and Fluoro-Jade staining), and energy levels (AMP-kinase phosphorylation) in the cortex did 
not differ from controls until death. No correlations were observed between plasma and brain 
amino-acid levels in control or in GS-KO/A mice, indicating that brain and plasma behaved 
as separate metabolic compartments. Within the brains of control animals, however, amino-
acid concentrations varied in a coordinated way, suggesting that an integrated metabolic 
network had developed. In GS-KO/A brains, glutamate, glutamine, and alanine, and glycine 
were uncoupled from this metabolic network. Brain glutamine levels were depressed in GS-
KO/A mice from ED18 onward. Immediately post partum, brain alanine levels transiently 
increased, suggesting the temporary presence of an alanine-glutamate cycle. The postnatal 
activation of glutamate-dependent neurotransmission in the cortex was accompanied by steep 
rises in the concentrations of glutamine, glutamate and alanine between ND1 and ND2. Death 
of GS-KO/A mice was, instead, preceded by a dramatic decline in the cortical concentration 
of glutamine and alanine, and an accumulation of ammonia and glycine.  
 
 
Abbreviations: CNS: central nervous system; ED: embryonic day; GS: glutamine synthetase 
(EC 6.3.1.2); GS-KO/A mice: hGFAPCretg/-/GSfl/LacZ mice; GLS1: Phosphate-activated 
glutaminase; ND: neonatal day 
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Introduction 
 
Glutamine synthetase (GS; EC 6.3.1.2) is expressed in a developmentally controlled, tissue-
specific manner. The enzyme is expressed in all species investigated (1, 2). A complete 
deficiency has not been reported, but recently two human neonates with considerable 
congenital loss of GS enzyme activity and brain malformations were reported (3).  
 
In the central nervous system (CNS), GS is predominantly expressed in astrocytes (4, 5), but 
also at a lower concentration in oligodendrocytes (6-9). In mouse brain, GS expression first 
appears at ED12.5 (10). Concomitant with the perinatal transition of astrocyte proliferation to 
differentiation (11, 12), GS mRNA content in the brain increases to adult levels around 
weaning (13, 14). Highest GS expression levels are found in the hippocampus and cortex, and 
the lowest in the brain stem, deep cerebellar nuclei and spinal cord (4).  
 
Astrocytes take up the neurotransmitter glutamate from the synaptic cleft mainly via the high 
affinity glutamate transporters EAAT-1 and -2 and metabolize it to glutamine. Glutamine is 
then transferred via system N and A transporters (SNATs, (15)) from astrocytes to neurons, 
where it serves as substrate for glutaminase to produce glutamate (the “glutamine-glutamate 
cycle”) (16, 17). In addition to this physiological function, GS may mediate the deleterious 
effects of chronic hyperammonemia on brain function (18). Although these findings and the 
effects of mutations in the gene suggest a role for GS in brain morphogenesis and function, 
such a direct role has not been demonstrated, to the best of our knowledge, by selectively 
inactivating the gene in the CNS of an animal model.  
 
In the present study, we investigated whether and, if so, when in life the "glutamine-glutamate 
cycle" between astrocytes and neurons becomes essential by inactivating GS expression in the 
astrocytes of (mouse) brain only. A conditional knockout (floxed) allele of GS was generated 
by flanking the entire coding sequence of GS with loxP sites (19, 20). Astrocyte-specific 
elimination of GS was mediated by crossing GS-flox mice with transgenic human glial 
fibrillary acidic protein (hGFAP)-Cre mice (21). hGFAP-Cre expression occurs as early as 
ED13.5 and is essentially limited to the CNS (21). hGFAP-Cre is also expressed in the 
ependymal stem cells (21), but the transient expression of Cre in these precursors of both glial 
and neuronal cells does not bring about biological effects, because GS is not expressed in 
neurons. Although both GFAP and GS are well-established astrocyte marker proteins (22-24), 
marked differences in expression occur in the striatum (relatively high GS and low GFAP 
expression) and in the spinal cord (low GS and high GFAP expression) (25). In agreement, 
we did not achieve a complete Cre/loxP-mediated deletion of GS expression in the CNS. 
Nevertheless, hGFAP-Cre-mediated deletion of GS in the CNS prevented postnatal growth 
and caused death within 3 days after birth. Death was associated with a decline in the 
concentration of glutamine and alanine, and an accumulation of ammonia and glycine in the 
brain.  
 
Materials and methods 
 
Mice 
Mice were maintained on a 12-hour light/12-hour dark cycle with free access to water and 
food. The duration of pregnancy was counted from the detection of a vaginal plug in the 
morning, which was set at 0.5 days. The studies were carried out in accordance with Dutch 
guidelines for the Care and Use of Laboratory Animals and approved by the AMC 
supervisory committee. 
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Construction of targeting vector 
Fourteen Kb of the mouse GS gene (Glu1, MGI: 95739), from intron 1 at position 763 
(relative to transcription start site) to 5Kb downstream of exon VII, was subcloned from a 
genomic clone (#7026; strain 129; in P1 plasmid; Genome Systems Inc., St. Louis, Missouri 
USA). The upstream loxP site (loxP1) was introduced between the BamHI and EcoRI 
restriction sites at the 3’ end of intron 1, with inactivation of both BamHI and EcoRI (Figure 
1A). A PGKneo-PGKtk dual selection cassette flanked by two frt sites (20, 26) and the 
second loxP site (frt-PGKneo-PGKtk-frt-loxP2) was inserted between the PacI and AvrII 
restriction sites at 600 bp downstream of exon VII. The targeting construct was linearized by 
digestion with restriction enzymes Sgf I and Fse I. The construct included 38 bp vector 
sequence upstream of the 5’ homologous GS end for screening purposes. 
 
Generation of GSfl/+ ES cells and GS conditional knock-out mice 
ES cells (line E14IB10, derived from a 129/Ola mouse) were cultured on γ-ray-irradiated 
mouse embryonic fibroblast feeder cells in Glasgow MEM BHK-21 medium (GIBCO BRL 
Life Technologies, Breda, The Netherlands), supplemented with 10% fetal bovine serum 
(Intergen Co. Purchase, NY), 2mM L-glutamine, 1mM sodium pyruvate, 1 × nonessential 
amino acids (GIBCO BRL), 0.1 mM β-mercaptoethanol and 1,000 U/mL leukemia inhibitory 
factor (ESGRO; Chemicon International Ltd; Harrow, UK). 
 
The construct (25-30 μg) was electroporated into 1.3*107 ES cells, followed by G418 
selection (200 μg/mL). A total of 768 G418-resistant colonies were PCR-screened for the 
presence of the 38 bp vector sequence (which identifies random integrations), loxP1 and frt-
PGKneo-PGKtk-frt-loxP2. The 5’ arm of the targeting vector in 181 clones that were positive 
both for loxP1 and frt-PGKneo-PGKtk-frt-loxP2, but negative for the vector sequence were 
amplified by “long” PCR (Expand long template PCR kit, Roche, Almere, The Netherlands) 
with a forward primer in GS intron 1, upstream of the targeting construct, and a reverse 
primer in GS intron 2. The resulting products were characterized by restriction mapping (the 
targeted allele should no longer contain an EcoRI site). All primer sequences are listed in 
supplementary Table 1. Out of 18 clones showing PCR products with and without the EcoRI 
modified allele, 8 were correct based on Southern-blot analysis with 5’ and 3’ external probes, 
and with an internal probe to exclude the possibility of additional integration events (Figure 
1B). Pre-screening clones by PCR had effectively reduced the number of laborious Southern-
blot analyses more than 40-fold. 
 
The frt-flanked PGKneo-PGKtk cassette was removed by transient transfection of 1.3*107 

cells with 25 μg supercoiled DNA of the FLPe expression vector pCAGGS-FLPe (27). The 
cells were grown for 2 days without selection pressure to allow recombination and the 
degradation of thymidine kinase. On day 3, the cells were plated at low density (2.5*105) and 
subjected 24h later to 4 days of 5 μM cymevene (Ganciclovir) selection to remove cells 
containing the PGKneo-PGKtk cassette. Resistant colonies were maintained in medium 
without selection pressure. The deletion of the selection marker in the resistant colonies was 
confirmed by PCR analysis showing a single frt and the loxP2 site (primer set: Flpe excision, 
see supplementary Table 1). After karyotyping, two independent GSfl/+ ES clones were 
injected into C57BL/6 blastocysts. These blastocysts were transferred to pseudopregnant BDF 
foster mothers (Harlan, The Netherlands) (28). Chimeric male mice were bred with GS+/LacZ 
FVB females (heterozygous GS knockout mice with one GS allele replaced in-frame by the β-
galactosidase reporter gene; (10)).  
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Figure 1. Targeting strategy and molecular analysis of recombinant ES cells and conditional GS knockout 
mice. (A) Gene targeting scheme (drawn to scale). The upstream loxP1 site was introduced between BamHI 
and EcoRI at the 3’ end of intron 1 and resulted in inactivation of both restriction sites. A PGKneo-PGKtk dual 
selection cassette flanked by two frt sites and loxP2 were inserted between PacI and AvrII at 600 bp downstream 
of exon VII. The arrow/ATG sign indicates the translation start site. 763: position from the transcription start site 
in the mouse GS gene. Exons are indicated as open boxes, loxP sites as grey triangles and frt sites as grey boxes. 
The position of the restriction sites (A: AvrII; B: BamHI; E: EcoRI; K: KpnI; N: NheI; P: PacI) and primers 
(black triangles 1-8; the corresponding primer sequences are listed in supplementary Table 1) is also indicated. 
(B) Southern blot of recombinant ES cells. DNA from independently targeted ES clones was digested with 
EcoRI. With 5’ and 3’ external probes, Southern-blot analysis yielded two distinct sets of bands: 3.8 kb (wild-
type allele) and 8.2 kb (targeted allele); or 7.5 kb (wild-type allele) and 12.3 kb (targeted allele). With the Neo 
probe, only a single band of 12.5 kb (targeted allele) was found. Probes are indicated in panel A as black boxes. 
(C) Genotypes of offspring. GSfl/fl, GS+/LacZ and Cre-mice were intercrossed and analyzed by PCR.  
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Generation of tissue-specific GS-deficient mice 
GS expression in brain tissue was eliminated employing a tri-transgenic breeding scheme. 
hGFAP-Cre transgenic mice (Cretg/-/GS+/+), in which the Cre gene is driven by the human 
glial fibrillary acidic protein promoter (21), were crossed with GS+/LacZ mice to obtain Cretg/-

/GS+/LacZ mice. These mice were bred in turn with either GSfl/LacZ or GSfl/fl mice to produce 
offspring that carried GSfl/LacZ, Cretg/-/GS+/LacZ, or Cretg/-/GSfl/LacZ alleles. Mice with an 
astrocyte-specific GS deficiency (Cretg/-/GSfl/LacZ) are designated GS-KO/A mice, whereas 
Cretg/-/GS+/LacZ mice are control mice. The pups were analyzed for their genotypes by PCR 
amplification of toe DNA using primer sets for Flpe excision, LacZ and Cre as listed in 
supplementary Table 1.  
 
Genomic characterization of Cre-mediated excision of GS  
Genomic DNA of different tissues and organs from GS-KO/A mice was analyzed by PCR. 
The intact floxed allele yields a 451 bp product with the LoxP1 primer set, whereas Cre 
excision yields a 317 bp product. Primer composition is shown in supplementary Table 1 and 
Figure 1. 
 
Glutamine synthetase activity assay 
Organs were isolated from two month-old mice. Protein content in the lysates (mg/mL) was 
measured with the bicinchoninic acid reagent (Pierce, Rockford, IL, USA), using BSA as a 
standard. GS enzymic activity was determined at 37 °C with the γ-glutamyltransferase assay 
(29), as recently described (9) and expressed as nmoles product/min.mg protein. 
 
GS mRNA assay 
Total RNA was extracted from frozen brain tissues with Trizol (Invitrogen, The Netherlands). 
First strand cDNA was transcribed as described (30). PCR amplification and analysis were 
carried out using the LightCycler™ with software version 3.0 (Roche). The data were 
analyzed using LinRegPCR (31). Primers are listed in supplementary Table 1. If reverse 
transcriptase was omitted, no product was formed. GS mRNA levels were expressed relative 
to 18S RNA content.  
 
Histology 
Embryos and neonates were dissected, fixed in 4% buffered formaldehyde overnight at 4°C, 
embedded in paraffin and sectioned at 7 μm (32). The general histology was assessed after 
Nissl staining. Fluoro-Jade staining was performed to show dying neurons (33). Briefly, 
deparaffinized and hydrated brain sections were incubated in 0.06% KMnO4 for 15 min while 
gently shaking, followed by 0.001% Fluoro-Jade staining solution (Histo-Chem, Inc. 
Jefferson, Arkansas USA) for 30 min and distilled water washes. The sections were dried in 
air and mounted using DPX (BDH laboratories, Poole, England). 
 
For immunohistochemistry, deparaffinized and hydrated sections were autoclaved for 5 min at 
120°C in 10 mM Na-citrate (pH 6.0) to retrieve epitopes (34) and to inactivate endogenous 
alkaline phosphatase activity. The sections were blocked in Teng-T (10 mM TrisHCl, 5 mM 
EDTA, 150 mM NaCl, 0.25% (w/v) gelatin and 0.05% (v/v) Tween-20, pH 8.0) for 30 min, 
incubated overnight at room temperature with the first antibody diluted in Teng-T 
(monoclonal anti-GS (1: 1,000, Transduction Laboratories USA, Lexington, KY); monoclonal 
anti-β-galactosidase (1: 500, Promega Benelux, Leiden, The Netherlands); polyclonal anti-
GFAP (1:500, Dakocytomation, Glostrup, Denmark); polyclonal anti-active caspase 3 (1:500, 
R&C, UK)). Incubations from which the first antibody was omitted served as negative 
controls. After washing, the sections were incubated with goat anti-mouse (1:100, Sigma, 
Zwijndrecht, The Netherlands) or goat anti-rabbit IgG (1:200, Dako, Amsterdam, The 
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Netherlands), covalently coupled to alkaline phosphatase (Sigma) in Teng-T, washed again 
and incubated with alkaline phosphatase substrate (NBT/BCIP, Roche) for 30 min (32).  
 
For visualization of the Cre specificity, hGFAP-Cre mice were crossed with R26R-lacZ 
reporter mice (35). X-gal histochemistry on frozen sections of brain from hGFAP-cre/R26R-
lacZ bitransgenic progeny was performed as described (32). 
 
Determination of ammonia and amino-acid concentrations 
Blood ammonia concentrations were determined immediately after collection of trunk blood 
with the ammonia checker II (Type AA-4120; Kyoto Daiichi Kagaka Co., Japan). The 
ammonia concentration in cortex was determined enzymatically. Approximately 15 mg tissue 
was homogenized by vortexing for 30 sec at medium speed in 250 μL 2% trichloroacetic acid 
containing 100 mg glass beads (1 mm diameter). Ammonia was measured in the supernatant 
as glutamate dehydrogenase-dependent NADH production on a COBAS-FARA. 
 
After decapitation, trunk blood was collected in heparin-containing tubes and centrifuged at 
14,000 rpm for 5 min at 4°C. For the determination of the free amino acids, 10 μL of plasma 
was added to 0.8 mg of lyophilized sulphosalicylic acid, centrifuged, and the supernatant was 
stored at -80°C. Cerebral hemispheres were frozen in liquid nitrogen and stored at -80°C. 20-
50 mg of tissue was added to 250 μL of a 2.5% sulphosalicylic acid solution, containing 100 
mg glass beads. The tissue was homogenized for 30 sec at maximum speed on a vortex 
machine, centrifuged, and the supernatant was stored at -80°C. The acid plasma and brain-
tissue supernatants were used for amino-acid analysis using a gradient reversed-phase HPLC 
system with precolumn derivatization with o-phtalaldehyde (Pierce) and 3-mercaptopropionic 
acid (Sigma), and fluorescence detection (36). Separation was done using an Omnisphere 3 
C18 column (Varian, Middelburg, The Netherlands).  
 
Phosphorylation of AMPKinase  
Phosphorylation of AMPKinase was determined in the cortex (~10 mg wet weight). Tissue 
was homogenized in 20 mM Tris.HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 
1% Nonidet-P40, 2.5 mM Na4P2O7, 1 mM Na3VO4, 20 mM NaF, 1 μg/mL leupeptin, 1 
mg/mL PMSF, 1 μg/mL aprotinin, and sonicated for 30 sec. Protein in the supernatant was 
quantified with the bicinchoninic acid reagent (Pierce), resolved by SDS-PAGE, and 
transferred onto PVDF immobilon-P transfer membrane (Millipore Corporation, Bedford, 
MA). The membrane was checked for equal loading by amidoblack staining and blocked with 
5% nonfat milk in 50 mM Tris-HCl (pH 7.5), 0.15 M NaCl and 0.1% (v/v) Tween-20. The 
membranes were probed for the presence of GS and GFAP using the antibodies mentioned 
earlier. Polyclonal anti-AMPKα and anti-phospho-AMPKα were from Cell Signalling 
Technology (Beverly, MA). Immune complexes were visualized with LumiLightPlus 
(Roche). Chemiluminescence was quantified with the Lumi-Imager (Roche).  
 
Statistical analysis 
GS activity was tested for gender and genotype effects with a two-way analysis of variance 
(ANOVA) for each of 12 organs. A Bonferroni correction was applied and the effects were 
therefore considered statistically significant at P<0.004. As found previously (9), no 
significant gender effects were observed. For that reason, we pooled male and female data for 
each genotype. Data are presented as means ± SEM per group.  

Genotype effects on biochemical data (ammonia, amino acids) were tested with a t-test 
between the two genotypes per age-group. Because the large number of tests would result in a 
very conservative Bonferroni correction, all relevant P-values are given in the text. Data are 
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expressed as concentrations (μM) and presented as means ± SEM. Per age group and 
genotype the correlation coefficient between the different amino-acid concentrations in brain 
and plasma, as well as the correlations between brain and plasma levels were calculated and 
compared to the group size-matched critical values for P=0.05, P=0.01 and P=0.001. 
 

Results 
 
Generation of GS conditional knock-out mice 
Complete inactivation of the GS gene in mice by in-frame replacement with the β-
galactosidase reporter gene (GSLacZ/LacZ) results in early embryonic lethality (10). To study the 
function of GS in the CNS, we therefore generated a conditional knockout in which the entire 
GS coding sequence was flanked by loxP sites. GSfl/+ or GSfl/LacZ intercrosses yielded GSfl/fl 
mice with the expected Mendelian ratio. Mice with GSfl/LacZ and GSfl/fl genotypes were normal 
and fertile. We tested the effect of two wild type alleles (GS+/+) or two floxed alleles (GSfl/fl) 
on GS enzyme activity (Table 1). In brain, brown adipose tissue, liver and stomach, GS 
expression from the floxed allele was 15-50% higher than that from the wild-type allele. 
Although this difference did not reach significance for most organs, it does show that the 
floxed allele is certainly not compromised with respect to its expression. 
 
Table 1: GS enzyme activity in wild type (GS+/+) and homozygous GSfl/fl mice. Enzyme activity was 
measured as γ-glutamyltransferase activity and expressed as nmoles/min.mg protein at 37°C.  
 

 
hGFAPCretg/-/GSfl/LacZ

 (GS-KO/A) mice die shortly after birth  

The hGFAP-Cre line, which we used to achieve Cre-recombinase expression in astrocytes, 
expresses the Cre gene in these cells as early as ED13.5 (21). Inspection of the progeny at 
birth revealed no difference between genotypes. In agreement, the genotypes showed a 
Mendelian distribution at ED18, ND0 and ND1 (all P > 0.3), with one GS-KO/A pup dying at 
ND1 (Figure 2A). At ND2.5, GS-KO/A neonates were moderately underrepresented (14 
instead of the 18 expected pups among 102, including 3 dead animals), while no GS-KO/A 
genotype was found among 59 offspring at ND8, significantly different from the predicted 
17% (P<0.001). Although all littermates had milk in their stomachs and moved normally, 
pups with a GS-KO/A genotype failed to grow (Figure 2B,E). The GS-KO/A mice had no 
gross malformations. Cerebral hemisphere weight in both control and GS-KO/A mice was 
approx. 2% of body weight and, therefore, reduced in GS-KO/A mice after ND1 (P< 0.05). 
These results show that GS-KO/A mice are normal at birth and that subsequent development 
is dramatically affected, resulting in death at age ND2-3. 

  GS+/+ GSfl/fl P-value 
 Organ n mean ± SEM mean ± SEM  
 epididymis 4 5623 ± 271 5009 ± 450 0.29 
 Brain (cerebrum) 8 1234 ± 55 1533 ± 77 0.007 
 Brain (remainder)  8 910 ± 54 1064 ± 33 0.03 
 White adipose tissue 8 989 ± 83 976 ± 114 0.93 
 brown adipose tissue 8 794 ± 22 1074 ± 79 0.009 
 Liver 16 717 ± 21 898 ± 43 0.001 
 Testis 4 337 ± 12 227 ± 1 0.003 
 stomach-distal 8 328 ± 37 504 ± 49 0.012 
 kidney 8 179 ± 6 189 ± 17 0.61 
 Colon 8 62 ± 11 67 ± 3 0.69 
 muscle 16 18 ± 4 16 ± 5 0.84 
 jejunum 16 5 ± 2 6 ± 1 0.47 
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Figure 2. Survival of GS-KO/A mice. (A): Non-mendelian distribution of genotypes. ED18 and ND0 mice 
resulted from crosses of GSfl/fl mice Cretg/-/GS+/LacZ. ND1, 2.5 and 6-8 mice resulted from crosses of GSfl/LacZ and 
Cretg/-/GS+/LacZ mice. *: 5 neonates were cannibalized between day 0 and day 3. The Chi-square test was used to 
compare the observed data of GS-KO/A offspring per age group, assuming a Mendelian inheritance. (B): 
Growth retardation of GS-KO/A mice. A control and a GS-KO/A littermate at ND2.5. Scale bar: 1 cm. (C): 
Cre-mediated excision of the floxed GS allele in GS-KO/A neonates. Genomic DNA of different organs was 
analyzed by PCR. Primers 3 & 4 detect the 451 bp PCR product of the floxed allele, whereas primers 3 & 6 
reveal the 317 bp product of the excised (null) allele. Primers are indicated in Figure 1 and described in 
supplementary Table 1. (D): Regional differences in hGFAP-Cre activity in the brain. A sagittal cryostat 
section of the brain of a ND10 hGFAP-cre/R26R-lacZ double transgenic mouse was incubated with X-gal. The 
hGFAP-Cre mediated LacZ expression is intense throughout the cortex, hippocampus and ependyma, and lower 
in the caudoputamen and the midbrain. B: basal nuclei; C: cortex; E: ependyma; H: hippocampus; M: midbrain 
and T: thalamus. Scale bar: 500 μm. (E): GS-KO/A neonates fail to grow. Postnatal change in body weight of 
control (mean ± SEM; gray squares) and GS-KO/A neonates (black diamonds). Body weight of GS-KO/A mice 
differed significantly from controls at ND0.5 (P = 0.018) and thereafter (P < 0.001). 
 
 
Characteristics of GS-KO/A mice  
 
Histological features 
The tissue-specific deletion of the GS gene was verified by PCR genotyping for various 
tissues of GS-KO/A ND2 neonates. The null allele was detected only in brain tissues (Figure 
2C). Other tissues, including liver, kidney, muscle, heart and stomach, revealed no detectable 
Cre-mediated recombination events. Quantitative-PCR analysis showed 40% residual GS 
mRNA expression in the cerebral hemispheres compared to Cretg/-/GS+/+ control littermates.  
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Residual GS expression in the basal ganglia and midbrain of GS-deficient brain 
Since we detected residual GS mRNA, we produced hGFAP-Cre/R26R-LacZ mice and 
performed X-gal histochemistry on frozen brain sections of ND10 neonates. Figure 2D shows 
extensive Cre activity throughout the ependymal layer, cortex, and hippocampus, but less in 
the caudoputamen and even less in the midbrain. We, therefore, checked for the presence and 
localization of GS protein in GS-KO/A and control mice at ED18, ND0 and ND2. GS 
elimination was essentially complete at ED18 (Figure 3A, panel A1 vs A3 and A2 vs A4). 
The expression of GFAP in GS-KO/A brains was indistinguishable from that in control brains 
(cf. panels 1 in Figure 3B,C and panels 2 in Figure 3D,E), indicating that the number of 
astrocytes and their distribution had not changed. In control brains, the β-galactosidase and 
GS proteins co-localized at virtually all locations (cf. panels 2 and 3 in Figure 3B and panels 3 
and 4 in Figure 3D; see also Figure 2 in (10)). Therefore, the reporter β-galactosidase was 
used as a marker of cells in which GS was inactivated (cf. panels 2 and 3 in Figure 3C and 
panels 3 and 4 in Figure 3E). GS protein was completely absent in the spinal cord (Figure 
3C3) of GS-KO/A neonates. The vast majority of the astrocytes in the hippocampus and 
cortex of GS-KO/A did not express GS either (Figures 3E4 and 6B). However, a considerable 
number of residual GS-positive cells was found in the basal ganglia, with the highest density 
of GS-positive cells in the caudoputamen (Figure 3F4), because GFAP and GS are not co-
expressed in this region. The presence of residual GS-positive cells in the caudoputamen is in 
agreement with the findings in hGFAP-cre/R26R-lacZ mice (Figure 2D). These data show 
that the lack of co-expression of GFAP and GS in the caudoputamen accounts for the 
incomplete deletion of the floxed GS allele in these structures and the residual GS mRNA 
expression in the brain of GS-KO/A mice. Nevertheless, this residual level of GS is not 
sufficient to prevent neonatal lethality. 
 
No abnormalities in neuronal morphology in GS-deficient brains 
To obtain insight into what causes death in GS-KO/A mice, we examined the CNS after Nissl 
staining. No gross morphological abnormalities were found in the brain and spinal cord of 
GS-KO/A mice at ED18, ND0 and ND2 (cf. panels 1 in Figure 4A-D). The motor neurons in 
the spinal cord of control and GS-KO/A mice had similar features at ED18, ND0 and ND2 
(panels 2 in Figure 4A, B). Moreover, the cytoarchitecture of the cortex and hippocampus, 
where GS is efficiently deleted, also revealed no differences (panels 2 in Figure 4C, D).  
 
To exclude increased cell death in the brains of GS-KO/A mice as the cause of death, we 
examined the sections of ED18, ND0 and ND2 CNS for the presence of the apoptotic marker 
active caspase-3. The number of caspase-3-positive cells was very low, with no difference in 
the spinal cord, brain stem, or cerebral cortex in GS-KO/A and control mice (Figure 5A, B). 
Similarly, Fluoro-Jade staining, which identifies dying cells in the CNS (37), of sections from 
GS-KO/A and control mice showed no positive cells. Figure 5C shows representative Fluoro-
Jade-stained sections of the cerebral cortex from a control neonate (panel 1) and a GS/KO/A 
neonate (panel 2) at ND2. Brain sections from a lithium-pilocarpine rat model of status 
epilepticus (37) was used as a positive control. Together, these results show that neuronal cell 
death is not prevalent in GS-KO/A mice.  
 
