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Abbreviations
AGAT	� l-Arginineglycine amidinotransferase
CAT	� Cationic amino acid transporter
CNS	� Central nervous system
CSF	� Cerebrospinal fluid
CVO	� Circumventricular organs
DL	� Detection limit
EEG	� Electroencephalogramm
GABA	� γ-Aminobutyric acid
GAMT	� Guanidinoacetate methyltransferase
hArg	� l-Homoarginine
hCAT	� Human cationic amino acid transporter
IgG	� Immunoglobulin G
NO	� Nitric oxide
NOS	� Nitric oxide synthase
eNOS	� Endothelial nitric oxide synthase
iNOS	� Inducible nitric oxide synthase
nNOS	� Neuronal nitric oxide synthase
OTC	� Ornithine transcarbamylase
SLC	� Solute carriers (family of transporter proteins)
Tyr	� Tyrosine

Part I: Review of the literature

Homoarginine: brief outline of its career

l-Homoarginine (hArg) is a cationic, non-proteinogenic 
amino acid derivative, which is structurally related to 
l-arginine and lysine. It is derived from lysine by enzy-
matic guanidination of lysine residues.

Historically, it has to be stated that after its successful 
artificial synthesis by Steib (1926) and the subsequent iden-
tification as a naturally occurring substance (Stevens and 
Bush 1950), hArg for a number of years lived a wallflower 
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existence with regard to research activities. This situation 
changed when it became evident that hArg (1) is synthe-
sized in, and released from, liver and kidney tissues (Ryan 
et al. 1968, 1969), (2) circulates in the blood stream and (3) 
acts as an effective inhibitor of alkaline phosphatase iso-
enzymes in serum, liver, intestine, amniotic fluid, placenta 
and bone (Fishman and Sie 1971 and many others), thereby 
being able, for example, to delay the growth of osteosar-
coma tumor cells (Kikuchi et al. 1982). Interest in possible 
physiological and pathophysiological roles of hArg fur-
ther increased after an influential paper by Lambert et  al. 
(1992), demonstrating that hArg can serve as a substrate 
for nitric oxide (NO) synthesis by brain, macrophage and 
endothelium nitric oxide synthases (i.e., NOS isoforms 
nNOS, iNOS and eNOS). Two of the most striking recent 
discoveries were on hArg’s implication for bone metabo-
lism and for normal and pathologic cardiac function. It was 
shown that abnormally low hArg concentrations not only 
accelerate bone turnover (Pilz et  al. 2012), but are also a 
risk factor for heart disease (Pilz et  al. 2011), with hArg 
emerging as a suitable biomarker for the outcome of car-
diovascular diseases (reviewed by Atzler et al. 2015). Over 
time much about hArg’s functions has been learned from 
patients with hyperargininemia. Hyperargininemia is a 
rare autosomal-recessive hereditary disorder of the urea 
cycle caused by a deficiency of the enzyme arginase, which 
hydrolyses arginine to ornithine and urea. The serum levels 
of arginine, homoarginine and other guanidino compounds 
are much higher in hyperargininemic patients than the nor-
mal range (Terheggen et al. 1975). Of note, patients suffer-
ing from this disorder all have multiple clinical symptoms, 
such as vomiting, irritability, lethargy, seizures, convul-
sions, intellectual impairment, spasticity and coma (Mares-
cau et  al.1985; Mizutani et  al. 1987; Hiramatsu 2003; 
Deignan et al. 2008, 2010).

The brain as a target of hArg

The severe neurological and cognitive problems observed 
in hyperargininemia patients and in a mouse model of the 
disease (arginase deficient mice, Deignan et al. 2008; Lee 
et  al. 2013) as a consequence of excess hArg and other 
guanidino compounds on the one hand, and impaired cer-
ebrovascular function resulting from hArg deficiency (Pilz 
et al. 2011; Atzler et al. 2015) on the other hand, point to 
the CNS as an important target for hArg action. Unfortu-
nately, information about the origin and the functions of 
hArg in the normal and diseased brain is still very limited. 
The present short review aims at summarizing the current 
knowledge on this topic. In addition, in part II of this paper 
we will present some recent immunohistochemical findings 
from our laboratory that might help to answer one or the 
other open question in this context.

