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Abstract 

Background: Guanidinoacetate (GAA) induces epileptogenesis and neurotoxicity in the brain. As epileptic animal 
models have been reported to show elevated cerebral GAA levels, the processing mechanism of GAA in the brain is 
important for maintaining brain homeostasis. We have revealed that GAA in the cerebrospinal fluid (CSF) is removed 
by incorporation into the choroid plexus epithelial cells (CPxEpic), which form the blood‑CSF barrier (BCSFB). How‑
ever, the processing mechanism of GAA incorporated into CPxEpic remains unknown. We have reported that mono‑
carboxylate transporter 12 (MCT12) functions as an efflux transporter of GAA and creatine, a metabolite of GAA, in the 
kidneys and liver. Therefore, we aimed to clarify the role of MCT12 in GAA dynamics in CPxEpic.

Methods: Protein expression and localization in CPxEpic were evaluated using immunohistochemistry. Metabolic 
analysis was performed using high‑performance liquid chromatography (HPLC) 24 h after the addition of  [14C]GAA to 
TR‑CSFB3 cells, which are conditionally immortalized rat CPxEpic. The efflux transport of  [14C]creatine was evaluated in 
TR‑CSFB3 cells after transfection with MCT12 small interfering RNA (siRNA). The CSF‑to‑brain parenchyma transfer of 
creatine was measured after intracerebroventricular injection in rats.

Results: Immunohistochemical staining revealed that MCT12‑derived signals merged with those of the marker pro‑
tein at the apical membrane of CPxEpic, suggesting that MCT12 is localized on the apical membrane of CPxEpic. The 
expression levels of guanidinoacetate N‑methyltransferase (GAMT), which catalyzes the conversion of GAA to creatine, 
in TR‑CSFB3 cells was also indicated, and GAA was considered to be metabolized to creatine after influx transport 
into CPxEpic, after which creatine was released into the CSF. Creatine release from TR‑CSFB3 cells decreased following 
MCT12 knockdown. The contribution ratio of MCT12 to the release of creatine was more than 50%. The clearance of 
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Background
Guanidino compounds, such as guanidinoacetate (GAA), 
γ-guanidinobutyrate (GBA), guanidinoethanesulfonate 
(GES), β-guanidinopropionate (GPA), guanidinosucci-
nate (GSA), α-guanidinoglutaric acid (GGA), N-acetylar-
ginine, methylguanidine, homoarginine, and creatinine 
(CRN), have been reported to induce seizures [1, 2]. In 
addition, animal models of epilepsy have been reported 
to exhibit elevated GAA, CRN, and methylguanidine lev-
els in the brain after convulsions [1]. In contrast, GAA is 
known to be a precursor of creatine, which is metabo-
lized to CRN and methylguanidine [3]. Creatine is known 
to be essential for energy homeostasis in the brain as cre-
atine deficiency induces cerebral creatine deficiency syn-
dromes (CCDSs), which lead to mental retardation and 
language delay [4, 5]. As creatine biosynthesis and metab-
olism occur in the brain [3, 4], strict control of creatine 
dynamics is needed to maintain the balance between cre-
atine and guanidino compounds that induce convulsions. 
Therefore, elucidation of the mechanisms maintaining 
the levels of guanidino compounds in the brain can lead 
to an understanding of cerebral energy homeostasis, in 
addition to the pathology of epilepsy and the regulation 
mechanism of seizures.

We have revealed that GAA and CRN were elimi-
nated from the brain via the blood-cerebrospinal fluid 
(CSF) barrier (BCSFB), although these compounds 
are hardly eliminated through the blood–brain barrier 
(BBB) [6–8]. BCSFB restricts the non-selective intercel-
lular permeation of compounds between the CSF and 
circulating blood via tight junctions formed by the cho-
roid plexus epithelial cells (CPxEpic) [2]. Transcellular 
transport occurs via various transport systems for the 
permeation of compounds between the CSF and circu-
lating blood across the BCSFB [3]. Elimination of CRN 
across the BCSFB is reportedly mediated by the organic 
cation transporter 3 [OCT3/solute carrier (SLC) 22A3] 
[7]. Since CRN is the end product of creatine metabo-
lism [5], CRN is considered to be circulated through the 
blood flow and then get excreted into urine after elimi-
nation from the brain. In contrast, GAA is known not 
only as a convulsant, but also as a biosynthetic precur-
sor of creatine. In addition, the mRNA expression of 