As a further assay for cell stress, we determined the degree of phosporylation of the sensor of 
cellular energy status, AMP kinase. Figure 6B,C shows that the degree of phosphorylation of 
AMPK in the cortex increases postnatally, but was not different in GS-KO/A and control 
mice.  
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Figure 3. Expression of GS, GFAP and β-galactosidase protein in the CNS of GS-KO/A mice. (A): E18. 
Transverse sections of a control embryo and a GS-KO/A embryo (A1,3: spinal cord; A2,4: brain). GS protein 
was completely absent in the spinal cord (A1 vs A3) and largely absent in hippocampus and cortex (A2 vs A4) 
of the GS-KO/A embryo. B-F: ND2. Transverse sections of a control (B1-3: spinal cord; D1-4: right 
hemisphere) and a GS-KO/A neonate (C1-3: spinal cord; E1-4 and F1-4: brain) Panels D-F1 are adjacent, Nissl-
stained overviews of panels D-F2-4. The position of panels D-F2-4 is indicated by a box in panels D-F1. The 
expression of GFAP in control and GS-KO/A neonates is comparable (B1 vs C1, D2 vs E2). β-galactosidase and 
GS protein (B3 vs B4, D3 vs D4) show a co-localization in expression in the control. The expression pattern and 
staining intensity of β-galactosidase in control and GS-KO/A mice is similar (B2 vs C2, D3 vs E3). GS protein 
was completely absent in the spinal cord (C3) and largely absent in hippocampus and cortex of GS-KO/A mice 
(E4). However, the rostral portion of the caudoputamen had retained a high GS expression of GS (F4), which co-
localized with β-gal (F3). GFAP expression (F2), on the other hand, did not co-localize with GS expression at 
this location. A white dashed line delineates the lateral boundary of the caudoputamen, which coincides with the 
low GFAP-expressing region. C: cortex; H: hippocampus; P: putamen. Scale bars: A1, A3, B and C: 200 μm; A2 
and A4: 400 μm; D, E and F: 100 μm. 
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Figure 4. Morphology of 
neurons in the CNS of 
GS-KO/A mice. Panels 
A-D show Nissl-stained 
transverse sections of the 
CNS of a control and a 
GS-KO/A neonate (panels 
A, B: spinal cord; panels 
C, D: cortex) at ND2. 
Panels A2-D2 are higher 
magnifications of the 
boxes in panels A1-D1, 
respectively. Comparison 
of control and GS-KO/A 
sections shows no 
qualitative differences. C: 
cortex; DH: dorsal horn; 
H: hippocampus; VH: 
ventral horn. Scale bars: 
A1-D1: 200 μm; A2-D2: 
10 μm. 

 
Figure 5. Active 
caspase-3 and Fluoro-
Jade staining of the 
CNS in GS-KO/A 
mice. Panels A and B: 
Transverse sections of 
the CNS of a control 
(panel A) and a GS-
KO/A neonate (panel 
B) at ND2 after 
staining for the 
presence of active 
caspase-3. Panels A1 
and B1: spinal cord; A2 
and B2: brain stem; and 
A3 and B3: cerebral 
hemisphere. The active 
caspase-3 staining 
intensity was very low 
throughout the 
sections. The periphery 
of the spinal-cord and 
brain-stem sections 
(panels A1 and A2) 
stains darker due to 

folds. Panel C: Transverse sections of the cortex of a control (C1) and a GS-KO/A neonate (C2) at ND2 revealed 
no Fluoro-Jade-positive cells. The brain of a lithium pilocarpine-treated rat in status epilepticus (37) served as a 
positive control for the Fluoro-Jade procedure. B: brain stem; Ce: cerebellum; Co: cortex; H: hippocampus. 
Scale bars: A1-3, B1-3: 200 μm and C1-3: 50 μm. 
 
Biochemical features 
Blood ammonia 
Blood ammonia concentrations in GS+/+ and GS+/LacZ neonates at ND2 were 36 ± 2 μM (n=21) 
and 60 ± 3 μM (n=19), respectively, which was significantly different (P<0.001). These 
results show that the systemic inactivation of one GS allele increased circulating ammonia 
levels, but the levels remained within the reported normal range (38). In agreement, GS+/LacZ 
mice do not show any phenotype. At ND2, blood ammonia levels in GS-KO/A mice (54 ± 3 
μM; n=10) were similar to those in GS+/LacZ mice (P = 0.31). Up to ND1.5, the concentration 
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of ammonia in the brain was only 1.2-fold higher in GS-KO/A than in control mice (P = 
0.029), but had become ~2-fold higher than that of control mice at ND2 (P = 0.014; Figure 
6A). In the 2 GS-KO/A mice that were tested at ND2.5, the ammonia level had further 
increased to 1.6 ± 0.4 μmol/g brain tissue.  
 
 

 
 
 
Figure 6. Ammonia accumulation and AMPK phosphorylation in the brain of GS-KO/A mice. (A): 
Ammonia levels in brain extracts of GS-KO/A mice increase after ND1.5. (B): Western blots of GS, GFAP, 
AMPKα and phospho-AMPKα protein in the cortex of control and GS-KO/A mice at ND2. (C): Ratio of p-
AMPK and AMPK signals in the cortex of control and GS-KO/A mice. Control mice are represented by gray 
squares and GS-KO/A mice by black diamonds (mean ± SEM of 4 cortices). 
 
Brain amino-acid levels (Figure 7 and supplementary Table 2A) 
The sum of amino-acids concentrations did not differ between GS-KO/A and control brains in 
any of the stages examined, but individual amino acids changed considerably in 
concentration. In GS-deficient ED18, ND0, and ND2.5 brains, the glutamine concentration 
was reduced to 62%, 60 %, and 40% of controls (P = 0.014, 0.004, and < 0.001), respectively. 
Unexpectedly, the glutamate concentration remained unchanged in GS-KO/A brains between 
at ED18 and ND2, and eventually decreased to 70% of controls at ND2.5 (P < 0.001). The 
alanine concentration in GS-KO/A brains was unchanged at ED18, increased to 185% of 
controls at ND0 (P = 0.003), but then declined to control levels between ND0.5 and ND1 and 
to 50% of control values at ND2.5 (P = 0.004). In contrast, the glycine concentration in GS-
KO/A brains was unchanged at ED18 and ND0, but increased to 200% of controls at ND1 (P 
= 0.006) and ND2.5 (P < 0.001). 
 
At ND1, glutamine, glutamate, alanine and glycine levels in the cortex of GS-KO/A mice 
were similar to or only slightly higher than those in the entire brain (Figure 7). Between ND1 
and ND2, glutamine, glutamate and alanine levels increased a significant 2-4-fold in the 
cortex of control mice, whereas only glutamate did so in the cortex of GS-KO/A mice. In 
contrast, glutamine and alanine became further depressed in GS-KO/A cortex, whereas 
glycine levels increased an additional 2-fold over its already 2-fold elevated level in the entire 
brain. 
 
Plasma amino-acid levels (supplementary Table 2B) 
The sum of amino-acids levels in plasma was not different between GS-KO/A and control 
mice at ED18, but was reduced to 80% of control values at ND0 and to 70% at ND2.5 (P < 
0.001). The changes in plasma amino-acid composition in GS-KO/A mice were more 
complex than those in brain. In GS-KO/A ED18 embryos, the plasma glutamine concentration 
was hardly reduced to 85% of controls (P = 0.13), while glutamate and methionine 
concentrations were reduced to 70-80% (both P < 0.05). At ND0, the concentrations of 
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glutamine, threonine, arginine and histidine were decreased in GS-KO/A mice to 50-60% of 
controls (all P < 0.05). In ND2 GS-KO/A neonates, isoleucine, leucine, asparagine, serine, 
histidine, threonine, arginine, tyrosine and methionine were reduced to 40-60% compared to 
controls (all P < 0.05). Alanine had declined to 50% of controls at ND0.5 (P = 0.001) and 
progressively declined to 30% of controls at ND2.5 (P < 0.001). Glycine was exceptional in 
that it became as abundant as glutamine in GS-KO/A plasma, being increased to 168% of 
controls at ND0.5 (P = 0.05) and 135% of controls at ND2.5 (P = 0.02).  
 
 

 
 
Figure 7. Glutamine, glutamate, alanine and glycine concentrations in the brain of control and GS-KO/A 
mice. Control mice are represented by gray squares (mean ± SEM) and GS-KO/A mice by black diamonds. Data 
for all amino acids measured and significance can be found in supplementary Table 2A. Open symbols indicate 
cortical amino-acid concentrations. At ND1, only cortical glutamine in GS-KO/A mice differed significantly 
from that in controls (P = 0.05), while glutamine, alanine, and glycine in GS-KO/A cortices all differed from that 
in controls at ND2 (P < 0.001). 
 
Correlation between brain and plasma amino-acid levels (Figure 8) 
The observed differences in adaptive changes in amino-acid concentrations in the brain and 
plasma between GS-KO/A and control mice raised the question whether (sub-)sets of these 
amino acids might vary in a coordinated way. Panels A and C show correlations between 
amino acids within the brain or plasma, whereas panels B and D show such correlations 
between the brain and plasma. Hardly any correlation was observed between plasma and brain 
amino-acid levels in control (Figure 8B) or in GS-KO/A mice (Figure 8D), indicating that 
brain and plasma behaved as separate metabolic compartments. Within the brains of control 
animals, however, amino-acid concentrations varied in a coordinated way, suggesting that an 
integrated metabolic network existed. The number of significant correlations increased from 
ED18 to ND0 and from ND0 to ND2 (not shown), indicating that the network developed 
perinatally. Similar correlations were observed in GS-KO/A brains, except for glutamate, 
glutamine, and alanine, and to a lesser degree for glycine (Figure 8C, above the diagonals). 
This finding indicates that glutamate, glutamine, alanine and glycine in GS-KO/A brains had 
become uncoupled from the metabolic network. 
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Figure 8. Correlation of amino-acid concentrations in brain and plasma of ND2 GS-KO/A and control 
mice. The data were obtained from the samples reported in supplementary Tables 2A and B. (A, C): 
Correlations between the concentrations of pairs of amino acids within the brain or plasma of each of the 
animals in the study group. The correlations within the brain are shown above the diagonal and those in the 
plasma below the diagonal. Note the absence of correlations for between glutamine (Q), glutamate (E), alanine 
(A), and, to a lesser extent, glycine (G) in the brain of GS-KO/A animals. (B, D): Correlations between the 
concentrations of a particular amino acid in the brain and the corresponding plasma of each of the 
animals in the study group. Amino acids are shown by the single-letter code. The correlations are color-coded 
according to the P-value of the correlation coefficient: white: NS, yellow: 0.05 > P > 0.01, orange: 0.01 > P > 
0.001, and red: P < 0.001. 
 
 
Discussion 
 
Glutamine synthetase (GS), the only enzyme capable of de novo biosynthesis of glutamine 
(39), plays an important role in interorgan nitrogen flux, ammonia and glutamate 
detoxification, acid-base balance, and fuel supply (2). Although GS activity can be inhibited 
by the irreversible inhibitor methionine sulfoximine (40), the analysis of GS function was 
hampered thus far, because GS activity could not be selectively manipulated in different cell 
types. To address this issue, we report a mouse line with a floxed GS allele (GSfl), that 
produces a protein with normal enzymic activity, but allows the Cre-mediated elimination of 
expression.  
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Incomplete excision results from lack of co-expression of GFAP and GS 
The inactivation of GS in astrocytes was achieved by producing hGFAPCretg/-/GSfl/LacZ (GS-
KO/A) mice. To ensure complete removal of the floxed allele in cells that expressed hGFAP-
Cre, we used animals in which one GS allele was floxed, whereas the other GS allele was 
constitutively replaced in frame by LacZ. Nevertheless, the floxed GS allele was not excised 
in all glial cells and GS mRNA levels in brain only declined to 40% of control (Cretg/-

/GS+/LacZ) mice. We could attribute this incomplete removal to a lack of co-expression of 
GFAP and GS in the glia of some brain regions, in particular the basal ganglia. In contrast, a 
high degree of co-expression of GFAP and GS, and a near-complete removal of the floxed 
allele was observed in the cortex, hippocampus and spinal cord. GS expression in astrocytes 
in these latter regions apparently becomes indispensable in the perinatal period and initiates 
dysfunction causing death on ND3.  
 
GS excision is complete well before functional impairment develops 
Since hGFAP-mediated Cre and GS expression in the murine brain commences around ED13 
(10, 21), deletion of the floxed allele starts well before birth. In agreement, GS elimination in 
the CNS was complete at ED18, i.e. 3-4 days before the animals die at ND2-3. In fact, the 
mutant animals were born phenotypically normal with no apparent malformations. Their 
initially normal suckling behavior also indicated that they did not suffer from major 
functional limitations. Retardation of body and brain growth became apparent only after birth. 
The comparable level of AMPK phosphorylation in affected and control cortex does not point 
to a failing energy supply as cause of the brain dysfunction (cf. (41). Furthermore, the Fluoro-
Jade staining, which identifies cells destined to die regardless of the mechanism (33, 42, 43), 
nor the active caspase-3 staining showed evidence of increased cell distress. In agreement, the 
Nissl staining revealed no degenerative changes in the CNS. These findings are compatible 
with a disturbance of metabolism as the cause of neuronal dysfunction. 
 
Glutamine deficiency in astrocyte-specific GS knockouts is confined to the CNS 
The expected decline of the glutamine concentration in GS-KO/A brains was the first 
indication that dysfunction was developing. The decline was initially moderate (to 65% of 
control values at ED18) and became progressively more severe (in the entire brain down to 
40% of control values and in the cortex down to < 10% at ND2.5). In contrast, plasma 
glutamine levels were only moderately reduced. Apparently, other glutamine-producing 
organs remained fully functional, while feeding (the stomachs of ND2.5 GS-KO/A mice still 
contained some milk) also supplied glutamine and glutamate, the most abundant amino acids 
in milk (44). These findings indicate that the effects of GS deficiency in GS-KO/A mice are 
largely confined to the CNS. 
 
Death due to interruption of the glutamine-glutamate cycle coincides with the onset of 
NMDA receptor expression 
Glutamate serves as a ligand for at least five types of receptors. Of these, the ionotropic 
NMDA receptors dominate the immature brain, becoming expressed at considerable levels in 
rat brain stem, hippocampus and cortex around ED18, birth and ND1, respectively (45). Our 
findings that the cortical concentrations of glutamine, glutamate and alanine rise 2-fold 
between ND1 and ND2 underscore the relation between the emergence of glutamate as an 
important neurotransmitter at this location (45) and the function of the glutamine-glutamate 
cycle between neurons and astrocytes (16, 17) in the perinatal period. Phosphate-activated 
glutaminase (GLS1), which is expressed in neurons (46), and GS are both key enzymes in the 
glutamine-glutamate cycle. The constitutive knockout of GLS1 is also growth-retarded and 
dies within 36 hours after birth, with signs of respiratory dysfunction and abnormal goal-
directed behavior (47) and without evidence for an non-neuronal cause of the death. The full 
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day that GS-KO/A mice outlive the GLS1-null mutants therefore probably resides in the 
disturbance of glutamate metabolism in neurons as opposed to that in astrocytes.  
 
Biochemical sequels of interruption of the glutamine-glutamate cycle 
In adult brain, approximately 70% of neuronal glutamate derives from the glutamine-
glutamate cycle (17). In agreement, a basal level of glutamate production was still present in 
GLS1-knockout mice (47), but this limited capacity for de novo synthesis of glutamate 
apparently does not suffice to prevent depletion of glutamate neurotransmitter pool. Our 
biochemical data of astrocyte-specific GS-deficient mice reveal an interesting sequence of 
metabolic attempts in GS-KO/A brains to deal with GS deficiency.  
 
Alanine production may temporarily compensate for the absence of the glutamine-glutamate 
cycle 
Intuitively, inactivation of GS should lead to increased brain glutamate levels. The absence of 
an accumulation of glutamate was, therefore, striking. Because the decline in glutamine 
concentration in GS-KO/A brains at ND0 was compensated for >80% by an increase in 
alanine concentration, excess glutamate was probably converted to alanine (48, 49). We 
speculate that this synthesis of alanine results from transamination of pyruvate in GS-deficient 
astrocytes that still actively accumulate glutamate from the synaptic cleft (50). Since alanine 
can be imported into neurons (51-53), we further speculate that the accumulated alanine is 
exported from the astrocytes to the neurons, reversing the alanine-(pyruvate-)lactate cycle 
(51). In the neuron, this alanine is converted into glutamate by the reverse reaction, supplying 
the neurons with sufficient glutamate to be able to function near normally immediately after 
birth, that is, when glutamate-dependent signaling is still immature (45).  
 
Glycine accumulation precedes death in GS-KO/A mice 
The precipitous decline in brain alanine concentration from almost 2-fold higher than control 
at ND0 to control levels at ND0.5 indicates that the putative glutamate-alanine cycle soon 
ceases to function. The reason for this decline is not entirely clear at present. Glycerol-3-
phosphate levels, which would reflect cytosolic NADH accumulation due to excessive 
glycolysis to supply pyruvate for transamination, were not elevated in GS-KO/A brain (not 
shown). Furthermore, the unchanged degree of AMPK phosphorylation does not point at a 
failing energy supply. The pronounced increases in glutamine, glutamate and alanine in the 
cortex of normal between ND1 and ND2 suggest that the glutamine-glutamate and the 
associated alanine-lactate cycles expand in size and probably also activity at this time. In GS-
deficient cortices, instead, these cycles are interrupted, which results in the decline of 
concentration of glutamine and alanine to 8 and 25% of controls, respectively, at ND2. 
Furthermore, the concentration of ammonia and glycine increased 2-fold in this period. We 
speculate that glycine synthesis becomes stimulated by the accumulation of ammonia in GS-
deficient brain (54). The enzyme glycine synthase (also known as glycine-cleavage enzyme) 
is present in neonatal astrocytes (55) and can detoxify ammonia (56). Glycine, however, does 
not support glutamate biosynthesis in the neuron and glycine accumulation does interfere with 
normal brain function (glycine encephalopathy). We, therefore, propose that the accumulation 
of glycine accounts for the functional deterioration of the neonates in the course of ND2. 
 
Conclusion 
 
This study is the first to use genetic modification to probe the role of GS in CNS metabolism 
and reveals that the glutamine-glutamate cycle becomes an essential feature of brain function 
in the perinatal period of the mouse. The study also identified GS as a crucial component in 
the normal development of the metabolic amino-acid network in the brain. Since amino acid 
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levels in the cortex changed in a more pronounced way than those in the entire brain, the 
cortex qualifies as a region that is exquisitely sensitive to an intact glutamine-glutamate cycle. 
Future research should identify other brain regions that are exquisitely sensitive to an 
inhibition of GS function. 
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Supplementary Table 1. Primer sequences, annealing temperatures and expected PCR-product lengths  
 

 
 
a: Number corresponds with position in Figure 1 
b: Used for genotyping as well 
 

Quantitative-PCR 

Characterize Cre-excision 

Genotyping 

Generation of GSfl/+ ES clones  

255 69 GCATCGAGCTGGGTAATAAGCGTTGGCAAT 
ACTGCAACAACGCTGCTTCGGCCTGGTAAT 

LacZ-F 
LacZ-R 

LacZ 

null allele: 317 60 ACCCCTTGAAAGCAGAGTGA 
TGGCACAATGTAGGATCCAG 

3) GS-F 2838 
6) GS-R 10587 

Cre excision 

58 

55 

63 

59 

60 

60 

60 

60 

Annealing 
Tempe-
rature (°C) 

18S ribosomal 
RNA 

GS-mRNA 

 Cre 

5’ end long 
PCR / EcoR I 

Flpe excisionb  
 

frt-PGKneo-
PGKtk-frt-
LoxP2  

LoxP1 

Vector 
sequence 

Detect 
Elements 

TTCGGAACTGAGGCCATGAT 
CGAACCTCCGACTTTCGTTCT 

TGGCCACCTCAGCAAGTT 
GGCTTCCGGTTATACTTG 

GGTTCGCAAGAACCTGATGGACAT  
GCTAGAGCCTGTTTTGCACGTTCA  

CCCTGGGAGAGGCCTTGA  
GAAAAGCCTTGCAAACCAAA 

TGAGTTCTTCCTCGGTCCAG 
TGGCACAATGTAGGATCCAG 

GCCTGAAGAACGAGATCAGC  
TGGCACAATGTAGGATCCAG 

ACCCCTTGAAAGCAGAGTGA 
GAAAAGCCTTGCAAACCAAA 

GCTAAGGCCGTCGACATTTA 
CTGAGGACCGAGAATCTCCA 

Sequence 5’  3’ Fragments (bp) Primersa 

 18S-F 
18S-R 

 GS F 3007 
GS R 4740 

WT allele: 2231/ 308 
Flox allele: 2567 

8) GS-F -18 
4) GS-R 3260 

342 Cre-F 
Cre-R 

WT allele: 423 
Flox allele: 451 

3) GS-F 2838 
4) GS-R 3260 

WT allele: 337 
Flox allele: 405 

7) GS-F 10252 
6) GS-R 10587 

Flox allele: 347 5) PGKpolyA 
6) GS-R 10587 

216 1) S-random-F 
2) GS-R 942 
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amino acid control GS-KO/A P control GS-KO/A P control GS-KO/A P control GS-KO/A P control GS-KO/A P control GS-KO/A P
pmoles/mg N=6 N=8 N=17 N=13 N=13 N=7 N=7 N=10 N=2 N=3 N=19 N=14

ASP 1613 ± 157 1539 ± 114  2053 ± 140 2487 ± 164  1925 ± 221 1631 ± 257 1288 ± 85 1467 ± 269  2414 ± 172 1992 ± 567  2001 ± 75 2025 ± 249  
GLU 6863 ± 229 6061 ± 566  5363 ± 379 5604 ± 325  3745 ± 414 2150 ± 492 0.029 2874 ± 160 2872 ± 442  4245 ± 409 3474 ± 410  5427 ± 192 3767 ± 302 0.000
ASN 322 ± 21 271 ± 25  276 ± 16 280 ± 21  216 ± 20 179 ± 28  106 ± 13 159 ± 23  161 ± 9 159 ± 20  176 ± 8 138 ± 19  
SER 1646 ± 74 1304 ± 186  1846 ± 160 2270 ± 306 1448 ± 182 1261 ± 204  718 ± 78 1325 ± 197 0.026 1510 ± 303 1158 ± 239  1318 ± 210 1152 ± 85  
GLN 5095 ± 404 3177 ± 355 0.004 5053 ± 312 3113 ± 142 0.000 2831 ± 294 997 ± 291 0.001 1681 ± 169 1025 ± 242  2404 ± 128 983 ± 40 0.001 2346 ± 86 936 ± 140 0.000
HIS 204 ± 35 152 ± 52  143 ± 23 194 ± 86  167 ± 28 74 ± 30  107 ± 14 137 ± 22  164 ± 28 118 ± 31  202 ± 47 85 ± 17 0.049
GLY 1398 ± 173 1580 ± 213  2480 ± 158 2816 ± 241  1968 ± 264 2257 ± 206  906 ± 73 1972 ± 298 0.006 2004 ± 116 3473 ± 562  1947 ± 205 3826 ± 279 0.000
THR 2379 ± 149 1963 ± 283  1244 ± 79 1279 ± 80  832 ± 95 503 ± 123  635 ± 55 649 ± 127 1115 ± 11 791 ± 142  816 ± 96 657 ± 71
ARG 309 ± 35 223 ± 42  246 ± 30 230 ± 30  129 ± 18 126 ± 30 66 ± 7 145 ± 40  107 ± 21 126 ± 37 152 ± 19 120 ± 23  
ALA 3308 ± 203 3420 ± 274  1879 ± 240 3470 ± 469 0.003 1062 ± 105 649 ± 248 624 ± 47 882 ± 205  1078 ± 46 626 ± 35 0.004 1169 ± 158 574 ± 54 0.004
TYR 426 ± 51 335 ± 78  227 ± 25 250 ± 45 244 ± 25 163 ± 19 0.044 155 ± 15 217 ± 20 0.033 234 ± 13 196 ± 63  360 ± 126 142 ± 20
VAL 459 ± 26 364 ± 52 250 ± 34 326 ± 62 164 ± 18 109 ± 22  105 ± 17 125 ± 23  274 ± 19 228 ± 127  291 ± 93 236 ± 63
MET 200 ± 35 151 ± 47  101 ± 8 112 ± 11 105 ± 11 94 ± 8  52 ± 3 103 ± 18 0.020 70 ± 5 78 ± 14 88 ± 8 71 ± 15
ILE 200 ± 12 140 ± 18 0.009 73 ± 15 101 ± 27 40 ± 9 30 ± 9  34 ± 7 52 ± 6 87 ± 29 57 ± 34 202 ± 58 187 ± 19  
LEU 286 ± 8 224 ± 35  148 ± 26 143 ± 33 657 ± 191 NA  NA NA NA NA 189 ± 62 122 ± 29  
Total 23306 ± 1010 20905 ± 2015  21364 ± 1294 22600 ± 1451  21684 ± 2620 20244 ± 2264 13783 ± 1460 14276 ± 2121  17744 ± 460 18355 ± 2722 16684 ± 1314 12284 ± 1359 0.027

amino acid control GS-KO/A P control GS-KO/A P control GS-KO/A P control GS-KO/A P control GS-KO/A P control GS-KO/A P
uM N=14 N=12 N=17 N=13 N=13 N=7 N=10 N=15 N=9 N=8 N=17 N=17

ASP 37 ± 6 52 ± 21  16 ± 7 28 ± 11  17 ± 3 36 ± 8  265 ± 227 19 ± 5  35 ± 12 22 ± 7  85 ± 5 85 ± 7  
GLU 321 ± 24 224 ± 30 0.019 100 ± 7 109 ± 10  77 ± 12 127 ± 10 0.019 166 ± 128 63 ± 14  107 ± 18 101 ± 14  194 ± 18 177 ± 19  
ASN 90 ± 7 115 ± 29  111 ± 11 75 ± 14  54 ± 4 46 ± 3  53 ± 8 46 ± 6  80 ± 8 49 ± 4 0.005 70 ± 3 41 ± 4 0.000
SER 364 ± 31 325 ± 22  566 ± 62 398 ± 64  339 ± 37 295 ± 51  642 ± 317 240 ± 33  414 ± 40 290 ± 40 0.046 343 ± 19 183 ± 21 0.000
GLN 773 ± 46 669 ± 49  936 ± 114 574 ± 60 0.015 449 ± 26 295 ± 30 0.002 399 ± 41 393 ± 38  578 ± 72 447 ± 55  439 ± 18 382 ± 26  
HIS 94 ± 16 89 ± 14  72 ± 12 34 ± 7 0.019 98 ± 18 44 ± 4 0.039 157 ± 34 89 ± 8 0.031 139 ± 11 86 ± 7 0.001 126 ± 6 57 ± 5 0.000
GLY 218 ± 19 217 ± 44  362 ± 36 538 ± 148  168 ± 13 282 ± 43 0.005 586 ± 428 569 ± 371  211 ± 16 358 ± 41 0.003 301 ± 31 411 ± 34 0.024
THR 481 ± 33 433 ± 30  344 ± 30 217 ± 27 0.005 212 ± 15 123 ± 14 0.001 323 ± 60 165 ± 20 0.008 368 ± 32 178 ± 19 0.000 275 ± 14 127 ± 13 0.000
ARG 161 ± 24 216 ± 18  271 ± 23 164 ± 22 0.003 135 ± 13 107 ± 12  195 ± 20 164 ± 28  251 ± 31 118 ± 14 0.002 169 ± 8 88 ± 8 0.000
ALA 747 ± 57 717 ± 33  665 ± 63 611 ± 74  361 ± 25 183 ± 40 0.001 418 ± 67 202 ± 31 0.003 481 ± 43 178 ± 30 0.000 419 ± 17 125 ± 17 0.000
TYR 225 ± 21 232 ± 63  147 ± 15 111 ± 15 133 ± 14 92 ± 6  179 ± 15 146 ± 9 0.049 217 ± 21 111 ± 8 0.000 188 ± 6 85 ± 6 0.000
VAL 336 ± 27 323 ± 19 236 ± 18 178 ± 23 182 ± 13 151 ± 10  291 ± 28 191 ± 19 0.005 402 ± 40 216 ± 19 0.001 267 ± 18 197 ± 21 0.019
MET 121 ± 8 98 ± 7 0.039 74 ± 7 58 ± 7 41 ± 5 26 ± 6  84 ± 11 62 ± 5  83 ± 7 42 ± 6 0.000 60 ± 3 26 ± 3 0.000
ILE 140 ± 13 124 ± 10 80 ± 8 57 ± 11  58 ± 7 63 ± 8  116 ± 13 84 ± 13 160 ± 18 91 ± 7 0.003 111 ± 8 82 ± 7 0.011
LEU 219 ± 17 148 ± 50 129 ± 13 91 ± 19  70 ± 39 152 ± 146  155 ± 35 191 ± 37  168 ± 30 113 ± 29 181 ± 18 140 ± 12  
Total 4224 ± 228 4206 ± 276 4110 ± 331 3235 ± 288  4067 ± 425 3606 ± 521  6083 ± 1104 5378 ± 680  4661 ± 424 4777 ± 979  3249 ± 101 2235 ± 127 0.000

ND 2 ND 2.5ED 18 ND 0 ND 0.5 ND 1

ND 2 ND 2.5ED 18 ND 0 ND 0.5 ND 1
Table 2B

Table 2A

Supplementary Table 2. Amino acid concentrations (mean ± SEM) in the brain (panel A) and plasma (panel B) of GS-KO/A and control mice. Statistical evaluation was 
performed by ANOVA. 
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Abstract 

Due to its relatively high affinity for ammonia, glutamine synthetase (GS) is considered a 
crucial component of the ammonia-detoxifying function of the liver. However, this concept is 
largely based on ex-vivo assays in perfused livers. To assess the function of GS in the liver in 
vivo, we deleted hepatic GS expression using the Cre-lox technique. In AlfpCretg/-/GSfl/LacZ 
(GS-KO/L) mice, GS expression in the liver was selectively and effectively eliminated, but 
the animal's health was not affected. We investigated amino-acid metabolism in the post-
absorptive and fed conditions, and as it adapted to a mild challenge with 0.28M NH4HCO3 in 
the drinking water. Compared to control mice, the predominant change in postabsorptive GS-
KO/L mice was a 50-70% decline in arterial, portal-, hepatic-venous and hepatic glutamine 
levels, and uptake rather than production of glutamine in the liver. Feeding proved to be a 
functional challenge for GS-KO/L mice, because the net production of amino acids across the 
gut and liver that were seen in the control mice disappeared. In fed control mice, the ammonia 
challenge caused the positive amino-acid balance across the gut and liver to disappear, but did 
not further aggravate the precarious balance in GS-KO/L mice. Our observations in GS-KO/L 
mice show that the metabolic changes due to the hepatic GS deficiency were equally 
pronounced in the gut and the liver and that a decline of arterial glutamine levels to ~70% of 
control triggers an increased consumption of amino acids in both the fed gut and liver. We 
hypothesize that this effect of a circulating deficiency of glutamine may explain the beneficial 
effect attributed to glutamine supplementation under catabolic conditions. 
 