HArg levels in the brain, non‑neural tissues and bodily 
fluids

HArg is detectable in numerous tissues and bodily fluids. 
An analysis of hArg concentrations in some tissues of dif-
ferent mammalian species (Marescau et al. 1992; May et al. 
2015) revealed that (1) serum hArg content is highest in 
fasting human subjects and rats (and lowest in ferrets) and, 
more importantly for our considerations, (2) hArg content 
of brain material is in the range of tissues with “estab-
lished” local hArg synthesis (i.e., of kidney and liver, see 
below; Table 1). In addition, it was shown by Shiraga et al. 
(1991) that hArg serum levels were significantly lower in 
women than in men.

Moreover, in a recent paper (Deignan et al. 2010) find-
ings were summarized on hArg levels in serum, cerebro-
spinal fluid (CSF) and different regions of post-mortem 
human brain of nonargininemic human subjects (children, 
adolescent and adult). Remarkably, brain tissue levels of 
hArg were estimated to be threefold to fivefold higher than 
those measurable in the CSF, with the highest concentra-
tions being found in the cerebellar cortex (see Table 2).

Interestingly, Deignan et  al. (2010) also found that 
brain hArg concentrations are in hyperargininergic patients 
50–85 % higher than the upper normal values in adults.

HArg in the CNS: substance uptake or local 
synthesis, or both?

The tissue content of any chemical compound may either 
result from uptake of the substance itself by the tissue from 
outside the organ, or from local tissue synthesis. This holds 
also true for hArg.

Table 1   hArg leels in brain tissue, non-neural tissues (nmol/g tissue), 
and bodily fluids (µM) of fasting man, lean non-fasting man and rat 
(from Marescau et al. 1992 and May et al. 2015, modified)

Values are given as the mean ± SD

* Organs with established local hArg synthesis
a  Data from May et al. (2015)

Bodily fluid/tissue Man Rat

Blood serum 1.77 ± 0.668 1.39 ± 0.258

Blood plasma 1.74 ± 0.25a –

Urinary excretion <DL − 13.9 <Dl − 9.59

Liver* <DL − 1.83 2.62 ± 0.662

Kidney* <DL − 3.87 4.62 ± 0.829

Skeletal muscle 1.25 ± 0.21a –

Adipose tissue 0.75 ± 0.16a –

Brain 1.52 ± 0.450 <DL − 1.02
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Arguments for possible hArg transport into the brain

HArg is mainly carried by cationic amino acid transporters

Forty years ago it was reported that hArg is taken up by 
slices prepared from human liver (an organ, which is able 
to synthesize hArg by itself) via two different transport 
systems, whereby one of them, the “low concentration 
system”, was only active in patients with lysinuric protein 
intolerance but not in control cases (Simell and Perheen-
tupa 1974). Two hArg transporters with very similar prop-
erties were subsequently found in granulocytes by the same 
research group (Simell 1975). Later on, however, it became 
obvious that hArg is mainly (if not exclusively) transported 
by cationic amino acid transporters (together designated 
as System y+ by White et  al. (1982), which are kineti-
cally distinct from systems transporting neutral and acidic 
amino acids. The uptake of cationic substrates (including 
hArg) by these transporters is sodium-independent, stere-
oselective, pH-insensitive and inhibitable by neutral amino 
acids in the presence of Na+. Uptake and exodus of Sys-
tem y+ substrates are stimulated by cationic amino acids 
inside and outside the cell (White and Christensen 1982; 
White et  al. 1982; van Winkle et  al. 1985). These cati-
onic amino acid transporters (CATs; Kakuda and MaLoed 
1994; Closs et  al. 1997) constitute a subfamily of solute 
carrier family 7 (SLC7), consisting of four closely related 
transport proteins: CAT1 (SLC7A1), CAT2 (SLC7A2A), 
CAT2B (SLC7A2B) and CAT3 (SLC7A3) (Closs et  al. 
2006). Although there is recent evidence for an intracel-
lular hArg transport by another member of the solute car-
rier family (namely SLC25A29, which is a member of the 

mitochondrial carrier family; Porcelli et  al. 2014), CATs 
remain the favorite candidate carrier proteins for hArg 
transport.