guanidinoacetate N-methyltransferase (GAMT), which 
catalyzes the metabolism of GAA to creatine [9], has 
been reported to be detected in the choroid plexus of 
the adult rats [10], although it is not detected in the fetal 
stage [11]. Furthermore,  [14C]GAA was eliminated from 
the CSF after intracerebroventricular injection of  [14C]
GAA into the rats, and isolated choroid plexus incor-
porates extracellular  [14C]GAA [6]. Thus, GAA in the 
CSF is considered to be partly incorporated into Cpx-
Epic and could be used as a source of creatine, at least. 
In the transport processes, GAA is taken up by CpxEpic 
via the creatine transporter (CRT/SLC6A8) and taurine 
transporter (TauT/SLC6A6) [3, 6, 12]. However, the pro-
cessing mechanism after the incorporation of GAA into 
CpxEpic remains unclear. As GAA is a biosynthetic pre-
cursor of creatine, it is possible that CpxEpic play a role 
in maintaining GAA and creatine levels in the brain by 
creatine provision.

Efflux transporters of GAA and creatine are consid-
ered to be important to understand the dynamics of GAA 
and creatine in CpxEpic. GAA and creatine are reported 
substrates for SLC6A and SLC16A family transport-
ers [3, 13]. Creatine is a substrate for CRT, monocar-
boxylate transporter 9 (MCT9/SLC16A9), and MCT12 
(SLC16A12) [3, 13, 14]. GAA is also recognized by CRT 
and MCT12 as a substrate [6, 13]. In addition, GAA is 
a substrate for TauT and γ-aminobutyric acid (GABA) 
transporters (GATs) [8]. SLC6A family transporters that 
recognize GAA and/or creatine as substrate(s) have been 
reported to be  Na+- and  Cl–-coupled symporters [3]. 
Since the concentrations of  Na+ and  Cl− are much higher 
in the extracellular fluid than in the intracellular fluid, 
SLC6A transporters have been suggested to mediate the 
influx transport of substrates in non-excitable cells, such 
as CpxEpic. On the other hand, MCT9 and MCT12 have 
been reported to exhibit different transport mechanisms 
than SLC6A transporters. MCT9 has been suggested to 
be an  H+/creatine exchanger [15]. As the extracellular pH 
is higher than the intracellular pH, MCT9 seems to func-
tion as an influx transporter [14]. In contrast, MCT12 
acts as a facilitative transporter [3]. We have reported 
that MCT12 plays a role in the efflux transport of GAA 
and creatine from renal proximal tubular epithelial cells 

CSF‑to‑brain parenchyma transfer of creatine was 4.65 µL/(min·g brain), suggesting that biosynthesized creatine in 
CPxEpic is released into the CSF and supplied to the brain parenchyma.

Conclusions: In CPxEpic, GAA is metabolized to creatine via GAMT. Biosynthesized creatine is then released into the 
CSF via MCT12 and supplied to the brain parenchyma.

Keywords: Creatine, Guanidinoacetate (GAA), Monocarboxylate transporter (MCT/SLC16A), MCT12 (SLC16A12), 
Choroid plexus epithelial cells, Blood‑cerebrospinal fluid barrier (BCSFB), Guanidinoacetate N‑methyltransferase 
(GAMT)
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and hepatocytes, respectively, to the extracellular fluid 
of the blood side [13, 14]. Therefore, MCT12 may be a 
potential candidate for mediating the efflux transport of 
GAA or creatine from CpxEpic.

The purpose of this study was to elucidate the dynam-
ics of GAA after incorporation into CpxEpic. To elucidate 
the possibility that MCT12 mediates efflux transport 
from CpxEpic, the localization of MCT12 protein in Cpx-
Epic was determined by immunohistochemical analysis, 
which indicated that MCT12 was localized on the CSF 
side membrane of CpxEpic. The expression levels and 
activity of GAMT were observed in CpxEpic, and it was 
conceived that GAA is metabolized to creatine and then 
creatine is released into the CSF. Creatine transport was 
analyzed using TR-CSFB3 cells, which are condition-
ally immortalized rat CpxEpic [16]. This suggests that 
MCT12 contributes to the efflux of creatine from Cpx-
Epic. After the in vivo injection of  [14C]creatine into the 
rat lateral ventricle, transfer of the  [14C]creatine to the 
brain parenchyma was observed. Consequently, it is sug-
gested that GAA is converted to creatine in CpxEpic, and 
then biosynthesized creatine is released into the CSF and 
supplied to the brain parenchyma.