 
Abbreviations: GS-KO/L mice: AlfpCretg/-/GSfl/LacZ mice; PDV: portal drained viscera 
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Introduction 
 
Glutamine is, at a concentration of 0.5-0.8 mmol/L, the most abundant amino acid in the 
plasma, exhibits the most rapid intracellular turnover rate of all amino acids, and serves, with 
alanine, as the major intercellular nontoxic ammonia shuttle in the body (1-4). Glutamine is a 
precursor in the synthesis of glucose and amino-sugars, glutathione, proteins, and nucleotides 
(5-7). Glutamine is also an important energy substrate for actively dividing cells in the body, 
including enterocytes, lymphocytes, fibroblasts, and tumor cells (8). In addition, glutamine is 
an important osmolyte for cell volume control and a modulator of stress responses and 
apoptosis, and of gene expression (1, 6, 9). Glutamine metabolism is particularly important in 
liver nitrogen metabolism, in kidney ammoniagenesis during metabolic acidosis, and in the 
glutamine-glutamate cycle of the neurotransmitter glutamate in the nervous system (5, 6, 10). 
Glutamine is produced mainly in skeletal muscle (7, 11, 12). 
 
Measurements of glutamine flux across the liver reveal both uptake and release of glutamine. 
Hepatic glutamine utilization is controlled by glutaminase and "system N" transporters (13). 
Glutamine uptake and utilization occur in the upstream, periportal region of the liver (13), 
where the system N transporter SNAT5 (Slc38A5) and glutaminase (EC 3.5.1.2) are 
expressed (14-16), whereas glutamine production is confined to the downstream, pericentral 
region of the liver (13), where glutamine synthetase (GS; EC 6.3.1.2) and SNAT3 (Slc38A3) 
are expressed (14, 17). Transport via system N is regulated by Na+ co-transport and H+ 
counter-transport (5, 18, 19). Because of the Na+ gradient across the membrane, >70% of 
plasma glutamine is taken up in the upstream, periportal hepatocytes (14) and accumulates 
intracellularly to ~5 mM (5). Further concentrative transport of glutamine occurs across the 
mitochondrial membrane to accommodate the high KM (~25 mM) of glutaminase (6). 
However, because the direction of transport of SNAT3 and SNAT5 is exquisitely sensitive to 
the extracellular pH, hepatocytes release glutamine under acidotic conditions (14, 19). In 
agreement, urea synthesis due to amino-acid catabolism is depressed in experimental acidosis, 
without much effect on glutamine production (20, 21). In the pericentral hepatocytes 
glutamine efflux is supported by the lower plasma glutamine concentration and intracellular 
glutamine biosynthesis via GS (6, 14). In vivo, in postabsorptive healthy human subjects, the 
net uptake of glutamine by the liver is reported to be quantitatively nearly the same as that 
across the PDV (22). The liver of rats on a high-protein diet or suffering from uncontrolled 
diabetes or sepsis reportedly also consumes glutamine, whereas the liver of rats that are 
fasting or suffering from metabolic acidosis or tumor load produces glutamine (reviewed in 
(23)). In agreement, the expression of system N transporters is increased by starvation, 
glucocorticosteroids, and inflammatory cytokines (6, 18). 
 
The physical separation of the consumption and production enables the liver to effectively 
remove ammonia from the circulation (24). Ammonia from the circulation and from amino-
acid catabolism in the liver is used for urea synthesis by periportal hepatocytes. However, due 
to the low affinity of carbamoylphosphate synthetase for ammonia (Km CPS: 1–2 mmol/L) 
(25, 26), ammonia is incompletely removed by the periportal hepatocytes. Because glutamine 
synthetase has a ~10-fold higher affinity for ammonia (Km GS: 0.2 mmol/L) (27), the residual 
ammonia is taken up and metabolized to glutamine by pericentral hepatocytes. Although the 
theoretical support for the scavenger role of pericentral glutamine synthesis for the 
maintenance of physiologically low ammonia concentrations in the hepatic vein is strong, its 
implications have only been tested in perfused livers. In such livers, added ammonium is 
mainly converted into urea if perfused in antegrade direction and into glutamine if perfused 
retrogradely. When glutamine synthetase is inhibited by methionine sulfoximine (28) or after 
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the pericentral hepatocytes are destroyed by CCl4 treatment (29), urea is produced irrespective 
of the direction of perfusion. 
 
To assess the function of GS in the liver in a more physiological in vivo and to evaluate its 
importance for the organism at large, we have generated a mouse in which the protein-coding 
region of GS is flanked by loxP sequences (30). We show, by crossing this mouse line with 
the Alfp-Cre mouse line which is transgenic for the Cre gene driven by the hepatocyte 
albumin promoter/enhancers (31), that GS activity can be eliminated virtually completely in 
all hepatocytes. Using the liver-specific GS knockout mouse, we demonstrate that GS activity 
in hepatocytes is dispensable under normal conditions and that its absence becomes 
biochemically noticeable after a mild oral challenge with ammonia.  
 
 
Materials and methods 
 
Mice 
 
Mice were maintained on a 12-hour light/12-hour dark cycle with free access to water and 
food. Room temperature was maintained at 20°C. The studies were carried out in accordance 
with Dutch guidelines for the care and use of laboratory animals and approved by the Ethical 
Committee for Animal Research at the University of Amsterdam and Maastricht University. 
 
Generation and characterization of liver-specific GS-deficient mice (AlfpCretg/-/GSfl/LacZ) 
 
Generation of AlfpCretg/-/GSfl/LacZ mice 
The conventional GS-knockout mouse (GS+/LacZ), in which the GS coding region is replaced 
in-frame by the β-galactosidase reporter gene (32), and the conditional GS-knockout mouse 
(floxed GS allele, GSfl/+), in which the entire GS coding sequence flanked by loxP sites (30), 
were generated in our laboratory. The floxed GS allele is equally active as the wild-type allele 
(30). Both GSfl/LacZ and GSfl/fl mice are phenotypically normal and fertile. To assure a 
complete elimination of GS in liver tissue, we employed a tri-transgenic breeding scheme. 
Alfp-Cre transgenic mice (Cretg/-/GS+/+), in which the Cre gene is expressed under the control 
of both albumin and α-fetoprotein promoter/enhancer elements (31) were crossed with 
GS+/LacZ mice to obtain Cretg/-/GS+/LacZ mice. These mice were bred with either GS+/+ or GSfl/fl 
mice to produce offspring that carried Cretg/-/GS+/+, Cretg/-/GS+/LacZ, or Cretg/-/GSfl/LacZ alleles. 
The genotype of the pups was analyzed by PCR amplification of toe DNA, using primer sets 
for GS wild-type allele and GS floxed allele, LacZ and Cre as listed in Table 1. The intact 
floxed allele produces a 415 bp product with the LoxP1 primer set, whereas Cre excision 
results in a 317 bp product. 
 
GS mRNA assay 
Total RNA was extracted from frozen liver tissue with Trizol (Sigma, Zwijndrecht, The 
Netherlands). First-strand cDNA was transcribed as described (33). PCR amplification and 
analysis were carried out using the LightCycler™ with software version 3.0 (Roche, Almere, 
The Netherlands). The data were analyzed using the LinRegPCR software (34). Primers are 
listed in Table 1. If reverse transcriptase was omitted, no product was formed. GS mRNA 
levels were expressed relative to 18S rRNA content.  
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Table 1. Primer sequences, annealing temperatures and expected PCR-product lengths 

 
 
 
Detection of β-galactosidase expression 
For visualization of the Cre specificity, Alfp-Cre mice were crossed with R26R-lacZ reporter 
mice (35). X-gal histochemistry on frozen sections of liver from Alfp-cre/R26R-lacZ progeny 
was performed as described (36). 
 
Histology 
The general histology was assessed in haematoxylin and eosin (H&E) stained sections. For 
immunohistochemistry, frozen and paraffin-embedded sections were stained as described 
(32). Mouse monoclonal anti-GS (1: 1,000; Transduction Laboratories USA, Lexington, KY); 
mouse monoclonal anti-β-galactosidase (1: 500; Promega Benelux, Leiden, Holland); rabbit 
polyclonal anti-OAT (anti-ornithine aminotransferase, 1:1,000 (37)), rabbit polyclonal anti-
PEPCK (anti-phosphoenolpyruvate carboxykinase, 1:1,000 (38)) and rabbit polyclonal anti-
CPS (anti-carbamoylphosphate synthetase, 1:1,000 (39)) were used as first antibodies.  
 
Animal experiments 
 
Experimental protocols 
 
1. Metabolic fluxes across the portal-drained viscera and the liver in postabsorptive mice 
Three different experimental groups were studied: Cretg/-/GS+/+ (wild-type), Cretg/-/GS+/LacZ 

(heterozygotes) and Cretg/-/GSfl/LacZ (GS-KO/L) mice (both males and females, 20-30g, 2.5-3.5 
months of age). All mice were fasted for 4h before the start of the surgical procedures to 
induce the postabsorptive state. The mice were instrumented between 12:00 and 16:00. 
Anesthesia and fluid maintenance were as described (40). During the experiment, the mice 
were kept at 37ºC, using a rectal temperature controller (Technical Service, Maastricht 
University) and heat pads. Catheterization of the jugular vein, carotid artery, mesenteric vein, 

null allele: 317 60 ACCCCTTGAAAGCAGAGTGA 
TGGCACAATGTAGGATCCAG 

GS-F 2838 
GS-R 10587 

Cre-excision 

Cre excision 

Quantitative-PCR 

255 69 GCATCGAGCTGGGTAATAAGCGTTGGCAAT 
ACTGCAACAACGCTGCTTCGGCCTGGTAAT 

LacZ-F 
LacZ-R 

LacZ 

58 

55 

63 

60 

TM 
(°C) 

18S rRNA 

GS-mRNA 

 Cre 

GS WT allele  
GS flox allele 

Genotyping 

detected 
elements 

TTCGGAACTGAGGCCATGAT 
CGAACCTCCGACTTTCGTTCT 

TGGCCACCTCAGCAAGTT 
GGCTTCCGGTTATACTTG 

GGTTCGCAAGAACCTGATGGACAT  
GCTAGAGCCTGTTTTGCACGTTCA  

TGAGTTCTTCCTCGGTCCAG 
TGGCACAATGTAGGATCCAG 

Sequence 5’  3’ fragment size 
(bp) 

primers 

 18S-F 
18S-R 

 GS F 3007 
GS R 4740 

342 Cre-F 
Cre-R 

WT allele: 337 
Flox allele: 405 

GS-F 10252 
GS-R 10587 
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portal vein and hepatic vein was performed as described (40). Plasma flow across the liver 
was measured using the indicator-dilution technique with 14C para-aminohippuric acid (14C-
PAH, NEN Life Science Products, Boston, MA) infusion into a small branch of the 
mesenteric vein as described (40). Blood was collected from the carotid artery, portal vein, 
and hepatic vein. For determination of amino-acid concentrations, 80μL plasma was added to 
6.4mg lyophilized sulphosalicylic acid, vortexed, frozen in liquid nitrogen and stored 
at -80°C. At the end of the experiment, liver samples were frozen in liquid N2 and stored 
at -80°C. Approximately 50mg of tissue was added to 250μL of a 2.5% sulphosalicylic acid 
solution, containing 100mg glass beads (1mm diameter). The tissue was homogenized for 
30sec with a Mini-Bead Beater at low speed, centrifuged, and the supernatant was stored 
at -80°C. We assumed that 1gram of liver tissue equals 1mL for calculation of the amino-acid 
concentration. Blood and liver-tissue amino-acid concentrations were measured using a fully 
automated HPLC system (41). Ammonia was determined spectrophotometrically (42). 
 
2. Metabolic fluxes across the portal-drained viscera and the liver during an ammonia 
challenge 
Two groups were studied in this experiment: Cre-/-/GS+/+ (wild type) and Cretg/-/GSfl/LacZ (GS-
KO/L) female mice (~22g, ~3-months old). The animals had free access to food and drinking 
water, which contained either 5% (wt/vol) sucrose (no challenge) or 5% sucrose with 0.28 M 
NH4HCO3 (challenge) during the 4 days preceding the assay. Drinking water was refreshed 
daily and the volume ingested was recorded. The animals were not fasted prior to analysis. 
The surgical procedures were performed between 10:00 and 13:00 h and the mice were kept at 
37 ºC using a heat-pad. Anesthesia was induced and instrumentation for blood sampling was 
carried out as described above. Blood ammonia concentrations were determined immediately 
after blood sampling with the ammonia checker II (Type AA-4120; Kyoto Daiichi Kagaka 
Co., Japan). Plasma amino-acid concentrations were determined as described above.  
 

Calculations 
 
Plasma flow across liver and portal-drained viscera (PDV) were calculated as described (40) 
and expressed as mL/10g bw.min. The flux across the liver was calculated by subtracting the 
flux across the PDV from the total splanchnic flux. Metabolic fluxes are expressed as nmol/ 
10g bw.min (43, 44). A positive flux indicates net production and a negative flux net 
consumption. 
 
Statistical analysis 
 
Data are expressed as means ± SEM. Biochemical data were tested for differences with a two-
way ANOVA. Since no significant differences between males and females were observed, 
their data were pooled for the description of the effects of genotype in the Results section. The 
effects of ammonia challenge were tested with a t-test between non-challenged and challenged 
conditions per genotype. Because the large number of tests would result in a very conservative 
Bonferroni correction, all relevant P-values < 0.05 are given in the text.  
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Results 
 
Characteristics of Cretg/- GSfl/LacZ

 mice 
 
General features 
Breeding Cretg/-/GS+/LacZ mice with GSfl/fl mice yielded Cretg/-/GSfl/LacZ (GS-KO/L) mice with 
the expected Mendelian ratio (P = 1; the known infertility of females harboring the Alfp-Cre 
transgene was taken into account). GS-KO/L mice were viable and fertile with no obvious 
phenotype. The tissue-specific deletion of the GS gene was verified by PCR genotyping of 
various tissues of one-month old GS-KO/L mice. The null allele was detected only in liver 
tissue. Other tissues, including brain, kidney, muscle, heart, stomach and intestine revealed no 
detectable Cre-mediated recombination events. Quantitative-PCR analysis showed very low 
(6 ± 2 %) residual GS mRNA expression in the liver of GS-KO/L mice compared to wild-type 
controls. This residual expression can be attributed to a few remaining GS-positive 
hepatocytes (Figure 2) and to GS expression in stellate cells (45). 
  
Histological features 
Because GS is expressed only in a rim of 2-3 pericentral hepatocytes, we produced Alfp-
Cre/R26R-LacZ mice to check if Cre-mediated excision is active in the pericentral area. X-gal 
histochemistry and GS immunohistochemistry on serial sections of frozen liver of adult and 
neonatal Alfp-Cre/R26R-LacZ mice is shown in Figure 1. Alfp-driven Cre was active 
throughout the liver, but was most pronounced around the central veins.  

 
Figure 1. Alfp-Cre expression in 
liver. Serial cryostat sections of the 
liver of a one-month old Alfp-
Cre/R26R-lacZ double transgenic 
mouse were stained for the presence of 
β-galactosidase activity (panels A1,2) 
and GS protein (panels B1,2). The 
Alfp-Cre-mediated recombination of 
the R26R locus induces LacZ 
expression throughout the liver, but 
most pronounced in the hepatocytes 
surrounding the central veins. Panels 
A2 and B2 are magnifications of open 
boxes in panels A1 and B1. C: central 
vein; P: portal vein. Scale bars: 250 μm 
(panels A1 and B1) or 100 μm (panels 
A2 and B2). 
 

 
In immunohistochemically stained sections of Cretg/-/GSfl/LacZ (GS-KO/L) livers, hardly any 
GS protein-positive hepatocytes could be detected (Figure 2, panels C1 and D1). Cretg/-/GS+/+ 
(wild-type) and Cretg/-/GS+/LacZ (heterozygous) mice were used as controls. In heterozygous 
control liver, β-galactosidase activity and GS protein co-localized around the central veins 
(Figure 2, panels B1, 2). Therefore, the β-gal reporter was used as a marker for hepatocytes in 
which GS was inactivated (Figure 2, panels C1, 2 and D1, 2). H&E staining revealed no 
morphological abnormalities in the liver of GS-KO/L livers (data not shown). Furthermore, 
the expression pattern of pericentrally expressed ornithine aminotransferase and periportally 
expressed carbamoylphosphate synthetase in GS-KO/L liver was not different from that in 
control liver (Figure 2, panels A3-D3 and A4-D4). In aggregate, these results show that GS 
expression was completely eliminated from GS-KO/L liver, without any effect on structure or 
metabolic zonation in these livers. 
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Figure 2. Expression of GS, β-galactosidase, OAT, and CPS in the liver of GS-KO/L mice. Serial sections of 
the liver from control mice (Cretg/-/GS+/+, panel A1-4) and Cretg/-/GS+/LacZ, panel B1-4) and liver GS-knockout 
mice (Cretg/-/GSfl/LacZ, panel C1-4 and D1-4) were stained immunohistochemically. In control livers, β-
galactosidase (B2) and GS protein (B1) are co-localized around the central veins. The expression pattern of β-
galactosidase in control and GS-knockout mice is similar (cf. panels B2, C2, and D2). In contrast, GS protein 
was completely absent around the central veins of GS-KO/L livers (cf. panels A1, B1, C1, and D1), except for a 
stray hepatocyte (panel C1, insert). OAT (panels A3-D3) and CPS (panels A4-D4) have identical pericentral and 
periportal expression patterns, respectively, in the liver of control and GS-KO/L mice. C: central vein; P: portal 
vein. Scale bars: 200 μm, except panel C1, insert: 50 μm. 

 
Biochemical features 
 
1. Metabolic fluxes across the portal-drained viscera and the liver in postabsorptive mice 
(Table 2) 
Circulating levels of amino acids 
The sum of amino-acid concentrations in the aorta (Table 2a), portal vein (Table 2b) and 
hepatic vein (Table 2c) did not differ postabsorptive among the three genotypes examined. In 
GS-KO/L mice, the predominant change was a decline in arterial, portal, and hepatic venous 
glutamine levels to 50-70% of that in wild-type controls, with the heterozygotes experiencing 
an intermediate decrease. Citrulline concentrations similarly declined, with that in the arterial 
and portal-venous blood being significant. Serine, threonine and glycine concentrations 
differed between heterozygotes and GS-KO/L mice only. The 15-20% increase in glycine 
concentration was significant in the arterial blood only, while the increases in serine and 
threonine concentration were significant in the arterial and hepatic venous blood.   
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Table 2. Circulating concentrations of amino acids in postabsorptive wild-type, heterozygous and 
homozygous GS-KO/L mice. 
 
Table 2a. Arterial amino-acid concentrations 
 

 wild type n=30 heterozygotes n=43 GS-KO/L n=34 P value 
amino acid (μM) Mean SEM Mean SEM Mean SEM genotype 

a_glu 93 3 93 3 96 5  

a_asn 62 8 55 4 61 4  
a_ser 126 7 135 5 159 4 0.000 
a_gln 605 27 527 17 410 36 0.000 
a_his 104 3 104 3 104 3  
a_gly 198 9 190 7 218 7 0.027 
a_thr 131 4 129 4 152 4 0.000 
a_cit 93 3 83 2 80 4 0.010 
a_arg 165 8 160 7 175 13  
a_ala 419 29 411 22 453 35  
a_tau 231 17 224 13 251 19  
a_tyr 155 8 160 5 164 9  

a_met 84 4 85 4 92 5  
a_phe 115 5 113 4 114 5  
a_trp 84 3 85 3 94 5  
a_val 255 7 264 7 270 21  
a_ile 82 3 86 3 87 4  
a_leu 228 8 240 7 243 18  
a_orn 96 8 99 6 100 6  
a_lys 277 10 265 8 290 10  

a_total_AA 3593 125 3508 101 3611 159  

 
 

Table 2b. Portal venous amino-acid concentrations 

 wild type n=27 heterozygotes n=36 GS-KO/L n=28 P value 
amino acid (μM) Mean SEM Mean SEM Mean SEM genotype 

p_glu 131 9 128 5 119 5  
p_asn 94 8 91 6 83 7  

p_ser 149 9 154 7 174 8  
p_gln 361 22 316 20 220 17 0.000 
p_his 108 5 109 4 110 4  
p_gly 245 12 252 11 269 8  
p_thr 151 8 149 6 170 6  
p_cit 106 5 94 4 92 3 0.004 
p_arg 137 8 133 7 133 9  
p_ala 801 39 816 32 767 40  
p_tau 282 29 260 18 253 18  
p_tyr 166 7 173 7 170 8  

p_met 83 4 84 4 87 4  
p_phe 136 5 135 5 134 5  
p_trp 75 4 73 3 80 3  
p_val 244 9 245 9 236 8  
p_ile 93 5 96 4 104 7  
p_leu 241 10 245 9 238 9  
p_orn 110 8 114 7 117 11  
p_lys 295 14 290 11 316 14  

p_total_AA 4066 166 3956 143 3873 134  
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Table 2c. Hepatic venous amino-acid concentrations 

 wild type n=27 heterozygotes n=39 GS-KO/L n=29 P value 
amino acid (μM) Mean SEM Mean SEM Mean SEM genotype 

h_glu 110 5 143 15 116 7  

h_asn 67 7 70 7 76 5  
h_ser 143 8 139 6 166 6 0.007 
h_gln 478 28 389 18 240 24 0.000 
h_his 113 4 113 4 112 4  
h_gly 221 10 223 10 246 11  
h_thr 141 6 139 5 167 7 0.001 
h_cit 98 4 94 4 90 4  
h_arg 114 10 87 8 98 10  
h_ala 565 41 573 37 616 45  
h_tau 302 30 360 42 285 21  
h_tyr 166 7 172 5 168 8  

h_met 82 4 83 3 84 4  
h_phe 125 6 128 4 130 5  
h_trp 80 4 79 3 85 3  
h_val 255 8 265 7 259 8  
h_ile 93 4 100 4 105 4  
h_leu 241 9 258 8 251 9  
h_orn 138 11 153 9 155 12  
h_lys 295 10 286 9 311 14  

h_total_AA 3875 129 3851 132 3801 149  

 
Liver tissue amino-acid levels  
Liver tissue amino-acid concentrations are shown in Table 2d. The sum of amino-acid 
concentrations did not differ among the three genotypes examined. Significant effects of 
genotype were only observed for liver glutamine concentration, which had decreased almost 
50% in GS-KO/L mice compared to wild types, with heterozygotes taking and intermediate 
position. 
 