Cationic amino acid transporters are highly expressed 
in different brain cells

An indispensable prerequisite for an uptake/transport of 
hArg into, or within, the CNS would be the presence of 
CATs in the brain. With regard to hArg transport into the 
brain, there are three possible routes: as any other com-
pound, hArg may (1) originate from the blood, being trans-
ported to brain tissue through the blood–brain barrier, (2) 
enter the brain passing the vasculature of circumventricu-
lar organs or (3) come from the cerebral spinal fluid trans-
ported through the choroid plexus ependymal cells (O´Kane 
et al. 2006; Jäger et al. 2013; Bernstein et al. 2014). Of note, 
although closely related, individual members of the CAT 
family considerably differ with regard to substrate affinity 
and sensitivity. To our knowledge, it is yet not known if hArg 
is exclusively or preferentially transported by one or more 
CAT family members. Hence, the brain expression of all 
members of CAT family should be taken into consideration. 
CAT family members show a wide but uneven distribution in 
the brain, having a transporter-specific (though partly over-
lapping) expression patterns (Braissant et  al. 2001a; Jäger 
et al. 2013; results from this study). CAT1 has been detected 
in neurons, astrocytes, oligodendrocytes, while CAT2B 
is expressed in neurons, oligodendrocytes but not in astro-
cytes. Last, CAT3, previously regarded as “neuron-specific” 
transporter (Braissant et  al. 2001a; Manner et  al. 2003), 
was recently also found in astrocytes and oligodendrocytes 
(at least in humans, Jäger et  al. 2013; this study). Of note, 
in humans all three CAT transporters are highly expressed 
in choroid plexus epithelia, in ependymal cells facing the 
ventricles and in circumventricular organs (CVOs, with the 
most abundant expression found in the pineal gland), while 
hCAT1 and, to a lesser extent, hCAT3 showed a weak to 
moderate expression in some capillaries in regions with a 
blood–brain barrier (Jäger et al. 2013; this study). Thus, from 
a neuroanatomical viewpoint, an uptake of hArg from the 
blood is conceivable, with CAT1 acting as the most probable 
transporter through capillaries with an intact blood–brain 
barrier and any of the CATs in CVO regions. Regarding CSF, 
the situation is unclear: although all three CATs are abun-
dantly expressed in choroid plexus epithelial and ependymal 
cells, are the CSF levels of hArg much lower than those in 
the brain tissue (Deignan et  al. 2010)? Hence, the uptake 
of hArg from the cerebral spinal fluid into the brain via the 
choroid plexus epithelial and/or ependymal cells would have 
to work against a concentration gradient. Further studies are 
needed to clarify if this transportation route does really exist. 
hArg transport in the opposite direction (i.e., from the brain 

Table 2   hArg levels (µM) in serum/plasma, CSF, and postmortem 
brain tissue of non-argininemic human subjects (from Deignan et al. 
2010, modified)

Values are given as the mean ± SD

Serum/plasma (N = 74, aged between 2 and 18 years) 1.01 ± 0.26

CSF (N = 13), aged between 3 and 21 years) 0.351 ± 0.107

Post-mortem brain regions

Children (N = 6; aged between 1 and 24 months)

Superior frontal gyrus 1.11 ± 0.30

Superior temporal gyrus 1.10 ± 0.22

Superior postcentral gyrus 1.02 ± 0.09

Cerebellar cortex 1.29 ± 0.32

Frontal subcortical white matter 1.12 ± 0.20

Adults (N = 7; aged between 45 and 79 years)

Superior frontal gyrus 0.91 ± 0.48

Superior temporal gyrus 0.92 ± 0.41

Superior postcentral gyrus 0.97 ± 0.39

Cerebellar cortex 1.54 ± 0.93

Frontal subcortical white matter 1.16 ± 0.69
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into the CSF) is more plausible, however. This might be a 
transportation route to remove hArg from brain tissue. Alter-
natively, cerebral hArg might be inactivated by degradation 
within the brain. Arginase, the enzyme controlling hArg deg-
radation and ornithine synthesis from arginine (Jaźwińska-
Kozuba et al. 2013) has been detected in the brain. However, 
it is not clear if this pathway is active in the normal, non-
inflamed brain, since there is little evidence for an expression 
of this enzyme outside activated microglia (Wiesinger 2001; 
Lisi et  al. 2014). Recent findings on a wide distribution of 
arginase in rat brain neurons (Peters et al. 2013) need to be 
replicated by others.