Methods
Animals
Male Wistar/ST rats (6 weeks old, 150–180 g) were pur-
chased from Japan SLC (Hamamatsu, Japan). The animals 
were maintained in a controlled environment, and all 
experiments were approved by the Animal Care Commit-
tee of the University of Toyama.

Reagents
Analytical-grade chemicals were used in this study. Cre-
atine hydrate, [4-14C]-(2.11  GBq/mmol), and guanidi-
noacetic acid, [1-14C]-([14C]GAA, 2.04 GBq/mmol) were 
purchased from Moravek Biochemicals (Brea, CA, USA). 
Mannitol, D-[1-3H (N)]-(455 GBq/mmol) was purchased 
from PerkinElmer (Waltham, MA, USA).

Immunohistochemical staining
Immunohistchemical staining was performed according 
to a previously reported protocol [14]. Frozen sections of 
the rat brain (20 µm thick) were prepared and immersed 
in 0.1% Triton-X100 dissolved in phosphate-buffered 
saline without  Ca2+ and  Mg2+ [PBS ( −); 137 mM NaCl, 
8.1  mM  Na2HPO4, 2.7  mM KCl, and 1.5  mM  KH2PO4] 
for 1  h at room temperature. After the treatment with 
10% goat serum for 1 h at room temperature, the sections 
were incubated overnight with guinea pig anti-MCT12 
(3  µg/mL) [13], guinea pig anti-GAMT (3  µg/mL) [17], 

and/or mouse anti-Na+,  K+-ATPase α1 (2 µg/mL; clone: 
C464.6; Merck, Darmstadt, Germany) antibodies. For 
antigen absorption, anti-MCT12 antibodies were incu-
bated with PBS ( −) with or without the antigen peptide 
(4.36 µg/mL) for 6 h at 4 °C before the primary antibody 
reaction. The sequence of antigen peptides for anti-
MCT12 antibodies was KEDPSGPEKSHDRDAQRED, 
which is a 200–218 amino acid sequence of rat MCT12 
[National Center for Biotechnology Information (NCBI) 
reference sequence: NM_001191637.1]. The sections 
or cells were incubated with species-specific secondary 
antibodies labeled with Alexa Fluor 488 or Alexa Fluor 
568 (Thermo Fisher Scientific, Waltham, MA, USA) for 
2 h at room temperature. Confocal images were obtained 
using a confocal laser-scanning microscope (LSM780; 
Carl Zeiss, Oberkochen, Germany).

Immunoblotting
Collection of the crude membrane fraction of TR-
CSFB3 cells, sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (SDS-PAGE) and electroblotting were 
performed as previously described [13]. The protein 
samples separated by SDS-PAGE were electroblotted on 
polyvinylidene fluoride (PVDF) membrane (Amersham 
Hybond P PVDF 0.45; GE Healthcare, Chalfont St. Giles, 
UK). The membrane were incubated with a blocking 
solution (125 mM NaCl, 0.1% Tween-20, 1% non-fat dry 
milk, and 25 mM Tris–HCl, pH 7.4) for 1 h at room tem-
perature and then treated with primary antibodies (1 µg/
mL anti-MCT12 or 0.1  µg/mL anti-Na+,  K+-ATPase 
α1 antibodies) for 2  h at room temperature. For anti-
gen absorption, anti-MCT12 antibodies were incubated 
with blocking buffer with or without the antigen pep-
tide (4.36 µg/mL) for 6 h at 4 °C before the primary anti-
body reaction. The PVDF membranes were then treated 
with horseradish peroxidase-conjugated anti-guinea pig 
or anti-mouse IgG antibodies for 2  h at room tempera-
ture. The signals were visualized and signal intensity was 
quantified using the ImageJ software (National Institutes 
of Health, Bethesda, MD, USA). Protein expression levels 
of MCT12 were normalized to those of  Na+,  K+-ATPase 
α1.