 
Table 2d. Liver tissue amino-acid concentrations 

 WT n=6 heterozygotes n=13 GS-KO/L n=8 P value 
amino acid (μM) mean SEM mean SEM mean SEM genotype 

liver_asp 651 100 776 119 718 149  
liver_glu 1551 108 1679 129 1798 177  
liver_asn 79 18 82 14 76 16  
liver_ser 2003 402 1908 283 1838 301  
liver_gln 1313 103 1070 79 748 58 0.001 
liver_his 430 38 448 32 477 45  
liver_gly 1560 203 1508 136 1557 128  
liver_thr 384 62 466 63 473 73  
liver_cit 128 30 192 36 131 38  
liver_arg 86 14 121 23 54 20  
liver_ala 3067 398 3154 284 3998 415 0.14 
liver_tau 7943 368 7911 407 8133 595  
liver_tyr 202 29 261 40 234 36  

liver_met 109 6 111 6 107 9  
liver_phe 833 217 1112 163 1138 151  
liver_val 569 62 614 60 641 78  
liver_ile 267 30 290 25 306 34  
liver_leu 1091 105 1253 114 1356 132  
liver_orn 287 61 189 44 330 72  
liver_lys 1105 91 1311 96 1329 108  

liver_totalAA 23658 1712 24458 1507 25442 1844  
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Table 2e. Amino-acid fluxes across the portal-drained viscera 

amino acid wild type n=26 heterozygotes n=34 GS-KO/L n=24 P value 

(nmol/10g bw.min) Mean SEM Mean SEM Mean SEM genotype 

PDV_flux_glu 15 3 15 2 9 2  

PDV_flux_asn 12 3 14 2 9 2  

PDV_flux_ser 10 4 7 2 6 2  

PDV_flux_gln -81 8 -70 6 -63 11  

PDV_flux_his 2 2 3 1 3 1  

PDV_flux_gly 18 4 24 4 20 3  

PDV_flux_thr 8 3 9 2 7 2  

PDV_flux_cit 5 2 5 1 4 2  

PDV_flux_arg -9 3 -8 3 -13 4  

PDV_flux_ala 145 14 153 12 126 13  

PDV_flux_tau 21 6 18 4 5 7  

PDV_flux_tyr 6 2 7 2 5 2  

PDV_flux_met 0 2 1 1 0 1  

PDV_flux_phe 9 2 9 2 8 2  

PDV_flux_trp -2 1 -4 1 -5 2  

PDV_flux_val -3 4 -3 3 -11 9  

PDV_flux_ile 5 1 5 1 4 1  
PDV_flux_leu 6 4 5 3 -1 7  
PDV_flux_orn 7 3 7 3 7 3  
PDV_flux_lys 10 6 12 4 11 5  

PDV_flux_totalAA 209 59 209 49 132 56  

 
 
Table 2f. Amino-acid fluxes across the liver. 

amino acid wild type n=26 heterozygotes n=34 GS-KO/L n=24 P value 

(nmol/10g bw.min) Mean SEM Mean SEM Mean SEM genotype 

liver_flux_glu -3 3 19 9 4 3 0.052 

liver_flux_asn -7 3 -5 4 3 3  

liver_flux_ser 3 3 -2 3 -2 3  

liver_flux_gln 14 13 -8 11 -36 13 0.025 

liver_flux_his 5 2 4 2 2 2  

liver_flux_gly -1 4 -1 4 -3 4  

liver_flux_thr 1 3 0 2 2 3  

liver_flux_cit -1 2 3 1 2 2  

liver_flux_arg -22 6 -36 6 -38 6  

liver_flux_ala -38 20 -42 19 3 18 0.235 

liver_flux_tau 30 10 75 24 23 10 0.08 

liver_flux_tyr 5 3 3 2 1 2  

liver_flux_met 0 2 0 2 -3 1  

liver_flux_phe 1 3 1 2 3 3  

liver_flux_trp 1 2 1 1 -1 2  

liver_flux_val 8 4 7 3 0 9  

liver_flux_ile 4 1 4 1 6 3  

liver_flux_leu 8 4 8 3 6 9  

liver_flux_orn 25 5 30 4 31 6  

liver_flux_lys 8 5 3 4 5 5  

liver_flux_totalAA 16 54 64 60 27 66  
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Metabolic fluxes across the portal-drained viscera and liver  
The average plasma flow across the PDV and liver were 0.36 ± 0.04 and 0.64 ± 0.06 mL/10g 
bw.min, respectively. The flux of none of the amino acids differed among the three genotypes 
(Table 2e). As expected, the uptake of ~70 nmol/10g bw.min glutamine and the release of 
~140 nmol/10g bw.min alanine were quantitatively the largest fluxes across the PDV. Table 
2f shows that, consistent with the changes in circulating amino-acid concentrations, only the 
flux of glutamine across the liver changed from a production of 14 nmol/10g bw.min in WT 
mice to an uptake of 36 nmol/10g bw.min in GS-KO/L mice.  

 
2. Metabolic fluxes across the portal-drained viscera and the liver during an ammonia 
challenge (Table 3a). 
Blood ammonia levels during the ammonia challenge  
The animals were not fasted. Unchallenged control and GS-KO/L animals had similar arterial 
and portal-venous ammonia levels (~35 and 130-150 μM, respectively). Despite 2-fold higher 
hepatic-venous ammonia levels in GS-KO/L than in control mice, ammonia production in the 
PDV (~40 nmol/10g bw.min) and ammonia uptake in the liver (~30 nmol/10g bw.min) did 
not differ significantly between the 2 groups. In challenged wild-type mice that consumed 
ammonia via their drinking water, arterial, portal-venous and hepatic-venous ammonia 
concentrations were 60, 240, and 55 μM, respectively (i.e. ~2-fold higher than in 
unchallenged animals), while these concentrations were 70, 265, and 110 μM, respectively, in 
challenged GS-KO/L mice. The ammonia challenge increased the production of ammonia by 
the gut and its uptake by the liver 2-3-fold in both control and GS-KO/L mice. However, in 
GS-KO/L mice, the uptake of ammonia in the liver no longer compensated the production in 
the PDV.  
 
Circulating plasma amino-acid levels during the ammonia challenge (Table 3b-d)  
In the fed, unchallenged condition, arterial, portal-, and hepatic-venous glutamine levels in 
GS-KO/L mice were decreased to ~80, ~50, and ~35% of controls, respectively. The arterial 
concentration of glycine, taurine and tyrosine levels were 1.5-2.1-fold increased in GS-KO/L 
mice, while isoleucine was decreased to 80%. With few exceptions (P = 0.003 and 0.002, 
respectively, according to Wilcoxon’s matched pairs signed ranking test), the average 
concentration of most amino acids was lower in the portal and hepatic veins of GS-KO/L mice 
than in controls, with that of asparagine, serine, histidine, glycine, threonine, citrulline, 
arginine, alanine, lysine, methionine and the branched-chain amino acids being significantly 
decreased to 40-70% of controls. As a result, the sum of amino-acid concentrations in GS-
KO/L was decreased to ~70% of controls in both the portal and hepatic veins.  
 
The ammonia challenge increased, in addition to glutamine, the arterial levels of asparagine, 
serine, threonine, alanine, tyrosine, and leucine 1.2-3.5-fold in control mice, whereas valine 
and isoleucine levels were decreased. The portal- and hepatic-venous levels of serine, 
histidine, phenylalanine, and ornithine declined to 60-85%. With the exception of glutamine 
(no change), the response of arterial amino-acid levels to the ammonia challenge did not differ 
between GS-KO/L and control mice. In the portal vein, only the levels of glycine, citrulline, 
and alanine rose more in GS-KO/L than in control mice, while ornithine did not decline. In 
the hepatic vein, glycine, citrulline, and the branched-chain amino acids rose more in GS-
KO/L mice than in controls, while phenylalanine did not decline.  
 
Fluxes across the portal drained viscera and liver in the fed condition (Table 3e-f)  
In control mice, feeding specifically increased the production of serine, histidine, glycine, 
threonine, citrulline, arginine, phenylalanine, leucine, and ornithine across the gut, while the 
consumption of glutamine decreased (cf. Tables 2e and 3e). GS-KO/L mice differed from 
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control mice in that the fed gut consumed more glycine, threonine, citrulline, arginine, taurine, 
tyrosine, and valine than the postabsorptive gut. Feeding increased the production of serine, 
glutamine, taurine, and ornithine in the liver of control mice (cf. Tables 2f and 3f). GS-KO/L 
livers differed from control livers in that the production of serine decreased and the uptake of 
glycine, threonine, citrulline, tyrosine and valine increased. The uptake of glutamine did not 
increase. Feeding did not result in the net production of amino acids in GS-KO/L gut and 
liver, demonstrating that feeding represented a challenge for the GS-KO/L gastro-intestinal 
tract. 
 
With very few exceptions (P = 0.001 according to Wilcoxon’s matched pairs signed ranking 
test), the fluxes of amino acids across the splanchnic and PDV were lower (less production or 
more uptake) in fed unchallenged GS-KO/L mice than in fed controls (Table 3e), so that the 
production of amino acids that was seen in the fed control gut was abolished. Of all amino 
acids, the flux of glutamine had not changed, while fluxes of asparagine, glycine, threonine, 
alanine, and leucine were significantly lower in the PDV of unchallenged fed GS-KO/L mice 
than of controls. With very few exceptions (P = 0.003 according to Wilcoxon’s matched pairs 
signed ranking test), the average flux of all amino acids separately was also lower in GS-
KO/L liver than in controls, but only the production of glutamine had changed into an uptake. 
As a result, the gut and liver of fed control mice produced amino acids, whereas that of GS-
KO/L mice took up amino acids.  
 
Fluxes across the portal drained viscera and liver during the ammonia challenge (Table 3e-f)  
In control mice that were challenged with ammonia, the production of asparagine, serine, 
histidine, glycine, threonine, alanine, tyrosine, phenylalanine, leucine, ornithine, and 
branched-chain amino acids across the PDV decreased significantly, whereas glutamine 
consumption increased. GS-KO/L mice differed from control mice in that the consumption of 
glutamine, taurine and all amino acids summed decreased, while the production of serine 
decreased less and that of glycine and alanine increased. 
 
In ammonia-challenged control mice, the production of serine, glutamine, histidine, tyrosine, 
leucine and ornithine across the liver decreased and the net production of amino acids 
summed changed into an uptake. GS-KO/L differed in that the uptake of glutamine and 
glycine decreased and the production of serine, histidine, taurine and phenylalanine remained 
similar, so that the net uptake of amino acids decreased.  
 
The fluxes of total amino acids show that the ammonia challenge abolished the positive 
amino-acid balance across the portal vein in control mice, but did not further aggravate the 
already precarious balance of fed GS-KO/L mice. In contrast, the amino-acid uptake in the 
liver of challenged control mice was not seen in that of GS-KO/L mice. It therefore appears 
that, upon an ammonia challenge to fed control mice, intestinal amino-acid production 
disappears and hepatic amino-acid production changes into an uptake, whereas an ammonia 
challenge to fed GS-KO/L mice causes the uptake of amino acids in the gut and liver to 
disappear.  
 

Liver tissue amino-acid levels during the ammonia challenge (Table 3g) 

Liver tissue amino-acid concentrations in fed challenged condition are shown in Table 3g. 
The sum of amino-acid concentrations did not differ among the two genotypes examined. 
Significant effects of genotype were only observed for liver glutamine concentration, which 
had decreased in GS-KO/L mice to ~40% of wild-type controls. 
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Table 3. Circulating concentrations of amino acids and ammonia in fed female wild-type (WT) and GS-
KO/L mice challenged with 0.28 mM NH4HCO3 in their drinking water. 
*: P value between genotypes with the same challenge. 
**: P value between unchallenged and challenged wild-type animals. 
***: P value between unchallenged and challenged GS-KO/L animals. 
 
Table 3a. Blood ammonia levels and ammonia flux across the liver 
 

 unchallenged challenged   

 WT n=12 GS-KO/L n=11  WT n=11 GS-KO/L n=9    

ammonia mean SEM mean SEM P * mean SEM mean SEM P * P ** P *** 

a_ammonia (μM) 35 8 40 8  60 10 72 11    

p_ammonia (μM) 128 8 152 14  240 36 263 54  0.007  

h_ammonia (μM) 30 4 56 6 0.002 54 7 111 27  0.006  

PDV_flux_ammonia             

(nmol/10g bw.min) 37 5 44 7  88 14 105 22  0.011 0.026 

liver_flux_ammonia             

(nmol/10g bw.min) -37 8 -23 4  -96 16 -60 21  0.018  
 
 

Table 3b. Arterial amino-acid concentrations 

 unchallenged challenged   

  WT n=14 GS-KO/L n=10  WT n=23 GS-KO/L n=25    

amino acid (μM) mean SEM mean SEM P* mean SEM mean SEM P* P** P*** 

a_asp NA NA 17 15  . . 95 34    

a_glu NA NA 71 68  20 0 68 29    

a_asn 35 2 45 9  52 4 54 5  0.000  

a_ser 150 6 184 36  275 51 220 15  0.024  

a_gln 469 12 386 44 0.048 540 26 384 15 0.000 0.017  

a_his 90 2 98 11  101 8 99 5    

a_gly 159 7 260 47 0.021 196 32 258 24    

a_thr 190 4 213 33  228 13 231 14  0.009  

a_cit 121 11 107 14  147 16 110 7 0.047   

a_arg 160 6 144 23  163 6 139 10 0.043   

a_ala 384 15 457 88  622 58 564 47  0.001  

a_tau 308 15 657 149 0.044 377 30 688 63 0.000   

a_tyr 84 5 129 23 0.039 107 4 140 12 0.013 0.001  

a_val 294 6 264 26  257 9 247 12  0.001  

a_met 71 2 73 9  71 2 69 4    

a_ile 127 3 102 12 0.040 102 5 93 5  0.000  

a_phe 124 5 136 15  124 4 126 6    

a_leu 100 5 112 11  406 26 421 34  0.000 0.000 

a_orn 254 12 209 22  104 7 102 11  0.000 0.001 

a_lys 531 31 510 62  571 28 467 32 0.021   

a_total_AA 3652 91 4112 508  4464 328 4574 383  0.035  

a_BCAA 520 12 478 45  765 23 762 41  0.000 0.000 
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 Table 3c. Portal venous amino-acid concentrations 

 unchallenged challenged   
  WT n=14 GS-KO/L n=10  WT n=18 GS-KO/L n=14    
amino acid (μM) mean SEM mean SEM P* mean SEM mean SEM P* P** P*** 

p_asp 38 19 92 73  13 4 37 8 0.021   
p_glu 64 14 47 12  40 5 58 6 0.028   
p_asn 90 8 62 5 0.008 81 8 70 5    
p_ser 426 69 320 28  268 32 274 33  0.033  
p_gln 357 32 187 18 0.000 344 19 229 14 0.000   
p_his 147 17 106 5  111 8 116 7  0.048  
p_gly 355 52 229 20 0.038 280 29 313 24   0.018 
p_thr 258 26 182 11 0.024 240 17 224 16    

p_cit 163 18 77 8 0.000 179 17 133 9 0.027  0.000 
p_arg 185 26 103 8 0.013 156 10 118 9 0.010   
p_ala 740 70 447 41 0.003 804 64 643 59   0.021 
p_tau 415 101 358 123  432 41 549 73    
p_tyr 105 16 95 8  95 7 105 8    
p_val 293 21 214 12 0.006 272 15 245 15    
p_met 63 5 45 3 0.005 68 4 57 4   0.022 
p_ile 123 10 88 6 0.012 117 7 102 7    

p_phe 313 44 347 45  205 20 251 36  0.024  
p_leu 170 13 128 6 0.014 264 44 186 22   0.020 
p_orn 506 72 440 71  312 80 420 101  0.032  
p_lys 340 35 220 24 0.017 448 32 327 41 0.027  0.036 

p_total_AA 5509 702 3913 538 0.007 5090 493 4610 511   0.013 
p_BCAA 586 43 429 22 0.007 652 57 533 38   0.026 

 
 
Table 3d. Hepatic venous amino-acid concentrations  

 unchallenged challenged   
  WT n=14 GS-KO/L n=10  WT n=16 GS-KO/L n=12    
amino acid (μM) mean SEM mean SEM P* mean SEM mean SEM P* P** P*** 

h_asp 37 15 107 57  35 15 32 8    
h_glu 58 10 56 10  35 7 93 37    
h_asn 53 4 38 3 0.016 48 5 47 5    
h_ser 414 49 290 19 0.041 243 51 285 48  0.023  
h_gln 584 44 223 21 0.000 517 64 282 23 0.003   
h_his 143 7 101 4 0.000 109 8 127 13  0.005  
h_gly 287 42 171 16 0.020 203 31 294 43   0.016 
h_thr 236 15 162 11 0.001 221 21 219 23   0.041 
h_cit 132 12 60 11 0.000 136 11 126 17   0.006 
h_arg 135 18 82 18 0.046 112 12 98 16    
h_ala 404 34 282 33 0.020 497 85 371 47    
h_tau 704 113 664 135  703 129 895 143    
h_tyr 100 10 90 8  82 8 98 9    
h_val 293 16 206 14 0.001 267 20 259 16   0.025 
h_met 49 5 35 5  57 4 50 5    
h_ile 126 7 84 6 0.000 111 10 112 9   0.030 

h_phe 280 64 277 53  186 23 323 61 0.037   
h_leu 179 6 119 9 0.000 202 36 162 13   0.019 
h_orn 560 51 490 61  326 64 438 80  0.009  
h_lys 362 32 251 43 0.047 364 21 255 33 0.008   

h_total_AA 5018 294 3787 537 0.001 4457 626 4564 650   0.044 
h_BCAA 598 28 409 28 0.000 581 55 533 38   0.021 
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Table 3e. Amino-acid fluxes across the portal-drained viscera  

 unchallenged challenged     

amino acid WT n=15 GS-KO/Ln=10   WT n=18 GS-KO/L n=14       

(nmoles/10g                    

bw.min) mean SEM mean SEM P* mean SEM mean SEM P* P** P*** 

PDV_flux_asp NA NA NA NA   NA NA -20 31       

PDV_flux_glu NA NA -17 25   4 NA 9 4       

PDV_flux_asn 20 2 7 4 0.009 10 3 6 3   0.018   

PDV_flux_ser 99 25 51 19   1 13 21 10   0.001   

PDV_flux_gln -38 10 -72 18   -71 9 -53 7   0.017   

PDV_flux_his 20 6 3 5   4 2 8 3   0.030   

PDV_flux_gly 71 18 -9 19 0.007 35 8 26 13       

PDV_flux_thr 24 9 -9 14 0.041 4 5 -2 7   0.038   

PDV_flux_cit 15 8 -11 9 0.040 16 4 8 4     0.029 

PDV_flux_arg 9 9 -15 9   -3 3 -9 5       

PDV_flux_ala 128 23 4 36 0.006 64 29 39 29       

PDV_flux_tau 39 34 -111 99   22 15 -35 24 0.047     

PDV_flux_tyr 7 6 -11 10   -4 2 -14 6       

PDV_flux_val 0 6 -17 11   4 6 -3 7       

PDV_flux_met -3 2 -10 3   -1 2 -5 2       

PDV_flux_ile -1 4 -5 5   5 3 2 3       

PDV_flux_phe 68 16 75 18   30 7 43 13   0.030   

PDV_flux_leu 25 4 5 5 0.009 -52 19 -73 22   0.001 0.003 

PDV_flux_orn 91 27 93 34   3 4 9 15   0.007 0.045 

PDV_flux_lys -69 17 -110 25   -3 14 16 28   0.012 0.005 

PDV_flux_total_AA 506 225 -158 369 0.010 70 146 -26 237       

PDV_flux_BCAA 24 14 -17 20   -42 27 -74 32   0.016 0.048 
 
 
Table 3f. Amino-acid fluxes across the liver 

 unchallenged challenged     

amino acid WT n=14 GS-KO/Ln=10   WT n=13 GS-KO/L n=11       

(nmoles/10g                    

bw.min) mean SEM mean SEM P* mean SEM mean SEM P* P** P*** 

liver_flux_asp NA NA NA NA   NA NA -46 5       

liver_flux_glu NA NA -9 15   5 NA -6 17       

liver_flux_asn -9 3 -11 4   -15 3 -8 3       

liver_flux_ser 70 44 18 11   -21 20 23 24       

liver_flux_gln 114 18 -32 9 0.000 45 30 -3 12       

liver_flux_his 13 6 -1 3 0.041 -2 4 13 7   0.033   

liver_flux_gly 11 33 -48 13   -34 12 6 27       

liver_flux_thr 5 13 -21 9   -11 10 0 11       

liver_flux_cit -8 10 -30 7   -26 10 3 11       

liver_flux_arg -25 11 -26 8   -36 10 -21 11       

liver_flux_ala -116 23 -113 26   -163 23 -115 27       

liver_flux_tau 248 58 170 101   173 53 243 107       

liver_flux_tyr 3 5 -12 7   -11 5 -12 6       

liver_flux_val 0 9 -19 7   -4 13 7 10       

liver_flux_met -11 3 -15 3   -9 2 -6 4       

liver_flux_ile 1 4 -7 4   0 6 8 6       

liver_flux_phe 31 26 34 32   14 13 91 35       

liver_flux_leu 25 5 -1 6 0.003 -52 22 -54 18   0.004 0.013 

liver_flux_orn 105 34 69 29   -40 7 -41 7   0.001 0.005 

liver_flux_lys -39 23 -81 28   -90 22 -82 15       

liver_flux_total_AA 418 328 -135 322   -277 266 -1 363       

liver_flux_BCAA 26 18 -27 14 0.040 -56 41 -38 34   0.004   
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Table 3g. Liver tissue amino-acid concentrations 
. 

 challenged 
amino acid WT n=7 GS-KO/L n=8   
pmoles/mg mean SEM mean SEM P* 

liver_asp 243 42 198 15   
liver_glu 1075 151 770 85   
liver_asn 78 16 66 9   
liver_ser 325 34 281 23   
liver_gln 1964 225 821 63 0.000 
liver_his 537 66 405 27   
liver_gly 1193 143 1167 104   
liver_thr 269 46 257 19   
liver_cit 36 6 28 7   
liver_arg 17 5 36 10 0.036 
liver_ala 1711 290 1887 223   
liver_tau 5950 1024 4530 338   
liver_tyr 75 13 77 11   
liver_val 445 81 300 26   
liver_met 52 11 46 7   
liver_ile 201 44 143 16   

liver_phe 128 22 91 13   
liver_leu 354 61 311 36   
liver_orn 494 89 269 15   
liver_lys 1048 146 772 57   

liver_total_AA 16045 2133 12447 541   
liver_BCAA 1070 225 754 78   

 
Discussion 
 
A main finding of the present study was that the elimination of GS expression in the liver of 
Cretg/-/GSfl/LacZ (GS-KO/L) mice was virtually complete and specific for liver. The Cre-
mediated excision of the coding sequence of GS did not cause morphologically detectable 
changes in the architecture of the liver. Unexpectedly, hepatic GS deficiency did also not 
affect the animal's health or reproductive activity under unchallenged conditions. We 
investigated amino-acid metabolism in the fed and postabsorptive conditions, and as it 
adapted to a mild challenge with ammonia in the drinking water for 4 days.  
 
The decline in arterial glutamine induces consumption of amino acids in both gut and 
liver  
As expected, the production of glutamine in the liver that characterizes fed control mice was 
changed into an uptake in GS-KO/L mice. More intriguing is the finding that the metabolic 
changes due to the hepatic GS deficiency were equally pronounced in the gut and the liver. 
Even though the arterial supply of the GS-KO/L gut only contains a 20-25% lower glutamine, 
citrulline, ornithine, and isoleucine concentration than that of control mice, the portal vein of 
(fed) GS-KO/L mice contains a lower average concentration of the large majority of amino 
acids as shown by Wilcoxon’s matched pairs signed ranking test. As a consequence, the 
unchallenged fed GS-KO/L gut produces less, c.q. consumes more amino acids than the 
control gut, even though the primary enzyme deficiency is located in the liver. Similar to the 
gut, amino-acid production in the liver is strongly reduced in (fed) GS-KO/L mice. The data 
therefore suggest that a 20-25% decline in circulating arterial glutamine levels triggers an 
increased consumption of amino acids by both the gut and the liver. Apparently, a mild 
glutamine deficiency triggers a higher dependence of the gut on amino acids as energy source 
for the enterocytes, which comprise 75% of the gut mass in mice (46). This finding may 
explain the very important role that is assigned to glutamine with respect to the maintenance 



Chapter 4 

 84 

of gut integrity (47). The decreased production of amino acids by the GS-KO/L may reflect 
the decreased amino-acid concentration in the portal vein. 
 
The fed state represents a functional challenge for the GS-KO/L gastro-intestinal tract  
Four hours after food withdrawal, the consumption of amino acids by the gut was lower than 
in the fed condition. In this basal condition, the GS-KO/L gut and liver did not differ from the 
control gut and liver with respect to amino-acid balances, except that the GS-KO/L liver still 
consumed glutamine. In the fed state, the control gut produces amino acids, as expected, but 
in this condition, the GS-KO/L gut does not, showing that feeding profoundly affects gut 
amino-acid metabolism in mice with a hepatic GS deficiency. Similarly, the liver of fed 
control animals produces amino acids, whereas the liver of GS/KO/L mice does not. These 
data show that feeding is not accompanied by an efficient absorption of amino acids in the 
GS-KO/L gut. Apparently, the fed state represents a functional challenge for the GS-KO/L 
gastro-intestinal tract. 
 
An ammonia challenge does not induce amino-acid consumption in GS-KO/L gut 
The mice were also challenged with a 4-day long exposure to drinking water containing 
0.28M NH4HCO3. At an average daily consumption of 4-5 mL water per day, this represents a 
mild challenge with 1.1-1.4 mmol ammonia/mouse.day. Of this, ~200 μmol/mouse.day 
(~15%) appears in the form of ammonia in the portal vein, the remaining part probably being 
carried by amino acids. The ammonia challenge decreased the production of all amino acids 
summed in the gut of control animals by ~1.5 mmol/mouse.day, that is, the absorption of 1 
ammonia molecule costs ~1 amino-acid molecule. One explanation could be that ammonia-
challenged mice don't eat. However, fed controls and fed ammonia-challenged controls had 
similar body weights (~23-24 grams) and had not lost weight, making food refusal for 4 days 
an unlikely explanation (mice fasted 3 days loose 30% of their body weight (46)). Such an 
explanation is more unlikely as GS-KO/L mice also do not produce amino acids in the gut 
when fed. It is unclear at present how GS-KO/L mice control their amino-acid homeostasis if 
no amino acids are taken up by the gut and how their gut manages a challenge with ammonia. 
In future experiments, we will address these issues using stable isotopes. 
 
The GS-KO/L liver cannot detoxify increased loads of ammonia 
In the absence of the ammonia-scavenging function of GS in the liver (24), one would expect 
an increase in the circulating concentration of ammonia in GS-KO/L mice. In agreement, the 
GS-deficient liver appeared not to be able to detoxify all ammonia coming from the gut. Since 
systemic ammonia levels are similar in GS-KO/L and control mice, extrahepatic tissues would 
have to contribute to ammonia detoxification. In agreement with this conclusion, we 
demonstrated that muscle can detoxify ~800 μmol ammonia/10g bw.day (Chapter 5), that is, 
60-70% of what is taken up via the drinking water if that contains 0.28M NH4HCO3. 
 
Conclusion 
 
In aggregate, our observations in GS-KO/L mice show that a decline of arterial glutamine 
levels to ~70% of controls induces an increased consumption of amino acids in the gut. We 
hypothesize that this effect of a circulating deficiency of glutamine may explain the beneficial 
effect attributed to glutamine supplementation under catabolic conditions (47). Conversely, 
this finding may also point to the absence of a deficiency of glutamine as a potential cause for 
the frequent therapeutic failure of glutamine supplementation (47) 
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Abstract 
 
The loss of expression of glutamine synthetase (GS) in MCK-Cretg/-/GSfl/LacZ (GS-KO/M) 
mice is virtually complete in skeletal muscle and specific for striated muscle. The general 
health of GS-KO/M mice was not affected in any perceptible way. In agreement, no changes 
in the flux of glutamine or any other amino acid across the hindquarter were found in fed 
mice. In the postabsorptive state, after 4 hrs of fasting, glutamine concentrations in the aorta 
and caval vein decreased, whereas the concentrations of the branched-chain amino acids 
(BCAA) increased. However, the flux of glutamine and BCAA across the hindquarter did not 
change. Only after 20 hrs of fasting, the average concentration of all amino acids except 
glutamate and the BCAA in both the aorta and femoral vein decreased more in GS-KO /M 
mice than in wild-type mice. Of these, the decrease of aspartate, serine, glutamine, histidine, 
glycine, threonine, alanine, and tyrosine concentration was significant in the arterial blood and 
that of aspartate, serine and glutamine in the venous blood. The amino acid fluxes of all amino 
acids except the BCAA decreased, but only that of glutamine was significant. Furthermore, 
ammonia levels in the femoral vein of fasted GS-KO/M mice rose less than that in wild-type 
mice, so that the production of ammonia across the hindquarter was significantly lower in 
fasted GS-KO/M mice. Finally, we established that muscle can detoxify ~35 μmol 
ammonia/10g bw.hour, which corresponds with the concentration of GS in muscle and 
suffices to detoxify all ammonia produced by protein turnover. Our findings demonstrate that 
GS in skeletal muscle can contribute to systemic ammonia detoxification, but is dispensable in 
the fed condition. Its absence becomes progressively noticeable after discontinuing feeding. 
 