Arguments for possible hArg synthesis in the brain

Ornithine transcarbamylase and l‑arginine:glycine 
amidinotransferase are able to synthesize hArg

De novo hArg synthesis has been shown to occur mainly in 
liver and kidney (Ryan et al. 1968, 1969). The key enzyme 
for hArg synthesis is ornithine transcarbamylase (OTC; 
EC 2.1.3.3). Although this enzyme has a higher affinity to 
ornithine, it also catalyzes the transaminidation reaction of 
lysine to homocitrulline, thereby initiating hArg formation 
through the metabolic intermediate homoargininosuccinate 
(discussed by März et  al. 2010). Besides, hArg is gener-
ated when lysine substitutes for glycine as a substrate of 
the enzyme L-arginine:glycine amidinotransferase (AGAT, 
EC 2.1.4.1; for overview see Jaźwińska-Kozuba et al. 2013 
and others), the primary synthesis product of which is 
creatine (Braissant et  al. 2007). Recent evidence suggests 
that AGAT may be even more important than OTC for the 
regulation of hArg levels in serum and other tissues (Choe 
et  al. 2013; Kleber et  al. 2013). In addition to renal and 
liver tissue lymphoblasts, pancreatic cells and cardiomyo-
cytes have been shown to be capable of synthesizing hArg 
from arginine and lysine due to their expression of AGAT 
(Watanabe et al. 1988; Davids et al. 2012; Kayacelebi et al. 
2014).

OTC and AGAT are present in the CNS

HArg synthesis in the brain would assume the presence of 
either OTC or AGAT in nervous tissue. Relatively little is 
currently known about the expression of OTC in the CNS. 
According to gene network data, considerable amounts of 
OTC mRNA are detectable in different regions of rodent 
and human brain (for details see data from genenetwork/
org dataset 1). Moreover, in a recent work (Lopes-Marques 
et al. 2012) evidence was provided for the expression of an 
additional (brain specific?) larger enzyme transcript (namely 
OTC-t3) in human brain samples. However, the expression 
of OTC protein in nervous tissue is largely unexplored (with 

the exception of one paper describing OTC in brain capil-
laries of Alzheimer disease (AD) patients, but not at all in 
controls brains; Bensemain et al. 2009). We, therefore, felt 
encouraged to undertake a histochemical mapping study of 
the human brain with regard to the regional distribution and 
cellular localization of OTC (see experimental work herein). 
Using well-characterized, monospecific antibodies we could 
reveal that OTC is widely distributed throughout adult 
human non-AD brains, being expressed in numerous gray 
and white matter neurons, oligodendrocytes, ependymal 
cells, choroid plexus epithelial cells and some blood vessels. 
Thus, our findings apparently contradict those published by 
Bensemain et  al. (2009), but are in good accordance with 
mRNA data (genenetwork.org dataset 2). Concerning the 
cerebral appearance of AGAT, comprehensive work from 
Braissant´s group (Braissant et  al. 2001b, 2005a, b, 2007) 
and others (Wyss and Kaddurah-Daouk 2000; Cullen et al. 
2006) has demonstrated a wide distribution pattern of both 
AGAT mRNA and protein in the rat brain, with AGAT pro-
tein expression being found in every cell type (reviewed in 
detail in Braissant et al. 2007). In the current study we could 
largely replicate the protein pattern for rat brain AGAT 
known from work of others. However, since nearly no data 
are available for human brain AGAT expression, we in this 
study have performed immunostaining of human brain tis-
sue. We found a distribution pattern, which was slightly 
different from those observed in rats. This is particularly 
applicable to the occurrence of single gray and white matter 
neurons with extremely intense intracellular AGAT staining.

In sum, although direct evidence for cerebral hArg syn-
thesis is lacking, it can be stated that the enzyme machinery 
for hArg synthesis is abundantly expressed in the mam-
malian brain. Whether uptake or synthesis (or a combina-
tion of both) is responsible for brain hArg levels remains 
unclear and warrants further attention.