Reverse transcription‑polymerase chain reaction
RT-PCR analysis was conducted as described previously 
[13]. Total RNA was isolated from the liver and TR-
CSFB3 cells, and cDNA was synthesized from 0.5  µg of 
total RNA as a template by reverse transcription. PCR 
was performed using specific primers for 35 cycles: 98 °C 
for 10 s, 60 °C for 30 s, and 72 °C for 1 min. The primer 
sequences used in this study are listed in Table 1.
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Metabolic analysis
Metabolic analysis was performed as described previ-
ously [14]. TR-CSFB3 cells were cultured in collagen type 
I-coated cell culture plates with high-glucose Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 
10% fetal bovine serum (v/v) at 33  °C. The cells were 
incubated with high-glucose DMEM containing 18.2 µM 
 [14C]GAA for 24 h at 37 °C. Using the cell lysate of TR-
CSFB3 cells, high-performance liquid chromatography 
(HPLC) was performed as described previously [14]. 
Typical chromatograms of  [14C]creatine and  [14C]GAA 
were obtained by HPLC analysis using intact  [14C]cre-
atine and  [14C]GAA.

Transport analyses
Transport analyses were conducted according to a pre-
viously reported protocol [14]. For  [14C]creatine uptake, 
after washing TR-CSFB3 cells, the uptake reaction was 
initiated by replacing the medium with the transport 
solution (122 mM NaCl, 25 mM  NaHCO3, 10 mM d-glu-
cose, 3 mM KCl, 1.4 mM  CaCl2, 1.2 mM  MgSO4, 0.4 mM 
 K2HPO4, and 10 mM HEPES–NaOH, pH 7.4) containing 
 [14C]creatine (8.77  µM). After incubation at 37  °C for a 
designated period, the uptake reaction was terminated 
by removing the medium and washing the cells with ice-
cold ECF buffer. The cell-to-medium ratio [Eq.  (1)] was 
used to express the uptake of  [14C]creatine. 

For efflux transport, TR-CSFB3 cells were preincubated 
with high-glucose DMEM containing 8.77 µM  [14C]cre-
atine for 20  min at 37  °C and washed. Efflux transport 
was initiated by the addition of a transport solution. The 
cells were incubated at 37 °C or 4 °C for designated time 
periods. The transport was terminated by sampling the 
transport solution and washing the cells. The efflux ratio 
was calculated using Eq. (2). The knockdown analysis of 

(1)

Cell/medium ratio
(

µL/mg protien
)

=

[

14C
]

Creatine in the cells
(

dpm/mgprotien
)

[

14C
]

Creatine in themedium (dpm/µL)

MCT12 in TR-CSFB3 cells were performed as described 
previously [14].

Lateral ventricular micro‑injection
Anesthetized rats were placed in a stereotaxic frame 
(SR-5R; Narishige, Tokyo, Japan). The transport solu-
tion (10 μL/rat) consisting of  [3H] d-mannitol (reference 
compound for diffusion; 24.4 pmol/rat) and  [14C]creatine 
(877 pmol/rat) was microinjected into the left lateral ven-
tricle. After the designated time period, CSF (50 μL) was 
collected from the cisterna magna, and the cerebrum, 
midbrain, and cerebellum were isolated. These isolated 
samples were dissolved in 2 N NaOH at 55 °C for 3 h. The 
radioactivity of these samples was then measured using 
an AccuFLEX LSC-7400 instrument.

The concentration–time curves of  [3H]D-mannitol 
and  [14C]creatine were fitted to a one-compartment 
model [Eq.  (3)] using a nonlinear least-squares regres-
sion analysis program (MULTI) [18]. CCSF and kel indicate 
the concentration in the CSF and elimination rate con-
stant, respectively. The transfer of  [3H]D-mannitol and 
 [14C]creatine from the CSF to the brain is represented 
by Eq.  (4). The brain-to-CSF concentration ratio [XBrain 
(t)/CCSF (t)] was calculated using Eq.  (5), which is given 
by Eq.  (4). The area under the CSF concentration–time 
curve (ACC ) was obtained by integrating CCSF from 
0 min to the designated time period. Transfer clearance 
(CLtransfer) was determined using MULTI.