 

Abbreviations: GS-KO/M mice: MCKCretg/-/GSfl/LacZ mice 
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Introduction 
 
Glutamine is the most abundant free α-amino acid in mammals. At 0.5-0.8 mmol/L, plasma 
glutamine levels are relatively high, but most free glutamine is intracellular. In skeletal 
muscle, its concentration averages 2-3 mM. Although oral glutamine supplementation can 
increase the level of arterial plasma glutamine, the large majority of dietary glutamine is 
catabolized by the visceral tissues and does not enter the peripheral circulation (1, 2). 
Therefore, the large pool of glutamine within the body is essentially synthesized de novo, 
primarily in skeletal muscle (3-6). The only enzyme capable of glutamine synthesis is 
glutamine synthetase (L-glutamate: ammonia ligase (ADP); EC 6.3.1.2).  
 
Approximately one-third of all nitrogen derived from protein metabolism is transported in the 
form of glutamine. The bulk of this glutamine entering plasma is derived from skeletal muscle 
(2). The plasma glutamine pool is turning over very rapidly, since glutamine plays an 
important role in the interorgan transport of carbon, nitrogen and energy to the viscera, the 
kidneys and the immune system (7). Glutamine tracer kinetic studies indicate that ~50% of 
plasma glutamine is oxidized and that of the remainder, 10–20% used for gluconeogenesis 
and most of the rest for protein synthesis and incorporation into macromolecules (2).  
 
Thus far, attempts to specifically reduce circulating and tissue glutamine concentrations have 
used the irreversible GS inhibitor methionine sulfoximine (MSO). Administration of MSO for 
4-6 days resulted in a 40-50% decrease in plasma glutamine levels and a 55-65% decrease in 
intracellular muscle glutamine and a 50% increase in muscle ammonia levels (5, 8, 9). An 
intrinsic consequence of this approach is that GS activity is inhibited not only in muscle, but 
also in all other tissues. Although the best tool available at the time, MSO also has several 
side effects, including an increase in muscle perfusion (8), anorexia and weight loss (8, 9), 
central and peripheral neurotoxity (10, 11), and incomplete specificity (MSO partially inhibits 
γ-glutamyl transpeptidase (11) and has methylation-activating activity (12)). 
 
To study the function of the glutamine-synthetase (GS) gene in different tissues and under 
different (patho-)physiological conditions, we have, instead of using MSO, generated a mouse 
in which the protein-coding region of GS is flanked by loxP sequences (13). By crossing this 
mouse strain with a mouse strain which is transgenic for the Cre gene driven by the muscle 
creatine-kinase promoter/enhancer (14), we show that GS activity can be eliminated almost 
completely in all striated muscles. Using the muscle-specific GS knockout mouse, we 
demonstrate that GS activity in skeletal muscle is dispensable in the fed condition and that its 
absence becomes progressively noticeable after discontinuing feeding. We further 
demonstrate that muscle has the capacity to detoxify all ammonia produced by protein 
turnover. 

 
Materials and methods 
 
Mice 
Mice were maintained on a 12-hour light/12-hour dark cycle with free access to water and 
food. Room temperature was maintained at 20°C.  The studies were carried out in accordance 
with Dutch guidelines for the care and use of laboratory animals and approved by the Ethical 
Committee for Animal Research of the University of Amsterdam and Maastricht University. 
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Generation and characterization of muscle-specific GS-deficient mice 
(MCKCretg/-/GSfl/LacZ) 
Generation of MCKCretg/-/GSfl/LacZ mice 
The conventional GS-knockout mouse (GS+/LacZ), in which the GS coding region is replaced 
in-frame by the β-galactosidase reporter gene (15), and the conditional GS-knockout mouse 
(floxed GS allele, GSfl/+), in which the entire GS coding sequence is flanked by loxP sites, 
were generated as described (13). The floxed GS allele is equally active as the wild-type allele 
(13). Accordingly, both GSfl/LacZ and GSfl/fl mice are phenotypically normal and fertile. MCK-
Cre transgenic mice (Cretg/-/GS+/+), in which the Cre gene is expressed under the control of 
muscle Creatine Kinase (MCK) promoter (14) were used to eliminate GS in muscle tissue. To 
ensure complete removal of the floxed allele in cells that expressed MCK-Cre, we used 
animals in which one GS allele was floxed, whereas the other GS allele was already replaced 
in frame by LacZ.  A tri-transgenic breeding scheme was employed: MCK-Cre mice were 
crossed with GS+/LacZ mice to obtain Cretg/-/GS+/LacZ mice. These mice were bred with either 
GS+/+ or GSfl/fl mice to produce offspring that carried Cretg/-/GS+/+ (wild type), Cretg/-/GS+/LacZ 
(heterozygous), or Cretg/-/GSfl/LacZ (GS-KO/M) alleles. The genotype of the pups was analyzed 
by PCR amplification of toe DNA, using primer sets for GS wild-type allele and GS floxed 
allele, LacZ and Cre as listed in Table 1. 
 
Cre-mediated excision of GS  
Genomic DNA of different tissues and organs from 2-month old Cretg/-/GSfl/LacZ mice was 
analyzed by PCR. The intact floxed allele produces a 415 bp product with the LoxP1 primer 
set, whereas Cre excision results in a 317 bp product. Primer composition is listed in Table 1.  
 
 
Table 1. Primer sequences, annealing temperatures and expected PCR-product lengths 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

null allele: 317 60 ACCCCTTGAAAGCAGAGTGA 
TGGCACAATGTAGGATCCAG 

GS-F 2838 
GS-R 10587 

Cre-excision 

Cre excision 

Quantitative-PCR 

255 69 GCATCGAGCTGGGTAATAAGCGTTGGCAAT 
ACTGCAACAACGCTGCTTCGGCCTGGTAAT 

LacZ-F 
LacZ-R 

LacZ 

58 

55 

63 

60 

TM 
(°C) 

18S rRNA 

GS-mRNA 

 Cre 

GS WT allele  
GS flox allele 

Genotyping 

detected 
elements 

TTCGGAACTGAGGCCATGAT 
CGAACCTCCGACTTTCGTTCT 

TGGCCACCTCAGCAAGTT 
GGCTTCCGGTTATACTTG 

GGTTCGCAAGAACCTGATGGACAT  
GCTAGAGCCTGTTTTGCACGTTCA  

TGAGTTCTTCCTCGGTCCAG 
TGGCACAATGTAGGATCCAG 

Sequence 5’  3’ fragment size 
(bp) 

primers 

 18S-F 
18S-R 

 GS F 3007 
GS R 4740 

342 Cre-F 
Cre-R 

WT allele: 337 
Flox allele: 405 

GS-F 10252 
GS-R 10587 
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GS mRNA assay 
Total RNA was extracted from frozen hindquarter muscle with Trizol (Sigma, Zwijndrecht, 
The Netherlands). First strand cDNA was transcribed as described (16). PCR amplification 
and analysis were carried out using the LightCycler™ with software version 3.0 (Roche, 
Almere, The Netherlands). The data were analyzed using LinRegPCR (17). Primers are listed 
in Table 1. If reverse transcriptase was omitted, no product was formed. GS mRNA levels 
were expressed relative to 18S rRNA content.  
 
Detection of β-galactosidase expression 
For visualization of the Cre specificity, MCK-Cre mice were crossed with R26R-lacZ reporter 
mice (18). X-gal histochemistry on frozen hindquarter muscle sections from 5-day neonatal 
and one-month old MCK-Cre/R26R-lacZ bitransgenic progeny was performed as described 
(19). 
 
Histology 
The general histology was assessed in haematoxylin and eosin (H&E) stained sections. For 
immunohistochemistry, frozen and paraffin-embedded sections were stained as described 
(15). Mouse monoclonal anti-GS (1: 1,000, Transduction Laboratories USA, Lexington, KY) 
and anti-β-galactosidase (1: 500, Promega Benelux, Leiden, The Netherlands) were used as 
first antibodies. 
 
Animal experiments 
Experimental protocols 
1. Metabolic flux measurements across the hindquarter muscle (HQ) 
Three different experimental groups were studied: Cretg/-/GS+/+ (wild type), Cretg/-/GS+/LacZ 

(heterozygous) and Cretg/-/GSfl/LacZ (GS-KO/M) mice (both males and females, 20-30 g, 2.5-3 
months of age). All mice were fasted for 4h before the start of the surgical procedures. The 
mice were instrumented between 12:00 and 16:00 p.m.. Anesthesia and fluid maintenance 
were as described (20). During the experiment, the mice were kept at 37 ºC using a rectal 
temperature controller (Technical Service, Maastricht University) and heat pads. 
Catheterization of the jugular vein, carotid artery, abdominal aorta and inferior caval vein 
below the level of the renal vein was performed as described (20). Plasma flow across the HQ 
was measured using the indicator-dilution technique with 14C para-aminohippuric acid (14C-
PAH, NEN Life Science Products, Boston, MA) infusion into the abdominal aorta as 
described (20). Blood was collected from the carotid artery (arterial blood) and caval vein 
(venous blood) as described (20). Blood was centrifuged to obtain plasma. For determination 
of amino-acid concentrations, 80 μL plasma was added to 6.4 mg lyophilized sulphosalicylic 
acid, vortexed, frozen in liquid nitrogen and stored at -80 °C.  
 
At the end of the experiment, calf muscle samples were freeze-clamped in liquid N2 and 
stored at -80°C. Approximately 50 mg of tissue was added to 250 μL of a 2.5% 
sulphosalicylic acid solution, containing 100 mg glass beads (1 mm diameter). The tissue was 
homogenized for 30 sec with a Mini-bead beater at low speed, centrifuged, and the 
supernatant was stored at -80°C. We assumed that 1 gram of muscle tissue equals 1 mL for 
calculation of the amino-acid concentration. Plasma and muscle-tissue amino-acid 
concentrations were measured using a fully automated HPLC system (21). Ammonia and 
PAH were determined as described (22). 
 
2. Fasting challenge  
Two groups were studied in the protocol: Cre-/-/GS+/+ (wild-type) and  Cretg/-/GSfl/LacZ (GS-
KO/M) mice. These groups were either fed or 20-hours fasted.  All mice were male (~30 g, ~4 
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months old) and had free access to drinking water. Mice were kept at 37 ºC using a heat-pad 
during the surgical procedures. Surgical instrumentation and blood sampling was performed 
as described above. Blood ammonia concentrations were determined immediately after blood 
sampling with the ammonia checker II (Type AA-4120; Kyoto Daiichi Kagaka Co., Japan). 
Plasma amino-acid concentrations were determined as described above. Plasma lactate and 
glucose concentrations were measured enzymatically on perchloric acid-treated and 
MES/KOH neutralized blood samples, using the COBAS-FARA (Roche, Zwijndrecht, The 
Netherlands). Liver and epididimal fat pad weight was measured. 
 
Calculations 
Hindquarter plasma flow was calculated as described (20):  

Flow = (infusion rate x [14C-PAH])/([14C-PAH]post – [14C-PAH]pre). 
In this formula [14C-PAH] is the concentration of 14C-PAH in the infused solution, [14C-
PAH]pre is the plasma concentration of 14C-PAH in the vessel entering the organ and [14C-
PAH]post is the plasma concentration of 14C-PAH in the vessel leaving the organ. Plasma flows 
are expressed as mL/10g bw.min. 
 
Hindquarter metabolism is indicated as “muscle” metabolism throughout. Hindquarter 
substrate fluxes (net balances) were calculated by multiplying the inferior caval venous-
arterial concentration difference with the hindquarter plasma flow and are expressed as nmol 
or μmol/10g bw.min (20, 23). A positive flux indicates net production and a negative flux net 
consumption. 
 
3. Ammonia challenge  
Three-month old male Cre-/-/GSfl/fl (wild-type) and Cretg/-/GSfl/fl (GS-KO/M) mice (~25 g) 
were infused through the external jugular vein with a solution containing 125 or 250 mM 
NH4HCO3 and 0.25 M glucose at a flow rate of 50-200 μL per hour. Surgical instrumentation 
and blood sampling from the jugular vein was performed as described above at 80 minutes 
time intervals. Mice were kept at 37 ºC using a heat-pad. The flow rate was increased stepwise 
after every 80 min of NH4HCO3 infusion. Blood ammonia concentrations were determined 
with the ammonia checker II (Type AA-4120; Kyoto Daiichi Kagaka Co., Japan) just prior to 
increasing the infusion rate. 
 
Statistical analysis 
Gender effects on biochemical data (ammonia, amino acids) were tested with a t-test. 
Genotype effects on biochemical data were tested with one-way ANOVA. For the fasting 
data, genotype effects were tested with a t-test between the two genotypes per fasting 
condition. The effects of fasting were tested with a t-test between fed and 20h fasting per 
genotype. Because the large number of tests would result in a very conservative Bonferroni 
correction, all relevant P-values < 0.05 are given in the text. Data are expressed as means ± 
SEM.  
 
Results 
 
Characteristics of Cretg/- GSfl/LacZ

 mice  
General features 
Breeding Cretg/-/GS+/LacZ mice with GSfl/fl mice yielded Cretg/-/GSfl/LacZ mice with the expected 
Mendelian ratio (P = 1). Cretg/-/GSfl/LacZ (GS-KO/M) mice were viable and fertile with no 
obvious phenotype. The tissue-specific deletion of the GS gene was verified by PCR 
genotyping of various tissues of 2-month old  GS-KO/M mice. The null allele was detected 
only in skeletal muscle tissue and heart. Other tissues, including brain, kidney, liver, stomach 
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and intestine revealed no detectable Cre-mediated recombination events. Quantitative-PCR 
analysis showed low (10 %) residual GS mRNA expression in the hindquarter of GS-KO/M 
mice compared to wild-type controls. This residual expression can be attributed to GS-positive 
adipose tissue that is also present in the hindquarter (Figure 1). 
 
Histological features 
Complete elimination of muscle GS expression  
MCK-Cre/R26R-LacZ mice were produced to check the onset and efficiency of Cre-mediated 
excision. X-gal histochemistry stained sections of frozen skeletal muscle from 5-day neonatal 
and one-month old MCK-Cre/R26R-LacZ mice are shown in Figure 1, panel A. The figure 
shows extensive Cre activity throughout the muscle tissue of one-month old mice, but little 
activity at the neonatal stage (Figure 1, panel A1 & 2).  
 
 

 

Figure 1. Glutamine synthetase expression in Cretg/-/GSfl/LacZ mice. Panel A: MCK-Cre expression in muscle. 
Serial cryostat sections of Gastrocnemius/Quadriceps muscle of a 5-day neonatal and a one-month old MCK-
Cre/R26R-lacZ double transgenic mouse were stained for the presence of β-galactosidase activity. The MCK-Cre 
mediated recombination of the R26R locus induces LacZ expression throughout the muscle tissue from one-
month old mouse (panels A2), but the process is still far from complete in the 5-day neonate (panel A1). Panels 
B and C: Expression of GS and β-galactosidase in the muscle tissue of Cretg/-/GSfl/LacZ mice. Serial sections of 
Gastrocnemius/Quadriceps muscle tissue from wild-type control mice (Cretg/-/GS+/+; panel B1& C1), 
heterozygous (Cretg/-/GS+/LacZ; panel B2 &C2), and GS-KO/M (Cretg/-/GSfl/LacZ; panels B3-4 and C3-4) were 
stained immunohistochemically for GS and β-galactosidase. In sections of control mice, β-galactosidase (C2) and 
GS protein (B2) are co-localized in muscle and adipose tissue. The expression pattern of β-galactosidase in 
heterozygous and GS-KO/M mice is similar (panels C2-4). In contrast, GS protein was completely absent in 
muscle tissue from GS-KO/M mice, whereas the adjacent adipose tissue maintained normal GS expression 
(panels B3-4 vs C3-4). m: muscle tissue; a: adipose tissueScale bars: 200 μm. 
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In immunohistochemically stained sections of hindquarter muscle tissue of adult Cretg/-

/GSfl/LacZ (GS-KO/M) mice, hardly any GS-positive muscle tissue could be detected (Figure 1, 
panel B and C). Cretg/-/GS+/+ (wild type) and Cretg/-/GS+/LacZ (heterozygous) mice were used as 
controls. In heterozygous muscle, β-galactosidase activity co-localized with GS protein both 
in muscle and adipose tissues (Figure 1, panels B2, C2). Therefore, the β-gal reporter was 
used as marker of cells in which GS was inactivated (Figure 1, panels B3, 4 and C3, 4). In 
sections of GS-KO/M mice, GS protein had completely disappeared from muscle tissue, 
whereas the adjacent adipose tissue maintained normal GS expression (Figure 1, panels B3 
and B4). These data are in agreement with our quantitative-PCR analysis, which showed 10% 
residual GS mRNA expression in hindquarter muscle samples of GS-KO/M mice, compared 
to wild-type controls. H & E staining revealed no gross morphological abnormalities. The 
results show that GS expression was completely eliminated from Cretg/-/GSfl/LacZ muscle, 
without an effect on muscle morphology. 
 
Biochemical features 
1. Metabolic flux measurements across the hindquarter (Table 2) 
Food was withdrawn 4 hours prior to the experiment to obtain a post-absorptive condition in 
these experiments. 
 
Plasma amino-acid levels in the aorta (Table 2a) and inferior caval vein (Table 2b) 
The sum of arterial amino-acid concentrations did not differ between genders nor among the 
three genotypes examined, but individual amino acids did differ considerably in 
concentration. Significant effects of genotype on arterial amino-acid concentration were 
observed for glutamine (lower in knockouts) and for the branched-chain amino acids (arterial 
valine, isoleucine and leucine concentration increased from wild-types via heterozygotes to 
muscle GS knockouts). In addition, a gender difference was observed for arterial glutamate, 
glutamine, glycine and taurine concentrations, irrespective of the genotype. For all three 
amino acids, the concentration was 1.2-2-fold higher in male than in female mice, except for 
glutamine in heterozygotes. Arterial alanine and tyrosine concentrations were higher in female 
than in male heterozygotes, while arterial isoleucine and leucine concentrations were higher in 
female than male arterial blood of GS-KO/M mice. 
 
Amino-acid concentrations in the inferior caval vein showed similar but not identical trends as 
in the arterial blood (Table 2b). Significant effects of genotype were observed for glutamine 
(lower in knockouts) and for the branched-chain amino acids (valine, isoleucine and leucine 
concentration increased from wild-types via heterozygotes to muscle GS knockouts). 
Glutamate (in GS-KO/M mice only), glutamine and glycine (not in heterozygotes) and taurine 
concentration were higher in male than in female plasma, whereas isoleucine (not in 
heterozygotes), alanine and tyrosine (in heterozygotes only), and arginine and leucine 
concentration (in GS-KO/M mice only) were higher in female than in male plasma. 
 
Hindquarter metabolic fluxes (Table 2c) 
No effects of gender or genotype were found for plasma flow, the average flow being 0.71 ± 
0.04 mL/10g bw.min.  
 
Table 2c shows that, despite significant gender and genotype differences in the plasma 
concentration of amino acids, the flux of these amino acids did not differ between genders or 
among the three genotypes examined. 
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Table 2a. Arterial amino-acid concentrations in male and female wild-type, heterozygous and GS-KO/M 
mice. 
 

 wild type heterozygotes GS-KO/M   

 female n=13 male n=13 P value female n=14 male n=9 P value female n=16 male n=17 P value 
P value 

genotype 

amino acid (μM) mean SEM mean SEM gender mean SEM mean SEM gender mean SEM mean SEM gender female male 

a_glu 40 7 61 7 0.030 49 8 73 7 0.040 38 7 63 7 0.020   

a_asn 49 7 53 4  48 5 51 6  43 4 54 4    

a_ser 116 6 112 4  112 6 126 7  119 4 119 7    

a_gln 456 34 586 17 0.002 467 18 498 18 0.250 372 16 469 23 0.002 0.008 0.001 

a_his 84 7 87 3  97 4 83 3  84 4 83 5    

a_gly 164 10 223 7 0.000 179 8 214 8 0.002 157 5 246 13 0.000   

a_thr 130 11 129 4  137 6 140 10  146 6 150 7    

a_arg 117 14 128 5  135 12 130 4  145 6 128 7    

a_ala 303 26 324 18  329 23 251 18 0.023 263 22 293 24    

a_tau 152 16 268 10 0.000 167 16 270 18 0.001 141 10 297 31 0.000   

a_tyr 96 8 91 4  114 8 75 4 0.001 81 5 87 10    

a_met 56 5 67 2  68 3 60 5  54 3 62 4    

a_val 208 15 207 8  241 8 235 9  273 9 253 11  0.001 0.007 

a_ile 85 8 68 4  99 5 95 7  125 5 96 7 0.004 0.002 0.006 

a_leu 191 17 162 7  221 9 193 15  257 11 208 14 0.010 0.002 0.030 

total_AA 2245 145 2563 57  2462 90 2499 35  2398 62 2610 126    
fraction 
a_BCAA 0.22 0.01 0.17 0.01 0.003 0.23 0.01 0.21 0.02  0.29 0.01 0.22 0.01 0.000 0.000 0.001 

 
 
Table 2b. Inferior caval vein amino-acid concentrations in male and female wild-type, heterozygous and 
GS-KO/M mice. 
 

 wild type heterozygotes GS-KO/M   

 female n=13 male n=12 P value female n=14 male n=9 P value female n=16 male n=17 P value 
P value 

genotype 

amino acid (μM) mean SEM mean SEM gender mean SEM mean SEM gender mean SEM mean SEM gender female male 

v_glu 41 6 60 7  51 8 70 7 0.100 38 6 60 7 0.019   

v_asn 48 4 57 5  56 5 47 5  46 3 60 7    

v_ser 121 4 114 8  129 12 134 7  135 4 136 10    

v_gln 510 25 642 20 0.000 510 27 541 25 0.400 416 12 494 23 0.006 0.003 0.000 

v_his 85 5 90 3  98 4 87 2  90 4 86 5    

v_gly 178 9 237 8 0.000 209 16 231 12  185 5 261 14 0.000   

v_thr 132 7 132 4  146 7 146 11  161 7 154 6  0.017  

v_arg 119 12 134 7  143 14 137 5  160 6 133 6 0.002   

v_ala 359 22 377 22  385 24 308 24 0.040 367 21 337 22    

v_tau 163 19 272 13 0.000 162 15 282 23 0.000 143 10 304 33 0.000   

v_tyr 103 8 95 4  119 9 85 5 0.004 94 5 93 10    

v_met 59 4 62 5  68 4 61 5  58 2 61 4    

v_val 195 8 193 8  226 11 224 9  264 10 241 9  0.000 0.002 

v_ile 81 5 67 4 0.040 94 6 92 6  121 5 96 7 0.006 0.000 0.004 

v_leu 177 10 153 7  202 12 185 14  248 11 199 13 0.008 2E-04 0.030 

total_AA 2470 94 2687 82  2597 138 2630 60  2526 60 2714 123    
fraction 
v_BCAA 0.19 0.01 0.16 0.01 0.001 0.20 0.01 0.19 0.01  0.25 0.01 0.20 0.01 0.000 0.000 0.000 
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Table 2c. Amino-acid fluxs across hindquarter in male and female wild-type, heterozygotes and GS-KO/M mice. 
 

 wild-type heterozygotes GS-KO/M   

amino acid female n=13 male n=12 P value female n=14 male n=9 P value female n=16 male n=17 P value P value genotype

(nmol/10g bw.min) mean SEM mean SEM gender mean SEM mean SEM gender mean SEM mean SEM gender female male 

flux_glu 1 1 -2 1  1 4 -2 1  0 2 -2 2    

flux_asn -1 3 3 3  6 5 -3 5  2 3 4 4    

flux_ser 4 3 2 6  12 9 7 3  11 3 12 7    

flux_gln 38 15 37 10  30 11 30 9  31 9 18 8 0,256 0,87 0,298 

flux_his 1 3 2 1  0 2 3 1  5 2 1 2    

flux_gly 10 5 12 4  21 10 13 5  19 3 11 7    

flux_thr 2 4 4 2  6 4 4 2  11 3 3 3    

flux_arg 2 4 5 2  5 5 4 3  11 3 4 3    

flux_ala 40 12 36 6  40 9 43 8  74 18 31 12 0,059 0,147 0,762 

flux_tau 7 6 3 4  -4 3 4 7  1 3 5 6    

flux_tyr 5 3 5 1  4 3 6 1  9 2 4 2    

flux_met 2 2 -3 3  0 1 1 1  3 1 -1 2    

flux_val -9 8 -8 3  -11 5 -9 4  -6 4 -9 5    

flux_ile -3 4 -1 1  -4 3 -2 2  -3 2 -1 2    

flux_leu -10 8 -6 2  -14 5 -7 3  -7 4 -6 4    

net balance 89 72 88 36  96 58 93 40  162 40 74 47 0,17   

flux_a_total_in 1594 103 1820 41  1748 64 1774 25  1631 44 1853 89 0,04   

flux_v_total_out 1683 67 1908 59 0,02 1844 98 1867 43  1793 43 1927 87    

flux_BCAA -22 19 -14 5  -28 12 -18 8  -15 9 -15 10    

 
Muscle tissue amino-acid levels (Table 2d) 
Muscle tissue amino-acid concentrations are show in Table 2d. GS-KO/M mice had a 25-30% 
lower glutamine and a 30% higher alanine concentration in muscle tissue than either 
heterozygous or wild-type mice. In all three genotypes, males had a higher concentration of 
glycine and alanine in their muscle tissue than females. Male heterozygous mice also had a 
higher muscle tissue concentration of arginine and valine. 
 
Blood ammonia concentrations (Table 2e) 
Neither arterial nor venous ammonia levels showed a difference between genders or among 
the three genotypes examined. Calculation of the ammonia flux revealed ammonia production 
across the hindquarter. Due to the high variation, the ammonia flux did not differ between 
gender or among three genotypes. Nevertheless, the average ammonia production appeared to 
increase as fewer functional GS alleles were present.  
 