HArg and brain function

Putative roles of hArg in the healthy brain

The functional importance of hArg for the healthy brain is 
poorly understood. Results of physiological, biochemical 
and pharmacological experiments have shown a variety of 
different effects of hArg on CNS processes, including its 
ability to modify the EEG of rats (Yokoi et al. 1984–1985), 
to act as a substrate of nNOS (Lambert et al. 1992; Yokoi 
et  al. 1994), to block lysine transport in the brain (Tews 
and Harper 1983), to inhibit the uptake of L-[3H]arginine 
into rat brain synaptosomes (Aldridge and Collard 1996), 
to decrease GABA responses to pentylenetetrazol-induced 
GABA responses on mouse neurons in cell culture (De 
Deyn et al. 1990), to stimulate the activity of the rat brain 
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enzymes acetylcholine esterase (Delwing-de Lima et  al. 
2010) and ecto-nucleoside triphosphate diphosphohydro-
lase 1 (Balz et al. 2003) and to alter voluntary feed intake 
in chickens (Angkanaporn et al. 1987). In addition, cyclic 
dipeptide cyclo[Tyr(et)]-homoarginine was shown to exert 
antinociceptive effects in rats when administered into the 
lateral ventricles (Sato et al. 1984). However, whether hArg 
does really play or not a significant role in normal brain 
function remains to be elucidated.

With regard to brain diseases, evidence has accumu-
lated in favor of an involvement of hArg in some of them. 
Remarkably, both hArg excess and deficiency may contrib-
ute to CNS-related disorders.

Possible roles of hArg in the diseased brain

HArg excess and brain disorders

As aforementioned, do hyperargininemic patients show 
severe neurological signs, which are most probably evoked 
by increased concentrations of hArg and other guanidino 
compounds in the brain (Deignan et al. 2010)? Of these neu-
rological symptoms, only the putative implication of hArg for 
convulsions/seizures has been studied in some detail (Yokoi 
et  al. 1984–1985; Shiraga et  al. 1991; Hiramatsu 2003). It 
is well known that homoarginine and other guanidino com-
pounds are able to induce epileptic seizures when adminis-
tered intracisternally to experimental animals. Moreover, it 
has been shown that endogenous guanidino compound lev-
els change before and after seizures in the brain of epileptic 
animals (reviewed in Shiraga et  al. 1991; Hiramatsu 2003). 
Interestingly, serum hArg levels of the male patients are 
significantly lower (not higher as one would expect) in epi-
leptic neurological patients with symptomatic generalized 
epilepsy than in non-epileptic patients (Shiraga et al. 1991). 
This observation, together with numerous clinical data, sup-
ports the notion that not so much elevated cerebral levels of 
hArg but increased concentrations of other endogenous guan-
idino compounds evoke seizures in patients. There is some 
evidence that the accumulation of guanidinoacetic acid in 
brain and bodily fluids is mainly responsible for intractable 
seizures and the movement disorder, both exclusively found 
in conditions of guanidinoacetate methyltransferase (GAMT) 
deficiency (Schulze 2003). This enzyme catalyzes the forma-
tion of creatine from guaninioacetatic acid. Its absence leads 
to the accumulation of guaninoacetate and at the same time 
to creatine deficiency. Having autosomal-recessive traits, 
GAMT deficiency typically presents with seizures during 
infancy and childhood alongside with other neurological 
signs (i.e., muscular hypotonia, global developmental delay 
and extrapyramidal symptoms; Vodopiutz et al. 2007; Gordon 
2010). In the endeavor to provide a meaningful explanation 
for the convulsion/seizure-inducing activity of hArg and other 