2. The fasting challenge 
To systemically study the response of GS-KO/M mice to fasting, we compared fed, post-
absorptive (4-hour fasted) and fasted (20 hours) male mice. Although wild-type and GS-
KO/M mice had a similar body weight in the fed state, GS-KO/M mice lost slightly more 
body weight than wild-type mice during 20 hours of fasting (12 ± 1% and 10 ± 0.5%, 
respectively; P=0.042). The relative liver weight remained approximately 4% of body weight 
in all four groups (fed: wild type: 4.0 ± 0.2% and GS-KO/M: 4.5 ± 0.2%; fasted: wild type 
and GS-KO/M: both 4.1 % ± 0.1%). However, the relative weight of the epipidimal fat pad 
was smaller in fed GS-KO/M than in fed wild-type mice (1.0 ± 0.2% vs 2.5 ± 0.2%; 
P=0.000)). Like the liver, the relative weight of the epididymal fat pad did not change upon 20 
hours of fasting (GS-KO/M: 1.1 ± 0.2% and wild type: 2.1 ± 0.2 %; P=0.001). 
Table 2d. Amino-acid concentrations in the muscle of male and female wild-type, heterozygous and GS-KO/M 
mice.  
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 wild type heterozygotes GS-KO/M   

 female n=14 male n=12 P value female n=11 male n=10 P value female n=16 male n=15 P value 
P value 

genotype 
amino acid 

(μM) mean SEM mean SEM gender mean SEM mean SEM gender mean SEM mean SEM gender female male 

m_asp 217 41 164 53  104 37 259 57  367 53 276 79  0.009  

m_glu 2339 192 2159 202  2118 236 2237 174  2471 137 2020 113    

m_asn 25 12 12 7  NA NA NA NA  26 8 21 5    

m_ser NA NA NA NA  NA NA NA NA  NA NA NA NA    

m_gln 1068 74 1088 47  951 99 1112 151  680 56 846 78  0.001 0.080 

m_his 81 21 82 25  26 9 87 23 0.046 68 18 113 39    

m_gly 1003 140 1451 125 0.030 959 62 1604 149 0.002 1198 170 1849 157 0.009   

m_thr 251 40 291 59  107 28 175 50  312 57 259 45    

m_arg 110 24 114 20  43 9 94 20 0.030 159 30 90 17  0.016  

m_ala 1204 164 1755 174 0.030 1103 148 1796 139 0.003 1534 144 2248 139 0.001 0.120 0.040 

m_tau 12745 436 13379 386  12862 345 12570 605  12608 444 11752 892    

m_tyr 83 10 74 10  49 10 56 15  162 67 63 12    

m_met 47 4 55 3  51 5 49 4  57 8 54 5    

m_val 152 34 171 35  71 18 173 31 0.020 219 33 191 28  0.020  

m_ile 59 14 50 13  20 11 80 30  86 19 71 10    

m_leu 1616 114 1814 247  1549 100 1628 94  1658 119 1344 111 0.040   

 
 
Table 2e. Blood ammonia levels and ammonia flux across hindquarter of male and female wild-type, 
heterozygous and GS-KO/M mice. 
 

 wild type heterozygotes GS-KO/M  

 female n=5 male n=4 P value female n=5 male n=4 P value female n=5 male n=5 P value P value genotype

ammonia mean SEM mean SEM gender mean SEM mean SEM gender mean SEM mean SEM gender female male 

a_ammonia(μM) 64 7 52 7  84 15 59 5  68 11 66 8    

v_ammonia(μM) 73 6 71 9  98 14 87 10  123 21 98 13    

flux_ammonia                  
(nmol/10g 
bw.min) 7 7 7 3  6 23 12 10  39 15 23 5    

 
Blood glucose levels were not different in fed wild-type and GS-KO/M mice (Table 3a). In 
agreement, glucose consumption across the hindquarter in fed wild-type and GS-KO/M 
(Table 3a) was similar (-0.6 ± 0.6 and -0.5 ± 0.8 μmol/10g bw.min). After 20 hours of fasting, 
however, the blood glucose levels in wild-type mice had declined to 65% of the fed condition 
in both aorta and caval vein. In contrast, blood glucose did not decline in GS-KO/M mice 
after fasting. Calculation of the glucose flux showed that glucose consumption had increased 
almost 2-fold in 20h fasted wild-type mice (-1.0 ± 0.5 μmol/10g bw.min), whereas it declined 
to zero in GS-KO/M mice fasted GS-KO/M mice (0.0 ± 0.5 μmol/10g bw.min).  
 

Blood lactate levels were not different in fed wild-type and GS-KO/M mice (Table 3a). After 
20 hours of fasting, blood lactate levels remained unchanged in wild-type mice, but had 
declined to 55-65% of the fed values in both aorta and caval vein of GS-KO/M mice. As 
expected, the lactate flux across the hindquarter was similar in fed wild-type and GS-KO/M 
mice (0.1± 0.3 and 0.1 ± 0.2 μmol/10g bw.min). After 20 hours of fasting, however, wild-type 
mice produced 5-fold more lactate (0.5 ± 0.3 μmol/10g bw.min) than GS-KO/M mice (0.1 ± 
0.1 μmol/10g bw.min). In aggregate, these data show that fasting wild-type mice consume 
glucose and produce lactate in their muscles, whereas GS-KO/M mice on longer consume 
glucose and produce no lactate. 
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Table 3a. Blood glucose and lactate levels and fluxes across the hindquarter of male wild-type and GS-KO/M 
mice in the fed and 20-hour fasted state. 
 

 fed 20 hour-fasting  

 Wild type n=6 GS-KO/M n=4  wild type n=9 GS-KO/M n=6   

 mean SEM mean SEM P value* mean SEM mean SEM P value* P value**

a_glucose (mM) 17 2 15 1  11 1 13 1  0.034 

V_glucose (mM) 14 1 16 1  9 1 14 2 0.031 0.005 

flux_glucose -0.6 0.6 -0.5 0.8  -1.0 -0.5 0.0 0.5   

(μmol/10g bw.min)            

a_lactate (mM) 2.6 0.4 3.1 1.3  2.6 0.4 1.7 0.2 0.047  

V_lactate (mM) 3.0 0.8 2.9 0.8  2.9 0.4 1.9 0.2 0.071  

flux_lactate 0.1 0.3 0.1 0.2  0.5 0.3 0.1 0.1   

(μmol/10g bw.min)            
* P value between genotype within same condition. 
** P value between wild-type fed and wild-type 24h-fasting. 
 
 
Changes in plasma amino-acid levels in the aorta (Table 3b) and inferior caval vein (Table 3c) 
upon fasting 
In the fed condition, no statistical differences in arterial and venous amino-acid concentrations 
were observed between GS-KO/M and wild-type mice (Table 3b and c). In the post-
absorptive state, however, both arterial and venous glutamine concentration became 
significantly lower in GS-KO/M mice, whereas the arterial and venous concentration of all 
three branched-chain amino acids became significantly higher. Twenty hours after food 
withdrawal, arterial and venous glutamine concentration further declined in GS-KO/M 
compared to wild-type mice. Additionally, the means of the other amino-acid concentrations 
except the branched-chain amino acids were nearly always lower in GS-KO/M mice than in 
their wild-type controls (Wilcoxon’s matched pairs signed ranking test). Separately, the levels 
of aspartate, serine, histidine, glycine, threonine, and tyrosine in the aorta and those of 
aspartate and serine in the inferior caval vein declined significantly (20-60%) relative to the 
corresponding values in 20-hours fasted wild-type mice. The sum of all branched-chain amino 
acids remained significantly elevated in GS-KO/M mice, but the increase of the individual 
amino acids was no longer significant. Due to these differences, the sum of arterial amino 
acids was 23% lower in GS-KO/M mice than in wild-type mice.  
 
Changes in the metabolic flux across the hindquarter upon fasting (Table 3d) 
Table 3d shows that the metabolic flux of amino acids across the hindquarter was similar in 
fed and post-absorptive wild-type and GS-KO/M mice. However, after 20 hours of fasting, 
glutamine was produced in significantly lower amounts in the hindquarter of GS-KO/M than 
of wild-type mice. This almost 5-fold difference in glutamine production developed, because 
GS-KO/M mice were not able to increase their muscle glutamine production. The means of 
the fluxes of the other amino acids except the branched-chain amino acids were also nearly 
always lower in GS-KO/M mice than in their wild-type controls (Wilcoxon’s matched pairs 
signed ranking test). Furthermore, if we compare the net balance of amino acids across muscle 
with its arterial supply, the net balance represented about 5% in the fed and post-absorptive 
conditions, but increased to 34% in wild-type mice and only to 19% in GS-KO/M mice upon 
20 hours of fasting.  
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Blood ammonia (Table 3e) 
Arterial and venous ammonia levels and ammonia flux were not different in wild-type and 
GS-KO/M mice in the fed and post-absorptive conditions, although the average flux was 
higher in knockouts than in controls. After 20 hours of fasting, the arterial ammonia levels 
remained unchanged, but venous ammonia levels had become substantially and significantly 
higher in wild-type than in GS-KO/M mice. As a result, wild-type hindquarter produced >2-
fold more ammonia than GS-KO/M (73 vs 33 nmol/10g bw.min). This difference between 
wild-type and GS-KO mice developed because the hindquarter of GS-KO/M mice was not 
able to increase its ammonia production when the fasting state developed between 4 and 20 
hours after food withdrawal. 
 
3. The ammonia challenge (Figure 2) 
Four animals per genotype were tested. In wild-type animals, blood ammonia levels gradually 
increased as would be expected when the flux rate through the detoxification system has to 
increase to cope with an increasing substrate supply. At an infusion rate of higher than 50 
μmol NH4HCO3 per hour, circulating ammonia levels rose rapidly, indicating that ammonia 
detoxification failed. In GS KO/M mice, circulating ammonia levels began to increase when 
15 μmol NH4HCO3 per hour was infused. Since the only difference between wild-type and GS 
KO/M mice is the absence of GS from striated muscle, these data show that muscle GS can 
detoxify approx. 35 μmol ammonia per 25 gram body weight per hour. Assuming that muscle 
accounts for approx 40% of body weight, this capacity corresponds with a rate of 0.6 μmol/g 
muscle.min, which is not different from the observed maximum activity of GS in extracts (24, 
cf. chapter 6).  
 
Table 3b. Arterial amino-acid concentrations in male wild-type and GS-KO/M mice in the fed and 4- and 20-
hour fasted state. 
 

 fed 4-hour fasting 20-hour-fasting 

 wild type n=9 GS-KO/M n=5 P value* wild type n=13 GS-KO/M n=17 P value* wild type n=7 GS-KO/M n=7 P value*

amino acid (μM) mean** SEM mean** SEM  mean** SEM mean** SEM  mean** SEM mean** SEM  

a_asp 133 29 153 85       116 27 44 15 0.042 

a_glu 30 9 65 19  61 7 63 7  27 10 42 16  

a_asn 93 22 114 49  53 4 54 4  84 24 39 4  

a_ser 485 103 486 195  112 4 119 7  378 59 220 31 0.04 

a_gln 672 69 496 78  586 17 469 23 0.001 585 54 353 35 0.002 

a_his 137 15 136 30  87 3 83 5  115 8 90 8 0.048 

a_gly 420 87 337 86  223 7 246 13  272 34 157 24 0.016 

a_thr 245 22 241 46  129 4 150 7  214 14 168 11 0.024 

a_arg 135 18 166 39  128 5 128 7  118 15 90 8  

a_ala 576 75 483 96  324 18 293 24  444 46 274 24 0.05 

a_tyr 100 8 93 17  91 4 87 10  85 10 56 6 0.025 

a_met 38 3 43 14  67 2 62 4  38 5 38 4  

a_val 248 14 287 41  207 8 253 11 0.007 226 20 254 21  

a_ile 96 6 114 18  68 4 96 7 0.006 114 14 138 29  

a_leu 165 10 174 20  162 7 208 14 0.030 224 35 234 69  

total AA 3232 451 3344 703  2298 49 2313 99  2806 320 2159 280 0.142 

fraction a_BCAA 0.16 0.01 0.20 0.03  0.19 0.01 0.24 0.01 0.001 0.18 0.02 0.30 0.03 0 
 
* P value between genotype within same condition. 
** P value of Wilcoxon’s matched pairs signed ranking test of the differences of the means of the wild-type and 
GS-KO/M mice in the fed and 4- and 20-hour fasting condition were 0.534, 0.721 and 0.005, respectively. 
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Table 3c. Inferior caval vein amino-acid concentrations in male wild-type and GS-KO/M mice in the fed and 4- 
and 20-hour fasted state. 
 

 fed 4-hour fasting 20-hour fasting 

 wild type n=9 GS-KO/M n=5  wild type n=12 GS-KO/M n=17  wild type n=7 GS-KO/M n=7  

amino acid (μM) mean** SEM mean** SEM P value* mean** SEM mean** SEM P value* mean** SEM mean** SEM P value*

v_asp 145 29 160 63       130 34 50 11 0.05 

v_glu 27 12 43 10  60 7 60 7  19 8 24 8  

v_asn 88 27 118 36  57 5 60 7  104 35 54 6  

v_ser 437 104 500 149  114 8 136 10  439 85 224 29 0.037 

v_gln 670 64 635 85  642 20 494 23 0.000 700 84 475 60 0.05 

v_his 131 17 148 23  90 3 86 5  127 12 100 10  

v_gly 324 70 428 112  237 8 261 14  279 53 205 21  

v_thr 236 26 270 44  132 4 154 6  233 27 206 14  

v_arg 143 19 195 27  134 7 133 6  147 21 125 11  

v_ala 540 84 652 96  377 22 337 22  544 88 425 34  

v_tyr 94 12 108 13  95 4 93 10  86 9 73 8  

v_met 37 3 55 9  62 5 61 4  33 6 45 5  

v_val 230 14 281 27  193 8 241 9 0.002 242 30 302 31  

v_ile 86 7 112 12  67 4 96 7 0.004 123 22 160 31  

v_leu 160 12 179 25  153 7 199 13 0.030 227 47 276 80  

In total 3322 453 361 583  2414 74 2411 97  3766 502 2571 265 0.064 

fraction v_BCAA 0.15 0.01 0.17 0.02  0.17 0.01 0.22 0.01 0.000 0.17 0.03 0.24 0.02 0.046 
 
* P value between genotype within same condition. 
** P value of Wilcoxon’s matched pairs signed ranking test of the differences of the means of the wild-type and 
GS-KO/M mice in the fed and 4- and 20-hour fasting condition were 0.021, 0.721 and 0.004, respectively. 
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Figure 2. The effect of an infusion of NH4HCO3 into the external jugular vein on circulating ammonia 
levels. 4 Wild-type and 4 GS-KO/M mice were treated with stepwise increases (every 80 min) in the rate of 
ammonia infusion. Ammonia was assayed at the end of each 80-min period. Data show individual observations 
at different infusion rate of 4 animals. 
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Table 3d. Amino-acid fluxes across the hindquarter of male wild-type and GS-KO/M mice in the fed and 4- and 
20-hour fasted state. 
 

 fed 4-hour fasting 20h-fasting  

amino acid wild-type n=9 GS-KO/M n=5  wild-type n=12 GS-KO/M n=17  wild-type n=7 GS-KO/M n=7   
(nmol/10g 
bw.min) mean*** SEM mean*** SEM P * mean*** SEM mean*** SEM P * mean*** SEM mean*** SEM P * P ** 

flux_asp 3 15 -8 21       22 21 1 9   

flux_glu -1 3 -10 12  -2 1 -2 2  -9 7 -5 5   

flux_asn 3 2 2 9  3 3 4 4  34 26 9 2   

flux_ser -2 35 -25 50  2 6 12 7  89 63 32 12   

flux_gln 44 23 82 91  37 10 18 8  255 66 58 18 0.03 0.039 

flux_his 3 7 4 14  2 1 1 2  15 14 7 4   

flux_gly -10 18 14 38  12 4 11 7  58 37 36 7   

flux_thr 0 9 6 23  4 2 3 3  32 28 24 7   

flux_arg 13 6 17 21  5 2 4 3  28 23 25 4   

flux_ala 20 15 82 46  36 6 31 12  144 87 105 16 0.21  

flux_tyr 1 5 8 13  5 1 4 2  12 12 5 3   

flux_met -1 1 6 7  -3 3 -1 2  -5 6 3 1   

flux_val -7 6 -2 35  -8 3 -9 5  30 32 15 8   

flux_ile -4 3 0 16  -1 1 -1 2  23 23 -6 9   

flux_leu 0 7 9 34  -6 2 -6 4  42 46 -23 25   

net balance 64 109 189 375  85 34 69 45  682 448 293 68   

flux_total_in 2295 320 2374 499  1629 37 1642 71  1992 215 1533 199   

flux_total_out 2359 321 2563 414  1714 53 1712 69  2674 356 1826 188  0.064 

flux_BCAA -11 15 7 84  -14 5 -15 10  95 101 -14 34   
* P value between genotype within same condition. 
** P value between wild-type fed and wild-type 24h-fasting. 
*** P value of Wilcoxon’s matched pairs signed ranking test of the differences of the means of the wild-type and 
GS-KO/M mice in the fed and 4- and 20-hour fasting condition were 0.131, 0.508 and 0.008, respectively. 
 
 
Table 3e. Blood ammonia levels and ammonia flux across the hindquarter of male wild-type and GS-KO/M 
mice in the fed and 4- and 20-hour fasted state.  
 

 fed 4-hour fasting 20 hour-fasting   

 
wilde type 

n=6 GS-KO/M n=4  wilde type n=4 GS-KO/M n=5  wilde type n=2 GS-KO/M n=6   

ammonia Mean SEM Mean SEM P * Mean SEM Mean SEM P * Mean SEM Mean SEM P * P ** 

a_ammonia(μM) 69 20 66 27  52 7 66 8  76 15 70 7   

v_ammonia(μM) 71 13 99 21  71 9 98 13  178 13 116 9 0,000 0,001

flux_ammonia 1 6 24 21  7 3 23 5  73 6 33 8 0,000 0,001
(nmol/10g 
bw.min)                 

* P value between genotype within same condition.  
** P value between fed and 24h-fasting wild-type mice. 
 
 
Discussion 
 
The main findings of the present study (Figure 3) were that the loss of GS expression in 
skeletal muscle of Cretg/-/GSfl/LacZ (GS-KO/M) mice was virtually complete and specific for 
striated muscle. Furthermore, the loss of GS expression in muscle did not affect the animal's 
health or reproductive activity. In agreement, no differences in the flux of glutamine or any 
other amino acid across the hindquarter were found in fed mice. In the postabsorptive sate, 
after 4 hrs of fasting, however, glutamine concentrations in the aorta and caval vein began to 
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decrease, whereas the concentrations of the BCAA began to increase. However, the flux of 
neither glutamine nor the BCAA across the hindquarter changed. Only after 20 hrs of fasting, 
the average concentration of all amino acids except glutamate and the BCAA in both the aorta 
and caval vein had decreased more in GS-KO/M mice than in wild-type mice. The amino-acid 
fluxes of all amino acids except the BCAA also decreased, but only that of Gln was 
significant. In addition, ammonia levels in the caval vein of fasted GS-KO/M mice rose less 
than that in wild-type mice, so that the flux of ammonia across the hindquarter was 
significantly lower in fasted GS-KO/M mice. Finally, we found that fasted GS-KO/M mice 
consume less glucose and produce less lactate than fasted wild-type mice. Our findings, 
therefore, show that GS in skeletal muscle is dispensable in the fed condition and that its 
absence becomes progressively noticeable after discontinuing feeding.  
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Figure 3. The effect of food withdrawal on circulating concentrations and fluxes of glutamine, branched-
chain amino acids, ammonia, glucose and lactate in control and GS-KO/M mice. Continuous lines represent 
wild-type mice, while interrupted lines represent the GS-KO/M mice. 

 

The developmental appearance of GS in striated muscle reveals a peak in activity in the first 
postnatal week, which exceeds the adult level by approximately 3-fold and which is followed 
by a decline towards weaning (25). This neonatal peak in GS activity coincides with the 
period of terminal differentiation and nerve-induced growth of the myotubes (26). Since 
glutamine transport in skeletal muscle is electrogenic and particularly dependent on 
innervation (27), the decline in GS activity may well reflect an innervation-dependent increase 
in the intracellular concentration of glutamine (28), which decreases the half life of the protein 
(9,31) Irrespective of this hypothesis, it is unlikely that Cretg/-/GSfl/LacZ (GS-KO/M) mice 
would reveal the importance of GS in the neonatal period since the Mck-Cre mouse begins to 
express Cre in its striated muscles just prior to birth and reaches its expression plateau only at 
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approx. 10 days after birth (14). In agreement, we did not detect any Cre-mediated 
recombination in 5-day old neonatal Mck-Cre-ROSA26 mice. Our conclusion that GS activity 
in muscle is a dispensable feature does, therefore, only apply to post-weaning mice  

 

It is well established that in the postabsorptive state and in fasting, when protein breakdown is 
accelerated, skeletal muscle releases amino acids, in particular Gln and Ala, into the 
circulation (29, 30). The role of GS in this response to fasting is obvious as GS-deficient 
muscle does not differ from wild-type muscle in the fed condition, but produces >4-fold less 
glutamine and ~2-fold less total amino acids than wild-type muscle after an overnight fast. 
Ala and Gln production is limited by the supply of amino groups via transamination. In rat 
muscle, the intracellular concentration of glutamate is primarily enhanced by the import and 
transamination of BCAA in skeletal muscle (29, 30). NH4

+ facilitates the conversion of 
glutamate to Gln, while glucose stimulates Ala production (29-31). In our experiments, 
however, overnight-fasted wild-type mice produced rather than consumed BCAA across the 
hindquarter, whereas GS-deficient mice did not. Furthermore, the overnight-fasted wild-type 
mice consumed more glucose and produced more alanine than the fed controls, but glucose 
consumption and alanine production did not change to the same extent in GS-deficient mice. 
Finally, the overnight-fasted wild-type produced ammonia, whereas GS-deficient mice did 
not. The lower production of amino acids and ammonia, indicate that amino-acid availability 
is limited and that protein catabolism does not contribute materially to energy production in 
fasting GS-deficient mice.  
 
Apart from the BCAA, glutamate was the only amino acid that behaved independently of the 
other amino acids. Muscle glutamate plays a central role in glutamine production in muscle. 
In fact, the intracellular concentration of glutamate is highest in the slow-twitch red muscles 
that also contain the lowest GS levels (32), presumably because high intracellular glutamine 
levels impose a short half-life upon GS protein (for a review, see (33)). Apart from production 
via transamination, glutamate is also actively taken up by muscle (for a review, see (34)). 
Neither in the wild-type nor in the GS-deficient mice, the flux of glutamate changed 
appreciably. Furthermore, muscle glutamate levels were not different in mutant mice.  
 
A substantial effect of gender on circulating and muscle amino-acid levels, including that of 
glutamine, was found. Glutamine concentrations were higher in male than in female mice, 
irrespective of whether GS in muscle was deficient or not, but this did not result in a gender 
difference in the flux of any amino acid across the hindquarter. Our observations further show 
that the correlation between circulating or muscle amino-acid concentrations and their flux 
across the hindquarter is very weak at best in either male and female or mutant and control 
mice when fed at libitum, but also that such a correlation does develop upon fasting. This 
finding implies a tighter product-dependent regulation of the intracellular amino-acid fluxes 
when demand increases and suggests that this regulation occurs at the membrane.  

 
The use of genetic modification of muscle cells has allowed us to demonstrate that GS 
function in muscle is dispensable in the fed condition and that its function becomes manifest 
only upon food withdrawal. Since the elimination of GS from muscle is virtually complete, 
the remaining glutamine flux across the hindquarter must originate from other tissues, e.g. fat, 
bone or skin. For this reason, earlier conclusions about GS function in the fed condition had to 
be tentative, because they had to be deduced from the effects of metabolic inhibitors. An 
inherent drawback of genetic modification is that the modification may have induced adoption 
of this function by another tissue. If such an adaptation is present in GS-KO/M mice, its 
capacity is low, since an overnight fast would be a sufficient challenge to unmask the 
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deficiency. Compared to the MSO model of irreversible systemic GS enzyme inactivation (5, 
8-12), our model is mild and far more amenable to the inclusion of control conditions. To 
better understand the changes in metabolic fluxes that occur inside myocytes, we are presently 
studying GS-KO/M mice with stable isotopes. 
 
The present study revealed that striated muscle can detoxify approx 35 μmol/25g.hour of 
ammonia. Using stable isotopes balance studies, it was similarly shown that muscle of 
cirrhotic patients metabolize substantial amounts of ammonia (35). If we extrapolate Atkinson 
& Bourke's calculation (36) that humans produce ~1 mol ammonia per day (≈ 15 μmol/25g 
bw.hour) to mice, muscle can easily detoxify all ammonia derived from protein turnover.  
This unexpected finding does explain why mice without hepatic GS expression do survive and 
thrive (Chapter 4 of this thesis). 
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Abstract 
 
Glutamine synthetase (GS) is the only enzyme that can synthesize glutamine, but also 
functions to detoxify glutamate and ammonia. Organs with high cellular concentrations of GS 
appear to function primarily to remove glutamate or ammonia, whereas those with a low 
cellular concentration may primarily produce glutamine. To validate this apparent dichotomy 
and to clarify its regulation we determined GS concentrations in 18 organs of the mouse. GS 
mRNA, protein and enzyme-activity levels differed >100-fold between organs, while the GS 
protein/mRNA ratio differed up to 20-fold, suggesting extensive transcriptional and 
posttranscriptional regulation. In contrast, only small differences in the GS enzyme 
activity/protein ratio were found, indicating that posttranslational regulation is of minor 
importance. The cellular concentration of GS was determined by relating the relative 
differences in cellular GS concentration as determined with image analysis of 
immunohistochemically stained tissue sections to the biochemical data. Cellular 
concentrations of GS were >1,000-fold different between GS-positive cells in different organs 
and up to 20-fold higher in subpopulations of cells within organs than in whole organs. GS 
activity was highest in pericentral hepatocytes (~485 μmoles.g-1.min-1), followed in 
descending order by epithelial cells in the epididymal head, Leydig cells in the testicular 
interstitium, epithelial cells of the uterine tube, acid-producing parietal cells in the stomach, 
epithelial cells of the S3 segment of the proximal convoluted tubule of the kidney, astrocytes 
of the central nervous tissue and adipose tissue. GS activity in muscle amounted to only 0.4 
μmoles.g-1.min-1. Our findings confirmed the postulated dichotomy between cellular 
concentration and GS function.  
 
 
Abbreviations: GS: glutamine synthetase, OD: optical density 
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Introduction 
 
Glutamine synthetase (GS; EC 6.3.1.2), which catalyses the ATP-dependent conversion of 
glutamate and ammonia into glutamine, is expressed in a tissue-specific and developmentally-
controlled manner. GS functions to remove ammonia or glutamate, or to produce glutamine. 
Cells that function primarily to remove glutamate or ammonia, appear to contain very high GS 
levels, whereas cells that synthesize glutamine appear to contain much lower levels (1). 
Another highly characteristic and functionally important feature of GS is its topographic 
distribution: in organs in which GS is present at relatively high concentrations, it is usually 
expressed in a subset of cells only, whereas in organs in which it is present at low 
concentrations, it is expressed in the majority of cells. Examples of the first group of organs 
are the pericentral hepatocytes in the liver, the epithelial cells of the caput epididymis, the 
astrocytes in nervous tissue and the epithelial cells of the stomach. Examples of the second 
group are adipocytes and myocytes (for review, see (1)).  
  
Because of these interorgan differences in distribution and cellular concentrations of GS and 
because only a single functional copy of the GS gene is present per haploid genome in rodents 
(2-4), it is to be anticipated that the regulation of GS expression is complex (1). Several 
studies are available on the transcriptional regulation of the GS gene(4-11), but 
posttranscriptional regulation has been studied in less detail (12-14). To our knowledge, no 
data are available with respect to postranslational regulation. To find out in which of the GS-
expressing tissues these levels of regulation play a role, we have measured GS mRNA and 
protein concentrations and enzyme activities in 18 organs. To be able to directly compare 
these parameters, values were all expressed per gram of tissue. In addition, we have 
determined the distribution of the cellular concentration of GS protein in tissue sections of the 
organs studied, using quantitative immunohistochemistry. By combining the absolute 
concentrations as determined with biochemical means with the relative concentrations as 
determined by image analysis of the immunohistochemically stained sections, we were able to 
determine GS protein concentrations in individual cells of organs with a heterogeneous 
distribution of the enzyme. The results indicate marked differences between organs in 
transcriptional and posttranscriptional regulation, while posttranslational regulation appears to 
be of minor importance. The highest concentrations of GS were found in pericentral 
hepatocytes, in the principal cells of the caput epididymidis, and in the Leydig cells of the 
testis. Intermediate concentrations were found in the epithelial cells of the uterine tube, the 
parietal cells of the stomach glands, the epithelial cells of the proximal convoluted tubule in 
the kidney, the astrocytes in the brain and in adipocytes, while very low levels were found in 
the epithelial cells of the intestine, lung, pancreas and the myocytes of striated muscle. 
 
Materials and methods 
 
Animals  
Mice of the FVB-strain, obtained from Charles River Netherlands, Maastricht, The 
Netherlands, were housed with a 12-hour light and 12-hour dark cycle, and permitted ad 
libitum access to water and a standard pellet-type diet (ANII, Hope Farms, Woerden, The 
Netherlands). This study was performed in accordance with the Dutch guidelines for the use 
of experimental animals. 
 
Biochemical assays 
Organs 
Organs were taken from two month-old female and male mice, weighed, flash-frozen in liquid 
nitrogen and stored at -70°C. The following organs were selected: the interscapular fat pad 
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(largely brown-adipose tissue), the epididymal and ovarian fat pad (white-adipose tissue), 
caudal brain (cerebellum and brain stem), cerebrum, entire colon, epididymis, heart, jejunum 
(middle third of small intestine), kidneys, liver, lung, calf muscle, ovary, pancreas, spleen, 
glandular stomach, testicle and uterine tube. 
  
Homogenates (10% w/v) were prepared in ice-cold 0.25M sucrose with a Potter-type tissue 
homogenizer (Braun Biotech, Melsungen, Germany), aliquoted, flash-frozen in liquid N2 and 
stored at -70°C. For small organs like epididymis, ovary and uterine tube, samples of 3 
animals were pooled and further processed in 1.5mL 0.25M sucrose. Muscle tissues like the 
heart and calf muscle were pulverized in liquid nitrogen before homogenization in sucrose. 
 
Total RNA assay 
Total RNA content in the sucrose homogenates was determined using the orcinol method 
(15). This method is based on the hydrolysis of RNA and the subsequent measurement of 
ribose in the extracts. The orcinol concentration was determined spectrophotometrically at 
660 nm. The RNA concentrations were calculated using yeast RNA as a standard. Sucrose 
was removed during the initial precipitation step with 0.5M perchloric acid and had no 
influence on the orcinol-dependent color development, as shown by comparing extracts made 
in 0.25M sucrose and 0.15M sodium acetate (not shown). 
 
GS mRNA assay 
Total RNA was extracted from the organs employing the Trizol total RNA extraction kit 
(Gibco BRL Life Technologies, Gaithersburg, MD). The method was modified to contain a 
2M LiCl-precipitation step to further purify the RNA fraction. The optical density readings at 
260 and 280 nm were used to quantify total RNA concentration and to assess the purity. 
 
GS mRNA and 18S ribosomal RNA were quantified with Real-Time PCR reactions in a 
LightCycler and corresponding software (Roche Molecular Biochemicals, Almere, the 
Netherlands). Gene-specific primers and Superscript II (Gibco) reverse transcriptase were 
used for first-strand cDNA synthesis from total RNA. Further amplification of the GS and 
18S amplicons was done with FastStart polymerase and FastStart SYBR green (Roche). The 
experimental conditions were as follows: the GS-specific primers were 5’-
GGTTTCCGGTTATACTTGAA (antisense) and 5’-TGGCCACCTCAGCAAGTT (sense), 
while the 18S-specific primers were 5’-CGAACCTCCGACTTTCGTTCT (antisense) and 5’-
TTCGGAACTGAGGCCATGAT (sense). The incubation mixture further contained 3mM 
MgCl2 and FastStart polymerase that was activated by heating for 10 min at 95°C. Subsequent 
amplification was for 40 cycles, each cycle containing a 15-sec denaturing step at 95°C, a 5-
sec primer-annealing step at 55°C for GS and 58°C for 18S RNA, and a 10-sec extension step 
at 72°C. For the mRNA quantification, a standard containing 0.01–100 pg 35S-dCTP-labeled 
and purified PCR product per 10μL reaction mix was generated. All results were normalized 
to 18S-ribosomal RNA. 18S was taken to represent 28% of total rRNA by mass (16, 17), 
while total rRNA was taken to represent 95% of total cellular RNA.  
 
Total protein assay 
Protein content (mg/ml) in the sucrose homogenates was measured using the bicinchoninic 
acid reagent of Pierce (Rockford, IL, USA), employing bovine serum albumin as a standard. 
 
GS-protein assay 
Fifty μg of total protein were heated for 3 min at 100°C in the presence of 2% SDS and 40mM 
dithiothreitol. Proteins were size-fractionated under denaturing conditions on a discontinuous 
10% SDS-PAGE system and blotted onto PVDF Immobilon-P transfer membranes (Millipore 
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Corporation, Bedford, MA). Equal loading of the membranes was verified by amidoblack 
staining. After destaining, non-specific binding of proteins to the membrane was blocked with 
5% non-fat milk in 50mM Tris-HCl (pH 7.5), 0.15M NaCl and 0.1% Tween-20. The 
membranes were sequentially incubated with a monoclonal antibody against sheep-glutamine 
synthetase (#G45020, Transduction Laboratories, Lexington, KY) and goat anti-mouse-IgG 
conjugated to alkaline phosphatase (Sigma, Zwijndrecht, The Netherlands). The resulting 
immune complexes were visualized with CDP-star (Roche). Chemoluminescence was 
quantified with the Lumi-Imager (Roche). The signal intensities are expressed as Boehringer 
light units (BLUs) per g organ protein. To assure that the Western-blot assays were 
quantitative, serial dilutions of liver, brain and jejunum extracts were assayed. Both for the 
organs with high (liver) and low (jejunum) levels of GS protein, a linear relation between 
enzyme activity and protein levels (BLUs) was observed at 4 serial 2-fold dilutions. In 
addition, the signal intensity on the blot was linear with exposure time up to at least 30 
minutes (data not shown).  
 
GS-activity assay 
The enzymic activity of GS was determined with the γ-glutamyltransferase assay (18). The 
10% (w/v) sucrose homogenates were diluted 1:1 with 0.2% Triton-X100, 0.3M KCl and 
4mM dithiothreitol, sonicated on ice, and centrifuged. GS activity in the supernatant was 
assayed with 2 concentrations of extract in a reaction mixture containing 50mM L-glutamine, 
160μM ADP, 25mM hydroxylamine, 25mM Na-arsenate, 50mM K-imidazole (pH = 6.8) and 
1.5mM MnCl2 at 37°C. The reaction was stopped after 10 minutes with 2 volumes 90mM 
FeCl3, 1.8M HCl, and 1.45% trichloroacetic acid. After centrifugation, the absorbance at 520 
nm was determined spectrophotometrically. A calibration curve was prepared with 0.25 to 5 
μmoles γ-glutamylhydroxamate dissolved in 0.1% Triton-X100, 0.15M KCl and 2mM 
dithiothreitol. GS activity is expressed as µmoles γ-glutamylhydroxamate (U) produced per 
min at 37°C.  
 
Immunohistochemistry 
Mice were anesthetized with halothane, perfused for 5 min via the left ventricle with 0.9% 
sodium chloride and 10 ml of 4% phosphate-buffered formaldehyde at 4°C. Relevant organs 
were removed, postfixed in formaldehyde for 4 hours at 4°C, dehydrated via a graded ethanol 
series, embedded in ParaCleanII (Klinipath, Duiven, the Netherlands), and sectioned at 7 μm. 
To retrieve epitopes and to inactivate endogenous phosphatase, the sections were boiled for 5 
min in Na-citrate (10 mM, pH 6.0). After blocking non-specific binding sites with 10% goat 
serum diluted in Teng-T (10mM Tris, 5mM EDTA, 150mM NaCl, 0.25% gelatin, and 0.05% 
Tween-20), a dilution of 1:1000 of GS monoclonal antibody #G45020 was applied to the 
sections overnight at room temperature. Incubations from which the GS antibody was omitted, 
served as negative controls. After rinsing 3 times with 0.5M Na-acetate, the sections were 
incubated for 1 hour at room temperature with goat-antimouse IgG, conjugated with alkaline 
phosphatase, 1:100 diluted in goat serum/Teng-T. After rinsing 3 times with 0.5M Na-acetate, 
the sections were incubated with 0.4 mg/mL NitroBlueTetrazolium chloride, 0.19 mg/mL 5-
Bromo-4-Chloro-3-Indolyl phosphate (both from Roche) and 50mM MgSO4 in 100mM Tris 
buffer (pH 9.5). Incubation times ranged from 30 minutes – 2 hours, and temperatures were 
set at 20 or 37°C. Finally, a cover-slip was mounted using ImmuMount (Shandon, Pittsburgh, 
PA, USA). 
 
The time and temperature of color development for each organ were such that the stain 
intensity of the most reactive cells did not exceed an optical density of 0.7, which is within the 
photometrically linear time-absorption relation. This was critical to the procedure. 
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Image analysis 
Digital images of the sections were captured with a Sony 3CCD camera, mounted onto a 
Leica DM RXA microscope. The images were analyzed with the Leica Quantimet 500 Image 
Analysis System, v3.2. An iterative segmentation procedure was applied in order to separate 
cell groups according to their optical density (OD) levels, as described (19). Briefly, the gray 
level histogram of the original image was separated at the mean. Both resulting daughter 
images were corrected for spatial noise by an erosion-dilatation smoothing procedure, and the 
pixel-value variation (SD2 x number of pixels) in original and daughter images were 
determined. Segmentation was accepted when the pooled pixel-value variation of both 
daughter images was less than that of the original image. The ratio was usually set at 0.7. The 
segmented images were binarized at their average gray levels and temporarily stored. The 
procedure was repeated for each of the resulting daughter images until further segmentation 
was not accepted anymore. The lightest segment represented the background. The average OD 
values of the other segments were corrected for the background and indicated as OD classes. 
The final gray image was the sum of the individual binary images. This segmentation 
procedure defined cell groups by their OD, that is, cellular GS concentration. For each organ, 
the relative volumes of the various OD classes were determined. The sum of the products of 
the relative volumes of each of the classes and their corresponding ODs (“the area under the 
curve”) was considered to be equivalent to the enzyme concentration determined 
biochemically and, therefore, allowed the calculation of the GS cellular concentration for each 
of the OD classes: 
 
 [GS]segment = (areasegment * ODsegment) * [GS]organ / Σsegments (area * OD).  
 
The cellular GS concentrations were expressed as GS activity per gram cells, as the activity of 
pure GS enzyme protein is not known (see Discussion). 
 
For liver, testis, uterine tube, distal stomach, kidney and caudal brain, three specimens were 
measured, while two were used for epididymis. For classification of GS stain intensity, 
images were digitally captured with a linear resolution of 1 μm/pixel (uterine tube, stomach, 
kidney), 2 μm/pixel (liver, testis, brain) or 6.2 μm/pixel (epididymis). 
 
Statistics 
Biochemical data were averaged per parameter, per organ and the SEM calculated. For 
subsequent SEM calculation of ratios (GS protein/mRNA and activity/protein) error 
propagation within independent variables was used. A t-test was applied to test for differences 
between males and females per organ. With the exception of the liver, no gender differences 
were found for any of the parameters (GS mRNA, protein amount, protein activity, GS protein 
amount/mRNA and GS activity/protein amount). Male and female data were therefore pooled. 
Differences between organs were analyzed with ANOVA (P<0.001 for all three parameters). 
The Student-Newman-Keuls (SNK) test was used for multiple comparisons between all pairs 
of organs of the pooled male and female data. A P-value of < 0.05 was considered significant.  
 
Results 
 
Organ concentrations of GS mRNA and protein, and enzyme activity 
To demonstrate or rule out interorgan differences in posttranscriptional and posttranslational 
regulation, we related GS protein concentration to GS mRNA concentration, and GS enzyme 
activity to GS protein concentration. Such comparisons require that all parameters are related 
to the same tissue base. Therefore, total RNA and total protein concentrations per gram wet 
weight were also determined. These basic biochemical parameters per organ are presented in 
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Table 1. No sex differences in organ total RNA or total protein contents were observed. On 
average, organs contained 2.5 mg RNA per g protein, but the pancreas was a notable 
exception with a 6-fold higher content. 
 
The range of data for all parameters is considerable, with a >100-fold difference in GS mRNA 
and protein concentrations and enzyme activities between organs (Table 1). GS mRNA 
concentrations did not significantly differ between males and females in any of the organs 
investigated (P≥0.3). GS protein concentrations per gram of organ studied also did not differ 
between the sexes (P≥0.2) with the exception of liver, in which the GS protein concentration 
was ~2-fold higher in males than in females (P=0.02). Although the fold difference in GS 
protein content between males and females was similar in stomach and caudal brain, these 
differences did not reach significance (P=0.11 and 0.15, respectively). Finally, GS activity 
levels did not differ significantly between males and females in any of the organs studied, 
although measured enzyme activities were ~2-fold higher in male spleen, colon and cerebrum 
than in the corresponding female organ (P=0.09, 0.12, and 0.18, respectively).  
 
To search for inter-organ differences in posttranscriptional regulation, we compared BLU and 
mRNA values for pooled male and female data (Figure 1A). Three partially overlapping 
groups were distinguished. The GS protein/mRNA ratio was lowest in the uterine tube, colon 
and testis, and highest in the pancreas and white adipose tissue. The remainder of the organs 
was in an intermediate group, which itself did not differ significantly from either the lowest or 
the highest group. On average, approximately 30x106 BLUs accumulated per μg of GS 
mRNA. The difference between the lowest and intermediate group differed by a factor 6 and 
the lowest and the highest group by a factor 20.  
 
To search for inter-organ differences in posttranslational processing, we compared enzyme 
activity and BLU values (Figure 1B). The differences between organs were relatively small, 
differing maximally by a factor 2, which indicates that the importance of posttranslational 
regulation to enzyme activity is minor. In our assays, 1U of enzyme activity, therefore, 
represents ~ 10 x 106 BLU of GS proteins.  
 
Cellular levels of GS enzyme activity 
 
Immunohistochemistry 
Proteins do not penetrate tissue sections (20). Immunohistochemistry, hence, only visualizes 
the GS protein molecules that are exposed to the surface of a section. Figure 2 shows that the 
cellular OD values increased linearly with incubation time up to an OD value of at least 0.7. 
To properly register cellular differences in GS concentration, care was therefore taken to 
avoid color development exceeding 0.7 OD in the fastest staining cells in a given organ. It 
should be emphasized that the OD readings in the immunohistochemically stained organs 
were only used to establish the relative GS levels in each of the cells of such an organ. 
Differences in staining time between organs therefore did not affect the subsequent 
calculation of the GS activity in these cells. 
 
GS was present in immunohistochemically detectable amounts in epididymis, liver, cerebrum, 
cerebellum and medulla, brown and white adipose tissue, distal stomach, testis, and kidney, 
but undetectable in jejunum, colon, pancreas, spleen, lung, muscle, heart and ovary. These 
data indicate that our staining procedure visualizes GS activities exceeding ~3 μmol.g-1.min-1 
or 30 x 106 BLU.g-1 (Table 1). In those organs with immunohistochemically detectable GS 
amounts, GS expression was confined to a specific cell type (astrocytes, Leydig cells, parietal 
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Figure 1. Differences in the protein/mRNA ratio and enzyme activity/protein ratio for GS in various 
organs. Data were obtained from the pooled male and female data shown in Table 1. Panel A shows that three, 
partially overlapping groups of organs (indicated by three colors) were recognized with SNK-statistics at the P < 
0.05 significance level. The highest protein/mRNA ratio was seen in pancreas and white adipose tissue (blue 
dots), whereas the lowest ratio was present in colon, uterine tube and testis (green). The middle group, which 
comprises jejunum, muscle, lung, heart, spleen, ovary, caudal brain, distal stomach, kidney, cerebrum, brown 
adipose tissue, liver, and epididymis (from left to right on the X-axis), did not differ significantly from the blue 
and the green groups. Panel B shows that no difference in the GS enzyme activity/protein ratio was found in any 
of the organs. BLU: Boehringer light units 



Cellular concentrations of glutamine synthetase 
 

 117

 cells) or distributed according to a topographical gradient within a tissue (liver, epididymis, 
kidney, uterine tube). The absorbance due to antibody binding in each of these cells yielded 
the cellular concentration of GS in OD units. Because of the systematic random choice of the 
images and the spatial resolution in the images, the summation of the products of the cell 
surface of all cells with a particular OD and that OD can be considered an independent 
estimate of the average GS amount in that organ. The biochemical assay data of GS activities 
can then be used to calibrate the OD readings and to convert local differences in the relative 
activity of the enzyme protein into local differences in (absolute) GS enzyme activity.  
 
 
Table 1. Organ levels of GS mRNA, protein and activity, including total-RNA and total-protein concentrations in 
adult male and female mice. BLU = Boehringer light units. 
 
 
  GS mRNA   GS protein   GS activity   total protein   total RNA 

 μg/g tissue  BLU (x10-6)/g tissue  μmoles.g tissue-1.min-1 mg/g tissue  mg/g tissue 

male mean SEM n   mean SEM n   mean SEM n   mean SEM n   mean SEM n 

epididymis 7.60 1.90 5  341.0 45.0 4  60.2 8.9 28  75 8 5  2.75 0.40 4 

cerebrum 1.55 0.28 2  98.0 10.3 7  33.1 5.6 16  130 6 3  2.04 0.30 3 

liver 3.23 0.10 3  158.6 16.8 11  25.8 1.9 48  214 8 17  6.20 0.20 8 

caudal brain 1.15 0.37 2  73.3 6.9 3  11.2 1.5 12  96 5 8  1.90 0.50 4 

brown adipose t. 1.81 1.13 3  62.2 17.0 3  9.2 2.7 12  90 16 3  1.60 0.82 3 

stomach-distal 1.07 0.56 3  60.2 14.0 3  5.2 0.6 3  90 3 5  2.70 0.40 5 

testis 6.92 2.77 4  55.1 18.0 7  4.7 0.8 12  102 12 4  2.53 0.93 4 

kidney 1.79 0.86 2  46.7 9.5 3  4.3 0.4 36  165 13 4  2.81 0.36 3 

colon 1.53 0.55 2  17.7 3.8 5  1.9 0.3 16  130 7 4  3.64 0.46 3 

white adipose t. 0.14 0.05 3  22.8 15.7 3  1.8 1.3 12  17 10 2  0.19 0.02 3 

spleen 0.35 0.12 2  12.3 4.6 3  1.1 0.2 12  171 14 4  4.14 0.34 3 

lung 0.19 0.03 2  6.7 3.5 3  0.7 0.2 12  115 14 4  1.41 0.20 3 

pancreas 0.08 0.03 2  5.7 1.0 5  0.5 0.1 12  204 12 4  14.80 0.83 3 

muscle 0.33 0.12 2  10.2 7.0 3  0.4 0.2 12  102 32 3  0.93 0.28 3 

heart 0.39 0.14 2  3.3 1.7 3  0.3 0.2 12  98 36 3  1.34 0.40 3 

jejunum 0.14 0.04 2  2.0 0.9 5  0.2 0.0 12  180 20 12  3.61 0.24 4 

female                                       

cerebrum 2.20 0.59 2  61.0 34.3 5  18.7 5.4 12  104 19 3  1.83 0.38 3 

liver 2.73 0.41 2  70.7 11.4 9  22.8 1.8 47  193 10 15  6.23 0.63 11

caudal brain 1.29 0.47 2  41.1 14.2 3  8.4 1.2 12  98 9 10  1.80 0.45 6 

brown adipose t. 4.05 1.28 2  58.9 28.3 3  14.1 4.7 12  159 44 3  2.82 0.79 3 

stomach-distal 1.49 0.97 2  23.9 4.3 3  5.6 0.9 3  79 5 5  2.40 0.40 5 

kidney 1.71 0.83 2  33.4 14.2 3  5.6 0.9 12  161 21 3  3.01 0.48 3 

uterine tube 2.49 1.10 4  15.8 5.5 3  3.4 0.9 28  90 16 6  3.27 0.78 6 

ovary 0.72 0.21 3  11.3 4.9 3  1.4 0.6 28  175 58 6  5.81 1.48 6 

colon 2.44 0.37 2  8.3 4.1 3  0.9 0.3 12  106 23 3  3.79 0.35 3 

white adipose t. 0.09 0.01 3  7.8 2.8 3  1.2 0.4 12  11 2 3  0.16 0.03 3 

spleen 0.48 0.04 2  9.1 2.7 3  0.5 0.0 12  158 10 3  3.95 0.03 3 

lung 0.47 0.33 2  6.3 2.8 3  0.4 0.1 12  103 17 3  1.28 0.21 3 

pancreas 0.05 0.01 2  11.0 6.6 3  0.3 0.0 24  214 21 3  15.09 1.17 3 

muscle 0.42 0.17 2  4.2 2.6 4  0.4 0.1 16  83 21 3  1.08 0.43 3 

heart 0.51 0.19 2  8.4 3.6 4  0.3 0.1 16  92 14 3  1.53 0.46 3 

jejunum 0.21 0.02 2   5.1 2.0 3   0.1 0.0 12   235 25 6   3.80 0.20 6 
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Figure 2. Relation between the 
immunohistochemical staining time and the 
resulting optical density in 2 groups of pericentral 
hepatocytes. Staining for the various time points was 
performed in consecutive sections. The steepest line 
was measured in the most pericentrally located row 
of cells, whereas the more shallow line was obtained 
from the subsequent concentric row of cells. 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table 2. GS activity in various organs and in specific cells. For the organs, biochemical data from Table 1 are 
averaged male and female data. Image analysis was carried out and resulted in 1-7 classes of cells with distinct 
optical density levels, which were related to the biochemically determined concentration of GS activity. The 
number of organs used for image analysis amounted to 2 (epididymis) or 3 (the remaining organs). 

 

organ  GS-positive cells 

 GS activity   distribution  GS activity (μmoles.g-1.min-1) 

 (μmoles.g-1.min-1)   organ vol%  class 1 class 2  class 3 class 4 class 5  class 6  class 7 

name mean SEM   cell types mean SEM   mean SEM  mean SEM   mean SEM  mean SEM  mean SEM   mean SEM   mean SEM 

liver 24 1.3  
pericentral  
hepatocytes 8.5 0.0  484 27 285 23  113 11           

epididymis 60 8.9  epithelium 35.9 2.1  350 53                

testis 4.7 0.8  Leydig cells 4.3 0.1  110 19                

uterine  
tube 3.4 0.9  epithelium + muscle 31.5 2.1  62 21 28 3  10 2           

stomach 
distal 5 0.8  parietal cells 36.8 1.0  44 9 15 2  5 1           

kidney 4.6 0.4  epithelium 44.8 1.2  37 4 24 2  18 2 13 1 10 1  6 1  4 0 

caudal brain 10 1.1   astrocytes 91.7 0.6   24 3  16 1   12 1  9 1  11 5   7 3   3 1 

 

 
Liver 
GS was present in pericentral hepatocytes only (Figure 3A), which comprised 8.5% of the 
volume of the liver (Table 2). No other cells in the liver showed detectable GS expression. 
Staining declined with a steep gradient encompassing a rim of only 2-3 cells (Figure 3B). The 
best fit between topography and staining intensity occurred when the original images were 
segmented into three OD classes, a fourth class being the background (Figure 3C). The 
activity of GS was highest in the hepatocytes immediately surrounding the central veins (~3% 
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of the total volume of the liver) and amounted to ~485 μmoles.g-1.min-1 (Table 2). This was 
the highest found in any organ. The activity of GS in the next class of hepatocytes, which 
occupied ~2% of hepatocyte volume, amounted to ~285 μmoles.g-1.min-1, while the class with 
the lowest detectable GS activity (~115 μmoles.g-1.min-1) occupied ~3.5%. The expression 
gradient of GS was so steep that it caused the cellular amount of GS in the pericentral 
hepatocytes to decline stepwise, each cell row further away from the central vein containing 
only ~50% of the GS activity. 
 
Epididymis 
Images were captured from every 25th section of serially sectioned organs, i.e. at a distance of 
175 μm. GS was only found in the principal cells of the epididymal duct. GS amount was 
highest in the epididymal caput, with the exception of the efferent ductules in the first 
segment, and gradually declined to background levels in the body and tail (Figure 4A,B-D). 
At the transition of the first and second segment (not shown) and in the distal body, a few 
isolated cells did stain (Figure 4D). Since GS expression declined in a gradual fashion, 
distinct OD classes could not be assigned to distinct cell groups. The original image was, 
therefore, segmented into seven evenly distributed OD classes. GS activity in the class with 
the highest OD, which comprised 5% of the GS-positive cells, amounted to ~350 μmoles.g-1. 
min-1 (Table 2). The average GS activity in all GS-positive cells (36% of the total organ 
volume) amounted 168 ± 27 μmoles.g-1.min-1. 
 
Testis  
GS was exclusively and homogeneously present in the interstitial cells of Leydig (Figure 4A, 
E). Therefore, only one OD class was assigned. The cellular GS activity in the interstitial 
cells, which comprised 4.5 % of the total organ, amounted to ~110 μmoles.g-1.min-1 (Table 2).  
 
Uterine tube 
GS was immunohistochemically present in epithelial cells of the mucosa and, to some extent, 
in the smooth-muscle layer. Biochemically, GS was determined in the total of the extrauterine 
portions of the uterine tube; therefore, the volume fraction of GS-positive cells of these both 
portions was determined in serial sections. Per specimen, 3-4 sections for the main part and 1-
2 for the ampulla were used and the images were segmented in such a way that epithelium and 
muscular layers could be distinguished best. With this boundary condition, three OD classes 
emerged, the fourth class being the background (Figure 5C). The activity of GS in the 
epithelial cells (Figure 5A) was relatively high in the main part (28-62 μmoles.g-1.min-1 (Table 
2) and low in the ampulla (~10 μmoles.g-1.min-1). Moreover, in the latter GS was present in a 
fraction of the epithelial cells only. The activity of GS in the smooth muscle compartment of 
the uterine tube amounted to ~10 μmoles.g-1.min-1. 
 
Stomach 
GS staining was confined to a subgroup of epithelial cells of the gastric glands. Comparison 
with HE-stained sections revealed that these cells were the acid-producing parietal cells 
(Figure 6A,B). Whereas the number of parietal cells was lowest at the base of a gastric gland 
and increased towards its neck, the cellular activity of GS was highest at the base and 
decreased in the direction of the neck. The best fit between topography and staining intensity 
occurred when the original images were segmented into three OD classes, a fourth class being 
the background (Figure 6B,C). The most intensely staining cells had a GS activity of ~45 
μmoles.g-1.min-1, while these activities amounted to ~15 and ~5 μmoles.g-1.min-1 in the next 2 
classes (Table 2). 
 



Chapter 6 

 120 

        
 
Figure 3. Distribution of GS protein in the liver.
Panel A shows that the central veins are surrounded 
by GS-positive hepatocytes. Panel B shows that the
staining intensity declines stepwise as the 
hepatocytes are further away from the central vein. 
Within a hepatocyte, the cytoplasm stains 
homogeneously. Panel C shows that, after 
segmentation into three OD classes, 2-3 rows of 
cells with decreasing OD are identified. Scale bar 
A: 400 μm; B, C: 100 μm. 
 