guanidino compounds, Hiramatsu (2003) has speculated 
about putative roles of these substances in the brain (influ-
ences on membrane fluidity, NMDA receptor function, gen-
eration of free radicals, energy production and protection of 
neurons from apoptosis and cell death). Future investigations 
will have to establish which of the possible mechanisms is in 
fact responsible for guaninino compound-induced seizures. 
Another known complication in hyperargininemia is cogni-
tive impairment, pointing to a possible role of hArg in pro-
cesses memory storage and learning. Unfortunately, to our 
knowledge there are no studies dealing with this topic (except 
two papers showing that one the hArg-synthesizing enzymes, 
OTC is up-regulated in brains of AD patients, which might, 
theoretically, might lead to increased cerebral levels of hArg; 
Bensemain et  al. 2009; Hansmannel et  al. 2009). Last but 
not least, it should be taken into account that hArg may be 
neurotoxic. When hArg is taken up in great amounts with the 
food, it contributes to the development of a severe neurologi-
cal disease, called neurolathyrism, which was a serious health 
problem in some countries (Ethiopia, India, Bangladesh, 
Afghanistan) until recently. Neurolathyrism is associated with 
a complex pattern of alterations in the glutamatergic neuro-
transmitter system of the motor region of brain cortex. It is 
a neurological disorder resulting from excessive consumption 
of Grass pea (Lathyrus sativus). Grass pea contains, among 
other toxic compounds (such as the amino acid β-N-oxalyl-
l-α, β-diaminopropionic acid), high levels of hArg, which is a 
substrate of NO production. The consequence is a drastically 
increased NO formation in the CNS, which in its turn stimu-
lates the formation of peroxynitrite radicals. These radicals 
cause irreparable damage to mitochondria and other cellular 
elements leading to motor neuron degeneration (for overview 
see Khandare et al. 2013).

HArg deficiency and brain disorders

HArg is inversely associated with subclinical vascular dis-
ease and with risk for cardiovascular disease events. In 
patients with AGAT deficiency intracellular energy stores 
are reduced (ATP and phosphocreatine). These patients 
show profound hArg deficiency, which has been linked to 
an improved metabolic risk profile on the one hand, but to 
impaired cardiac and cerebrovascular function on the other 
hand (Atzler et al. 2014, 2015). Similar results were obtained 
with AGAT deficient mice. However, research is this field 
has just begun, and more experiments are necessary to clar-
ify if hArg is just a suitable marker or a causal mediator in 
cerebrovascular disease (Atzler et al. 2015). A strong down-
regulation of the hArg synthesizing enzyme, AGAT, was 
found in mood-disordered suicide completers, which might 
be a first hint for a possible role of decreased hArg in the 
pathophysiology of neuropsychiatric disorders (Fiori et  al. 
2011). Surely, this conjecture remains a speculation until 
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Fig. 1   Cellular localization of hCAT1, hCAT2 and hCAT3 in 
the adult human brain. a HCAT1 expressing pyramidal cells and 
interneurons in the hippocampus. Bar 40 µm. b HCAT3 immunoreac-
tive layer IV interneurons and an immunoreactive capillary in the pre-
frontal cortex. Bar 30 µm. c HCAT1 immunopositive astrocyte in the 
hippocampus at higher magnification. Bar 15 µm. d HCAT2 immu-

noreactive astrocytes in the temporal cortex. Bar 40  µm. e Strong 
expression of hCAT1in the pineal gland. Bar 50 µm. f Expression of 
hCAT3 in the choroid plexus. Bar 40 µm. g HCAT1 immunoreactive 
blood vessels. Bar 40  µm. h Control reaction. After replacement of 
hCAT3 antiserum by normal rabbit serum no specific stainings are 
visible. Bar 40 µm
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Fig. 2   Immunolocalization of OTC and AGAT in human and rat 
brain. a Neurons in the dorso-lateral prefrontal cortex immunostained 
for OTC. Bar 40  µm. b OTC expressing thalamic neurons. Bar 
75 µm. c Cellular OTC distribution in the cerebellum. Both Purkinje 
cells and granular cells exhibit OTC immunoreactivity. Bar 40 µm. d 
Pontine neurons are strongly immunostained for OTC. Bar 30 µm. e 
A single human brain prefrontal neuron showing an intense immu-

nostaining for AGAT. A vast majority of cortical neurons are only 
weakly to moderately stained for this enzyme protein. Bar 40 µm. f 
AGAT immunoreactive fibers forming fine networks can be observed 
in the cortical white matter (this microphotograph) as well as in many 
other brain areas of the human brain. Bar 25 µm. g AGAT immunore-
active perirhinal cortex neurons in the rat brain. Bar 40 µm. h Abun-
dant expression of AGAT in human liver cells. Bar 50 µm
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measurements will really show changes in brain hArg con-
centrations in postmortem brains of depressives.

In conclusion it can be said that balanced cerebral hArg 
levels are obviously mandatory to keep the brain healthy.

Part II: Own experimental data

The paucity of information about the possible origin of cer-
ebral hArg inspired us to immunolocalize the transporter 

proteins hCAT1, hCAT2 and hCAT3 as well as the hArg 
synthesizing enzymes for OTC and AGAT in human brain 
and AGAT in rat brain.

Materials and methods

Subjects

Human postmortem brains were obtained from the New 
Magdeburg brain collection. The case recruitment, acqui-
sition of personal data, performance of autopsy and han-
dling of autoptic material were conducted in accordance 
with the Declaration of Helsinki and was approved by 
the Ethical Committee of Magdeburg. The brains of five 
human subjects (three males, two females; mean age: 
51.4 ± 2.8 years) without a history of neuropsychiatric dis-
order were investigated. None of the subjects had a history 
of substance abuse or alcoholism. An experienced neuro-
pathologist ruled out changes due to neurodegenerative or 
traumatic processes.

Tissue processing

The adult subjects’ brains were removed within 9–21  h 
after death and fixed in toto in 8 % phosphate-buffered for-
maldehyde for at least 2 months. The frontal and occipital 
poles were separated by coronal sectioning anterior to the 
genu and posterior to the splenium of the corpus callosum. 
After embedding in paraffin, serial coronal sections of the 
middle block were cut (20 μm) and mounted. The distance 
between the sections was 1  mm. Every 50th section was 
Nissl- and myelin-stained as described earlier (Bernstein 
et al. 1998).

Human brain immunohistochemistry

Antisera

To immunolocalize the cationic amino acid transporters 
hCAT1, hCAT2 and hCAT3 we used monospecific poly-
clonal antisera as recently described (Jäger et  al. 2013). 
HCAT1 was detected by employing two different antisera. 
One was manufactured by immunizing rabbits with the 
designed appropriate synthetic peptide (anti-human CAT1-
IgG; DPC Biermann GmbH, Bad Nauheim, Germany). 
The second anti-hCAT1-antibody was a commercially 
available, affinity purified IgG antiserum raised in rabbits 
(SLC7A1, Biozol Eching, Germany). Both anti-hCAT1 
antisera yielded equally good and specific staining results. 
Immunodetection of HCAT2 was performed using a rab-
bit polyclonal antiserum generated against the C-terminal 
domain of the human origin peptide (sc 87036, Santa Cruz 

Fig. 3   Hypothetical dual origin of cerebral hArg. HArg may be taken 
up by the brain, transferred in the brain and transported out of the 
brain by cationic amino acid transporters (CATs). In addition, hArg 
may be synthesized by OTC and/or AGAT in nervous tissue. A degra-
dation of hARG by brain arginase is questionable, however

Fig. 4   Schematic drawing summarizing some brain pathologic alter-
ations evoked by either hArg excess or deficit
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Biotechnology, USA). Immunolocalization of hCAT3 was 
carried out using a rabbit polyclonal antiserum produced 
against the synthetic human peptide (SLC7A3, Biozol Ech-
ing, Germany).

To immunolocalize l-ornithine transcarbamoylase we 
used a monospecific polyclonal anti-OTC antiserum gener-
ated in rabbits against synthetic peptide corresponding to 
human OTC aa 71–98, conjugated to keyhole limpet hemo-
cyanin (ab91418 from Abcam). For the immunodetection 
of l-arginine:glycine amidinotransferase a monospecific 
polyclonal anti-AGAT antiserum was employed, which was 
produced in rabbits against the synthetic peptide 101–115 
of the human AGAT (SAB1101113 from Sigma-Aldrich). 
The dilutions for AGAT and OTC antisera were 1:200 in 
phosphate-buffered saline.

Whole brain frontal sections were collected at intervals 
of about 1.8 cm from the level 2 cm rostral to the splenium 
to the posterior splenium and from the central portion of 
the raphe nuclei to the central portion of the olivary nuclei. 
After dewaxing, the sections were boiled in 10 mM citrate 
buffer (pH =  6.0) and then pre-incubated with methanol/
H2O2 to suppress endogenous peroxidases. After repeated 
washing with phosphate-buffered saline (PBS), the respec-
tive antibodies (anti-hCAT 1–3, OTC or AGAT) were 
applied at dilutions of 1:200 in PBS. For visualization, the 
avidin–biotin method (Vectastain-peroxidase kit) with 3, 
3′-diaminobenzidine as chromogen was used. The color 
reaction was enhanced by adding 2  ml of a 0.5  % nickel 
ammonium sulfate solution to the diaminobenzidine as 
described previously (Bernstein et al. 1999). The procedure 
yielded a dark purplish-blue to dark-blue color reaction 
product. For negative controls, the primary antibodies were 
replaced with buffer or normal serum. No immunostaining 
was found in control sections. As a positive reference tissue 
for OTC and AGAT immunolocalizations human liver was 
used.