Figure 4. Distribution of GS protein in 
epididymis and testis. In a longitudinal section 
through the epididymis (Panel A, lower-left 
structure), a number of transsections through the 
coiled coil of the epididymal duct are seen that, 
going distally (towards top left), contain less GS. 
Letters indicate the levels of panels B-D, where this 
gradual decrease in GS concentration in the 
epithelial cells of the epididymis is illustrated. GS is 
present in the cytoplasm, as is indicated by the 
absence of stain in the nuclei. Only few positive 
cells remain in the distal transition zone (panel D). 
In the testis (panel A, upper-right structure), only 
the interstitial cells of Leydig are GS-positive. Panel 
E: Detail of the testis as indicated in panel A. Cells 
of Leydig in the interstitium are GS-positive, 
whereas the seminiferous tubules are unstained. 
Scale bar A: 400 μm; B-D: 100 μm; E: 50 μm. 
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Figure 5. Distribution of GS protein in the uterine 
tube. Panel A shows a section through the uterus (left 
structure) and various coils of the uterine tube. The 
intrauterine portion of the uterine tube has a slightly 
lower GS content than the extrauterine portion (seen as 
transsections in upper right corner), whereas hardly any 
GS is present in the ampulla (lower left corner). Note 
GS-positive white adipose tissue between uterus and 
ampulla. Panel B. GS is present in the epithelial cells 
and the smooth-muscle layer of the uterine tube. Panel C 
shows that, after segmentation, 2 OD classes are 
distinguished in the epithelium and a third class in the 
smooth-muscle layer. Scale bar A: 500 μm; B, C: 100 
μm. 
 
 
Kidney 
In the kidney, GS was found in the cortex and 
in the outer stripe of the outer zone of the 
medulla (Figure 7A,B). The heavily stained 
tubules in the outer stripe (Figure 7B,D) were 
negative for alkaline phosphatase (Figure 7C), 
a marker for the convoluted portion of the 
proximal tubule (21) whereas the moderately 
stained tubules in the cortex (Figure 7B,E) 
colocalized with tubules positive for alkaline 
phosphatase (Figure 7C). The GS-positive 
tubules did not express the Tamm-Horsfall 
protein (not shown), a marker for the thick 
ascending limb of Henle's loop (22). GS is thus 
expressed in the epithelium of Bowman’s 
capsule and in that of the convoluted portions 
of the proximal tubules (segments S1 and S2), 

but most intensely in all cells of the straight portions of the proximal tubules (segment S3).  
To calculate cellular GS amounts, the volume of cortex including the outer stripe of the outer 
medullary zone, and the volume of the non-expressing remaining part of the medulla were 
determined in serial sections that were 175μm apart. Next, data were collected from four 
images in a midsagittal section of each specimen. Since the variation in cellular GS amount 
throughout the cortex was large, GS expression was segmented into seven OD classes, the 
eight class being the background. The cells with the highest GS activity were found in the S3 
segment and amounted ~35 μmoles.g-1.min-1 (Table 2). In Bowman’s capsule and the adjacent 
part (S1 segment) of the proximal convoluted tubule, cellular GS activity amounted to 18-24 
μmoles.g-1.min-1. The cellular activity of GS in the distal (S2) segment of the proximal 
convoluted tubule was lower, varying from 10-18 μmoles.g-1.min-1. 
 
Brain 
In the cerebrum, GS was rather evenly distributed throughout the sections. Exceptions were 
the olfactory nuclei in the prefrontal cortex and the hippocampal layers, where the staining 
intensity was about twice the average value. GS was differentially expressed in the molecular 
and granular layers of the cerebellum and in the brain stem (Figure 8). In serial sections with a 
distance of ~300μm, the surface areas of these three components were determined. To be able 
to identify individual cells, the brain images were segmented in seven OD classes, the eighth 
class being the background. The highest cellular GS activity (class 1) amounted to ~25 
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μmoles.g-1.min-1 (Table 2). This class 1 expression zone together with class 2 and 3 (25-12 
μmoles.g-1.min-1) accounted for 60% of the section surface of the brain stem and 40% of the 
molecular layer, while this amounted to 1% only in the white core. In the granular layer this 
number was as low as 20%, especially due to the large number of GS-negative Purkinje cells. 
The areas with high amounts of GS formed a network, as would be expected from astrocytes 
(Figure 8, inset).  
 
GS in adipose tissue 
In adipose tissue, GS was immunohistochemically present and evenly distributed throughout 
the tissue (Figures 5A, 7A). The cellular activity of GS in adipocytes therefore amounted to 
1.5 ± 0.5 μmoles.g-1.min-1 for white adipose tissue and to 11.9 ± 3.3 μmoles.g-1.min-1 for 
brown adipose tissue (Table 1, average from male and female data). Since the central vacuole 
of the white adipocyte is clearly GS-negative (Figure 5A), the GS activity in the relatively 
small cytoplasmic component could be determined and amounted to 7.4 ± 2.8 
μmoles.g-1.min-1. 
 
GS in other organs 
In the remaining organs we could not reliably localize and quantify GS, because the stain 
intensity was too weak, even when developing the alkaline-phosphatase reporter enzyme at a 
high incubation temperature (37°C) for an extended period of time (120 min). Based on the 
segmentation of the GS distribution in organs with a low GS content (kidney and brain, Table 
2), the immunohistochemical assay used in the present study reliably detects GS in cells if the 
activity exceeds ~2 μmoles.g-1.min-1.  
 
 

 
 
Figure 6. Distribution of GS protein in the distal (glandular) stomach. Panel A (H&E stain) shows the HCl-
producing parietal cells of the gastric glands are present as large, lightly staining cells with a round, central 
nucleus (inset). Panel B shows GS staining of the parietal cells in a consecutive section in a decreasing gradient 
from the base (right side) to the neck of the gastric gland. C. After segmentation, three OD classes of this GS 
gradient are apparent. Scale bar: A-C: 100 μm. 
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Figure 7. Distribution of GS protein in the kidney. Panel A: overview. GS is present in the cortex (CO) and 
the outer stripe of the outer medullary zone (OS). The remainder of the medulla (M) is unstained. GS-positive 
brown adipose tissue (BT) is present at the top left. Panel B,C: two consecutive sections were stained for GS 
(panel B) and endogenous alkaline phosphatase (panel C), a marker for the brush border of the proximal 
contorted tubules of segments 1 and 2. GS-positive tubules are localized in the proximal contorted tubules of the 
cortex (CO), but highest levels are present in the tubules in the outer stripe (OS, segment 3, alkaline phophatase-
negative). Panel D: detail of outer stripe region, with intensely GS-positive epithelial cells in segment-3 tubules 
and unstained medullary tubules. Panel E: Lower levels of GS are present in the cells of Bowman´s capsule and 
the epithelial cells of segment 1 of the proximal contorted tubule. Scale bar A: 400 μm; B,C: 100 μm; D,E: 25 
μm. 
 
Discussion 
 
Cellular GS levels differ greatly 
In this study, we observed a >1,000-fold difference in the cellular activity of GS protein, 
ranging from as high as ~500 μmoles.g-1.min-1 in the layer of hepatocytes immediately 
surrounding the central vein to as low as ~0.4 μmoles.g-1.min-1 in muscle. This finding implies 
that pericentral hepatocytes and myocytes differ >1,000-fold at one or more levels of 
transcriptional and/or posttranscriptional regulation. The regulation of GS transcription is 
complex, involving several regulatory sequences in the upstream and intron regions (4-11, 
23). In view of the presence of highly conserved instability sequences in the GS 3’ 
untranslated region (1, 12, 13, 24), regulation at the level of mRNA stability probably also 
exists.  
  
The 20-fold difference in the protein/mRNA ratio between pancreas and white adipose tissue 
on the one hand, and colon, the uterine tube and testis on the other hand provides clear 
evidence for interorgan differences in translational efficiency and/or protein stability. 
Evidence for posttranscriptional regulation of GS expression was shown in several studies. 
The low protein/mRNA ratio in the testis could be explained by the presence of GS mRNA 
(8) and the absence of GS protein (Figure 4) in the developing spermatozoa. Metabolic 
acidosis in the cortex of the mouse kidney activates posttranscriptional regulation, as GS 
protein, but not mRNA concentration declines (25). Dexamethasone appears to convey a 
similar posttranscriptional regulation on GS expression in hepatocyte cultures (12). GS 
protein is known to become very unstable when cellular glutamine concentrations increase, 
possibly because glutamine causes oligomerisation of the enzyme subunits (for review, see 
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(1)). These examples confirm that posttranscriptional regulation of GS does occur, but needs 
further attention. 
 
Since we did not observe appreciable differences in the ratio between GS enzyme activity and 
protein in any of the organs investigated, regulation of enzyme activity by posttranslational 
modification of the protein can be excluded. The finding that ageing GS protein becomes 
oxidized and enzymatically inactivated (26-29) shows that GS is sensitive to posttranslational 
regulation. Apparently, this level of regulation does not occur in the young and healthy mice 
we studied. 
 
For some organs, such as liver, brain and stomach, we found preponderance of GS protein 
concentrations and activity levels in males, but this difference was only significant (P<0.05) 
in liver. The reported effects of gender on GS activity levels are not consistent, with studies 
finding both higher (30) and lower (31) levels in male than in female liver. 
 

 
 
Figure 8. Distribution of GS protein in the cerebellum and brain stem. In the cerebellum (upper part), the 
molecular (M) and granular (G) layer have distinct GS concentrations, but the GS content is highest in the 
astrocytes of the brain stem (B). Scale bar: 400 μm. Inset: many granule cells are positive for GS. Purkinje cells, 
in between the molecular and granular layer, have high amounts of GS and are identified by their unstained 
nuclei.  
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Cellular GS amounts 
Since regulation at the posttranslational level appeared absent, quantitative 
immunohistochemistry is a valid approach to demonstrate relative differences in GS protein 
levels between cells in an organ. We opted for alkaline phosphatase to visualize antibody 
binding, because this enzyme is not inhibited by product formation as e.g. horseradish 
peroxidase is. Furthermore, cellular GS concentration and incubation time were linearly 
related in cells with a 4-fold difference in GS concentration (Figure 2). Moreover, the 
sensitivity of the assay could be increased by increasing the temperature of the alkaline-
phosphatase incubation. In organs, which were immunostained for 120 min at 37°C without 
producing a measurable GS signal (intestines, striated muscle, pancreas and spleen), GS 
enzyme activity was ≤1 μmol.g-1.min-1. In agreement, the lowest detected GS activity in 
sections was equivalent to ~3 μmol.g-1.min-1 (brain; Table 2). 
 
For most organs with immunohistochemically detectable GS protein, the expression of GS 
was confined to one cell type. In some organs, GS was homogeneously expressed in these 
cells (adipocytes, Leydig cells and smooth muscle cells of the uterine tube). In other organs, 
however, a topographical gradient was present within the GS-positive cell population 
(pericentral hepatocytes, parietal cells of the stomach glands, epithelial cells of the proximal 
kidney tubules, the uterine tube and the epididymal duct). The highest cellular activities of GS 
protein were found in pericentral hepatocytes and the epithelial cells of the epididymal caput, 
followed by the Leydig cells. The middle group included the epithelial cells of the uterine 
tube, the parietal cells of the stomach, the epithelial cells in the S3 segment of the proximal 
tubule of the kidney, the astrocytes of the brain and adipose tissue. Finally, a large group of 
organs contained an immunohistochemically undetectable concentration of GS. These data 
extend and considerably refine our earlier calculations of cellular GS concentrations (1), 
which were solely based on an estimate of the relative size of the subset of cells in an organ 
that expressed GS, that is, without taking into account the differences in GS amount among 
these cells. We now demonstrate that cellular GS levels in a subset of cells in an organ can be 
≥ 20-fold higher than the average organ value. Such data probably reflect gradients in cellular 
function as well and, thus, appear a prerequisite for a better understanding of the functioning 
of GS in various organs. 
 
Most studies report purified GS to have a specific activity of ~12 μmol product.mg purified 
enzyme protein-1.min-1 at 37°C using the γ-glutamyltransferase assay (for a review, see (1)). 
Since we also employed this assay, we used this number to calculate the cellular GS 
concentration in the row of hepatocytes directly bordering the central vein (GS content: ~485 
μmol product.g-1.min-1). These numbers would yield a cellular concentration of ~40 mg GS 
protein per gram of hepatocytes, or ~1 mM. Since liver contains ~200 mg total protein per 
gram, this would imply that 20% of the cellular protein in pericentral hepatocytes consists of 
GS. Apparently, many GS molecules in a highly purified enzyme preparation are not 
enzymatically active.  
 
Liver 
In mammalian liver, including mouse liver, GS is present at very high concentrations in only a 
few cell layers surrounding the terminal branches of the hepatic veins (1, 32-34). Due to the 
very steep gradient, the successive rows of hepatocytes express distinct levels of GS. In all 
likelihood, the function of this very high cellular level of GS in this very small subpopulation 
(8.5%) of hepatocytes is to scavenge the NH4

+ remaining after the blood has passed the urea 
synthesizing periportal hepatocytes (35). Scavenging of NH4

+ is necessary because the urea 
cycle is not capable of adequately clearing the blood from ammonia due to its low affinity for 
NH4

+ (KM: ~1 mM (36)), so that the circulating NH4
+ concentration amounts to ~200 μM in 
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stead of the normal ~40 μM if the pericentral hepatocytes are destroyed (32). In agreement 
with such an NH4

+-scavenging function, the pericentral cells contain not only high levels of 
GS, but also high levels of ornithine aminotransferase (37) and the glutamate transporter 
GLT-1 (38, 39), which both assure high cellular levels of the GS substrate glutamate (~14 
mM (20)). 
 
Epididymis 
The epididymal epithelium absorbs and secretes osmolytes and electrolytes to create a suitable 
environment for sperm maturation. The high level of expression of GS in the epithelium of the 
epididymal head was known (40). We now show that GS expression is highest in the second 
segment of the head and gradually decreases to background levels in the body and tail. This 
confirms previous data showing that gene expression in the efferent ductules of the first 
segment differs sharply from that in the epididymal duct and does not include GS (41). Our 
serial sections revealed that the epididymal duct itself is folded as a coiled-coil (Figure 4A). 
The segments of the epididymis, each with a distinct gene-expression pattern and seemingly 
separated from a neighboring segment by the connective-tissue sheath that surrounds the 
coiled coil (42, 43), solely represent distance along the epididymal tube and, hence, difference 
in gene expression along its proximo-distal axis. The role of GS in sperm maturation is 
unknown, but we assume that it functions to decrease the luminal content of glutamate, which 
accounts for 90% of the amino-acid content of the epididymal fluid, from 50mM in the caput 
to undetectable levels in the tail (44). The similarity of the distribution of GS and that of the 
glutamate transporter EAAC1 (45) in the epididymis does support this hypothesis.  
  
Testis 
In the testis, GS is present at a high concentration in the interstitial cells of Leydig. Based on 
the additional presence of the protein S-100 and Glial Fibrillary Acidic Protein, Leydig cells 
are ascribed an astrocyte-like function that may be responsible for the blood-testis barrier in 
the capillaries (46). In situ hybridization has shown that, in addition to the Leydig cells, GS 
mRNA is also present in the spermatids during their final phase of maturation (8). The 
absence of GS protein in the spermatids explains the low GS protein/mRNA ratio found in the 
testis.  
 
Uterine tube 
GS protein levels in the epithelium of the uterine tube were considerable. Unlike the 
seminiferous tubular fluid, the tubal fluid does not contain very high levels of glutamate or 
glutamine (47). However, murine embryos are known to produce NH4

+ and to be exquisitely 
sensitive to NH4

+ accumulation (48). GS-deficient embryos die at the blastocyst stage, that is, 
while still floating in the uterine tube (cf. chapter 2). These findings suggest that GS in the 
tubal epithelium and in the blastocyst both function to detoxify ammonium. 
 
Stomach 
It is well established that the distal (glandular) stomach contains the highest levels of GS in 
the entire gastrointestinal tract (8, 75). We now show that GS expression in the distal stomach 
is confined to the acid-producing parietal cells and that it is expressed in these cells in a 
gradient decreasing towards the neck, that is, towards the stem-cell region of the gland. One 
of the defense mechanisms of Helicobacter bacteria, which colonize the gastric epithelium and 
cause gastric ulcers, against the acidic environment of the stomach is the copious production 
of urease. Although both bacterial toxins and NH4

+ may contribute to the development of 
gastritis (49), the parietal cells of the stomach are particularly sensitive to NH4

+, causing 
swelling followed by rupture of these cells (50). The presence of a high concentration of GS 
suggests that the cells swell due to glutamine synthesis, much like the astrocytes in the brain 
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in hyperammonemia (see below). In agreement with this hypothesis and again similar to the 
behavior of astrocytes, inhibition of GS activity protects gastric epithelial cells against 
ammonia toxicity (51, 52).  
 
Kidney 
The kidney is an extremely heterogeneous organ, with morphological and functional changes 
occurring along the proximo-distal axis of each nephron. GS is no exception, being 
moderately present in Bowman´s capsule and the proximal segment (S1) of the proximal 
convoluted tube, slightly lower in the distal (S2) segment of the proximal convoluted tube, 
and highest in the proximal straight tubule (S3 segment). The distribution of GS that we now 
report in the mouse is similar to that reported earlier in the rabbit kidney (53), but differs from 
that in the rat, where GS protein is restricted to the S3 segment (53, 54). Renal GS plays a key 
role in the regulation of systemic acid-base balance (25) by excreting ammonia to the urine in 
species with an alkaline urine (55). The S3 segment of the nephron resembles the pericentral 
hepatocytes of the liver in its co-expression of ornithine transaminase to assure the availability 
of sufficient glutamate for glutamine synthesis (56). 
 
Brain 
Glutamate is the major excitatory transmitter in the brain and its extracellular concentration 
has to be kept low to avoid excitotoxicity. GS expression is usually associated with astroglial 
cells only (57). Astrocytes play a key role in the clearance of glutamate, taking it up from the 
synaptic cleft via the high affinity glutamate transporters EAAT-1 and -2 (58) and 
metabolizing it to glutamine. Once transported to the neurons, glutamine functions as 
precursor for the synthesis of glutamate (the glutamate-glutamine cycle (59)). It is now 
generally accepted that swelling of astrocytes is the cause of so-called "hepatic" 
encephalopathy and that glutamine synthesis from excess NH4

+ or glutamate is the cause of 
astrocyte swelling (60-62). In accordance, we observed highest intracellular GS levels in cells 
resembling astrocytes.  
Although the glial cells of the nervous system are usually considered to be a homogeneously 
staining tissue (Norenberg and Martinez-Hernandez 1979), we found that, in addition to the 
typical astrocytes, cells with a lower staining intensity were present, confirming studies that 
demonstrated lower GS levels in oligodendrocytes(63, 64). The function of GS in these latter, 
mostly perineuronal cells is unknown. 
 
Intestines 
Glutamine is an important fuel for enterocytes and the small intestine is a major site for 
glutamine utilization (65). In agreement, GS expression in the intestines is low and ~20-fold 
lower than in the stomach (Table 1; (66)). We were not able to visualize the protein, but the 
mRNA has been localized to the crypts (8, 9, 67). The function of GS in the crypts is 
unknown, but fairly large quantities of glutamine appear to be necessary for enterocyte 
proliferation, possibly because these cells utilize extracellular glutamine inefficiently (23). 
 
Lungs 
We were unable to demonstrate any GS protein in lungs (68), but previously we did find GS 
mRNA in the epithelium of the main airways (8). Even though lung GS is sensitive to 
glucocorticoids and sepsis (69), it can be questioned whether the low concentration of GS can 
account for the role in glutamine homeostasis that was attributed to the lung (70).  
 
Adipocytes 
GS expression is over 100-fold upregulated during adipocyte differentiation (71) to reach 
cytosolic levels (excluding the space occupied by the fat vacuoles) that are similar to those 
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found in the stomach, kidney, and glial cells. Although adipose tissue may be a net producer 
of glutamine (72), the role of GS and glutamine in adipocyte physiology is not yet clear. 
However, there is evidence that the hexosamine biosynthesis pathway, which is considered to 
function as a glucose sensor (73), controls the expression of lipogenic enzymes (74). In this 
model, glutamine would function as an amino-donor (substrate) for hexosamine biosynthesis 
in the adipocyte. 
 
Conclusion 
 
Our study has uncovered a >1,000-fold difference in GS protein content in various cell types, 
with quantitatively most of the regulation occurring at the transcriptional and 
posttranscriptional level and hardly at the posttranslational level. We identified 3 groups of 
organs, viz. those with a very high cellular activity of GS (>100 μmol.g-1.min-1), those with an 
intermediate cellular activity (10-60 μmol.g-1.min-1), and those with a relatively low activity 
(<5 μmol.g-1.min-1). Although detailed studies on the production of glutamine or the removal 
of NH4

+ and glutamate are only available for the liver, brain, kidney, and muscle, our findings 
confirm that organs with a high cellular concentration of GS (liver, epididymis, stomach, 
uterine tube, brain, kidney) are those which primarily function to remove glutamate or 
ammonia, whereas those with a low concentration (muscle) primarily produce glutamine. 
Studies with genetically modified mice, in which GS can be inactivated organ-specifically, 
can resolve the remaining issues, in particular to what extent NH4

+, glutamate and glutamine 
homeostasis depends on local metabolism and to what extent interorgan cooperation can 
replace the requirement for locally expressed GS.  
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Glutamine is, met een plasmaconcentratie van 0.5-0.8 mmol/L, het meest voorkomende vrije 
aminozuur in het lichaam. De intracellulaire concentraties zijn 5-10x hoger. Hoewel 
toediening van glutamine via de voeding de circulerende concentratie enigszins verhoogt, 
wordt het merendeel van dit glutamine in de darm afgebroken. Het glutamine dat in het 
lichaam aanwezig is, wordt dan ook voor het allergrootste deel de novo gesynthetiseerd. Het 
enige enzym dat glutamine kan synthetiseren uit glutamaat en ammoniak is glutamine 
synthetase (GS; L-glutamate:ammonia ligase (ADP); EC 6.3.1.2). De functie van GS is, naast 
synthese van glutamine, het verwijderen van toxisch ammoniak en glutamaat.  

 
Ongeveer een derde van alle stikstof die afkomstig is van eiwitafbraak wordt tussen organen 
getransporteerd in de vorm van glutamine. Het overgrote deel van dit glutamine zou uit de 
spier afkomstig zijn. Ongeveer 50% van het circulerende glutamine wordt geoxideerd, 10–
20% wordt gebruikt voor gluconeogenesis, en de rest (her-)gebruikt voor eiwitsynthese.  
 
Inactivering van het GS gen in alle cellen is reeds onverenigbaar met het leven voordat het 
embryo zich kan innestelen in de baarmoederwand (Hoofdstuk 2). De reden voor de 
vroegtijdige dood is waarschijnlijk het ontbreken van de ammoniakontgifting in het nog niet 
ingenestelde embryo. Indien embryonale stamcellen waarin GS op beide allelen is 
geïnactiveerd worden ingespoten in wildtype blastocysten op een zodanige wijze dat >90% 
van het embryo uit knockoutcellen bestaat, vindt normale ontwikkeling tot aan de geboorte 
plaats.  
 
Om te kunnen nagaan in welke mate en onder welke omstandigheden 1) de synthese van 
glutamine in specifieke weefsels van belang is voor de circulerende glutamine spiegel en 2) 
specifieke weefsels voor hun functie afhankelijk zijn van de locale synthese van glutamine 
hebben wij daarom een muis "gemaakt", waarin het eiwitcoderende domein van het 
structurele GS gen wordt geflankeerd door zgn. "loxP sites". Dergelijke muizen zijn 
functioneel niet te onderscheiden van ongemodificeerde muizen. Door zo'n "conditioneel 
deficiënte" GS muis te kruisen met een transgene muis die het enzym "Cre" in een bepaald 
weefsel tot expressie brengt, wordt het GS gen selectief in dat weefsel geïnactiveerd.  

 
In het centrale zenuwstelsel verwijderen de astrocyten ammoniak en glutamaat uit de 
synaptische spleet door er glutamine van te maken. Muisjes waarin het astrocytaire GS is 
geïnactiveerd (Hoofdstuk 3), zijn bij de geboorte nog niet te onderscheiden van hun niet-
gemodificeerde broertjes en zusjes, maar overlijden 2-3 dagen later omdat ze niet meer eten 
en groeien. In de hersenen zijn geen morfologische afwijkingen aanwezig en treedt geen extra 
celdood op. De concentratie van glutamine in de hersenen is reeds voor de geboorte lager dan 
in controle dieren, terwijl de concentraties van glutamaat en ammoniak weinig veranderen. 
Onmiddellijk na de geboorte stijgt de spiegel van het aminozuur alanine voorbijgaand, waarna 
de spiegel van het aminozuur glycine gaat stijgen. Wij schrijven het gebrek aan eetlust en de 
daardoor optredende dood toe aan de stijging van het glycine gehalte in de hersenen. Wij 
begrijpen nog niet waarom glycine pas na de geboorte stijgt.  
 
Inactivering van GS in de lever (Hoofdstuk 4) en/of spier (Hoofdstuk 5) heeft onverwacht 
geen effect op het welbevinden van de gemodificeerde dieren. Wij veronderstellen daarom dat 
het enzym alleen functioneel is onder "stress" omstandigheden. In spier "knockouts" beginnen 
de circulerende glutamine concentraties na 4 uur vasten te dalen, terwijl de spiegels van de 
aminozuren leucine, isoleucine, en valine ("vertakt-keten aminozuren"; BCAA) juist gaan 
stijgen. Na 20 uur vasten zijn de circulerende spiegels van alle aminozuren behalve glutamaat 
en BCAA gedaald. Dan pas zijn ook meetbare dalingen in de productie van deze aminozuren 
door de spier vast te stellen, waarbij de daling in de glutamine productie het meest prominent 
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is. Een intraveneuze belasting met ammoniak, een tussenproduct in de eiwitafbraak, leidt ook 
reeds bij een veel lagere belasting tot de dood in spier knockouts dan in controle dieren.  
 
Op vergelijkbare wijze hebben we vastgesteld dat een belasting met ammoniak in het 
drinkwater tot merkbare veranderingen in het glutamine metabolisme in de lever leidt. In 4 
uur gevaste muizen is de dunne darm leeg en worden geen biochemische verschillen tussen 
controles en knockouts waargenomen, behalve dat de laatstgenoemde dieren geen glutamine 
in de lever kunnen maken. In de gevoede toestand absorberen de knockout dieren geen 
aminozuren uit de darm en produceert de lever geen aminozuren, zoals controle dieren doen. 
Een vergelijkbare aanpassing wordt in controle dieren na het toedienen van ammonia 
gevonden. Deze behandeling heeft echter geen additioneel effect op knockout dieren. De 
waarnemingen dat GS geen essentiële functie in de lever vervuld en dat de spieren een 
substantiële capaciteit hebben om ammoniak te ontgiften suggereren dat 
ammoniakvergiftigingen met geëigende voedingsmiddelen kunnen worden vermeden. 
 
Voor het bovenbeschreven onderzoek is het van belang te weten in welke weefsels en in 
welke concentratie GS tot expressie komt (Hoofdstuk 6). Omdat geen verschillen in de 
mRNA- en eiwitconcentratie en enzymactiviteit van GS in de diverse organen werd 
waargenomen, hebben wij geconcludeerd dat regulering van expressie voornamelijk op 
transcriptieniveau plaatsvindt. GS komt in veel weefsels in zeer verschillende concentraties 
tot expressie. De concentratie van het enzym is vaak hoog (micromolaire range) in weefsels 
waar GS slechts in een deel van de cellen  aanwezig is (bijv. de lever) en laag in weefsels 
waar alle cellen het tot expressie brengen (bijv. de skeletspier). De cellulaire concentratie lijkt 
ook samen te hangen met de primaire functie van het enzym: de cellulaire concentratie is 10-
100x hoger in weefsels waarvan bekend is dat de functie van GS is om glutamaat of 
ammoniak te ontgiften (levercellen, astrocyten, bijbalepitheelcellen) dan in weefsels waarvan 
bekend is dat ze vooral glutamine produceren (skeletspiercellen, vetcellen). 
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