Rat brain histology and immunohistochemistry

For all procedures ethical approval was sought according 
to the National Act on the Use of Experimental Animals 
(Germany). At postnatal day 56, rats were killed. Ani-
mals (N = 7) were anesthetized with chloral hydrate and 
transcardially perfused with 8  % formalin. Brains were 
removed from the cranium, fixed in formalin and then 
embedded in paraffin. Serial sections (6  µm thick) were 
cut. Every tenth section was stained for Nissl. For immu-
nohistochemistry we used a monospecific polyclonal anti-
serum manufactured against AGAT. The immunohisto-
chemical staining protocol and controls were as for human 
brains.

Results

HCAT immunoreactivity

In this study we could replicate our previous findings (Jäger 
et al. 2013) on a wide regional and cellular distribution of 
cationic amino acid transporters in human brain (hCATs). 
All three hCAT1s were predominantly localized in neurons 
(Fig.  1a, b), but were also expressed in numerous astro-
cytes, oligodendrocytes and choroid plexus epithelial cells 
(Fig. 1c–f). HCAT1 and hCAT3 were in addition observed 
in some small blood vessels (Fig. 1b, g). The highest den-
sity of hCAT-expressing neurons was found in the hypo-
thalamus, in some areas of the cerebral cortex, the thalamic 
reticular nucleus and the caudate nucleus, whereas weak 
to moderate expression was detected in the hippocampus, 
the prefrontal cortex, pontine neurons, brain stem and cer-
ebellum. In contrast to what has been found in rodent brain 
by others (Braissant et al. 2001a; Manner et al. 2003), we 
detected hCAT2 and hCAT3 also in a subpopulation of 
human brain astrocytes. Remarkably, the pineal gland (one 
of the CVOs) stood out by very intense immunostaining for 
all three hCATs (Fig. 1e).

OTC immunoreactivity in human brain

OTC enzyme was immunohistochemically localized to 
multiple neurons situated in all cortical areas, thalamus, 
hippocampus, amygdala, hypothalamus, cerebellum and 
brain stem (Fig.  2a–d). The intraneuronal immunostain-
ing was restricted to the cytoplasm and some dendrites. 
No immunoreaction appeared in neuronal nuclei. Besides, 
OTC was revealed in white matter interstitial neurons, and 
to a lesser extent, in oligodendrocytes, ependymal cells fac-
ing the lateral ventricles, choroid plexus epithelial cells and 
some blood vessels.

AGAT immunoreactivity in human brain

In the human brain, AGAT showed a remarkable distribu-
tion in that numerous white matter interstitial neurons and 
a small number of gray matter cortical neurons stood out 
by a very intense immunostaining (Fig.  2e). In addition, 
moderate immunostaining was found in many cortical and 
hypothalamic neurons as well as in cerebellar Purkinje 
cells. Furthermore, a fine network of AGAT-immunore-
active fibers was seen in many cortical gray and white 
matter areas (Fig.  2f). Extraneuronally, AGAT immuno-
reactivity was identified in some white matter oligoden-
drocytes, choroid plexus epithelial cells and small blood 
vessels.
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AGAT immunoreactivity in rat brain

AGAT immunoreactive material was seen in many cortical 
(Fig.  2g) and subcortical neurons, oligodendrocytes, cho-
roid plexus epithelium and blood vessels. As a positive ref-
erence tissue we used human liver, where AGAT was found 
in most (if not all) hepatocytes (Fig. 2h).

Conclusions

The immunohistochemical demonstration of the presence 
of hCAt1, hCAt2 and hCAT3 as well as of OTC and AGAT 
in human and rat CNS lends support to the idea that cer-
ebral hArg may originate both from uptake and local syn-
thesis (Fig. 3). For normal brain function hArg should be in 
balance. Both hArg excess and deficiency may lead to char-
acteristic brain pathologic and mental alterations (Fig. 4).
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