(2)

Efflux ratio (%)

=
[14C]Creatine in themedium (dpm)

[14C]Creatine in themedium and the cells (dpm)
× 100

(3)CCSF (t) = CCSF (0)× exp (−ke1 × t)

(4)
dXBrain

dt
=CLtransfer × CCSF

(5)
XBrain(t)/CCSF (t) = CLtransfer × ACC0→t/CCSF (t)+ V0

Table 1 Primers used for gene expression analysis

Genes Gene bank accession number Orientation Primer sequence (5′–3′) Product size

MCT12 NM_001191637.1 Forward AGC CTT CCT TCT TTG TGG 179 bp

Reverse TCT GAT CTA ACT CCT TCG C

GAMT NM_012793.2 Forward TCT GAC ACG CAC CTG CAG ATCC 584 bp

Reverse GCA TAG TAG CGG CAG TCG GCTG 

β-Actin NM_031144.3 Forward TCA TGA AGT GTG ACG TTG ACA TCC GT 285 bp

Reverse CCT AGA AGC ATT TGC GGT GCA CGA TG
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Statistical analyses
Data are presented as the mean ± standard deviation 
(S.D.). Statistical analyses were performed using unpaired 
two-tailed Student’s t-test. Differences were considered 
statistically significant at p < 0.05. With mean and stand-
ard deviations of the significant different groups, the 
sample size was confirmed as an appropriate size using 
by G*Power 3 software [19].

Results
Expression and localization of MCT12 in CpxEpic
Figure  1A–C show the double staining of MCT12 with 
 Na+,  K+-ATPase, which is a marker of the apical mem-
brane of CpxEpic [20]. MCT12 immunoreactivity was 
observed in the choroid plexus and merged with that of 
 Na+,  K+-ATPase (Fig. 1A–C), whereas no intense immu-
noreactivity was observed in the brain cortex (Additional 

file 1). In addition, MCT12 immunoreactivity was abol-
ished by pretreatment with antigen peptides of anti-
MCT12 antibodies (Fig.  1D–E). Immunoblotting of the 
crude membrane of TR-CSFB3 cells using anti-MCT12 
antibodies detected a signal at 37 kDa (Fig. 1F). This sig-
nal size was consistent with that detected in the study 
using MCT12-overexpressing cells [13]. The detected sig-
nal was abolished by pretreatment with antigen peptides 
of anti-MCT12 antibodies (Fig.  1F). These results con-
firmed the specific recognition of anti-MCT12 antibod-
ies against MCT12 proteins. These results suggest that 
MCT12 is localized to the apical membrane of CpxEpic.

Expression and activation of GAMT in CpxEpic
Considering the localization of MCT12 in CpxEpic, it 
is hypothesized that GAA is converted to creatine in 
CpxEpic, and the biosynthesized creatine is provided 

Fig. 1 Localization of monocarboxylate transporter 12 (MCT12) in the rat choroid plexus. A–C Double immunohistochemical staining of MCT12 
(red) and  Na+,  K+‑ATPase (green) in the rat choroid plexus.  Na+,  K+‑ATPase is used as a marker of the apical membrane of choroid plexus epithelial 
cells (CPxEpic). Arrowheads indicate the apical membrane of CPxEpic. D and E Immunohistochemical staining of anti‑MCT12 antibodies after 
antigen absorption. Anti‑MCT12 antibodies were incubated in PBS (−) with or without antigenic peptides of anti‑MCT12 antibodies (4.36 µg/mL) 
for 6 h at 4 °C and then used as the primary antibodies. Nuclei were stained with 4ʹ,6‑diamidino‑2‑phenylindole dihydrochloride (DAPI, blue). Scale 
bar: 50 µm. F Protein expression of MCT12 in CPxEpic. Anti‑MCT12 antibodies were incubated in blocking buffer with or without antigenic peptides 
of anti‑MCT12 antibodies (4.36 µg/mL) for 6 h at 4 °C and then used as the primary antibodies
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to the CSF via MCT12. Thus, the expression of GAMT, 
which catalyzes creatine synthesis from GAA, was eval-
uated in CpxEpic. TR-CSFB3 cells expressed GAMT 
mRNA in addition to MCT12 mRNA (Fig. 2A). Moreo-
ver, GAMT immunoreactivity was detected in CpxEpic 
(Fig.  2B, Additional file  2). Thus, GAMT expression is 
suggested in CpxEpic.

Figure  3 shows functional GAMT activity in TR-
CSFB3 cells. Figure 3A and B are typical chromatograms 
of intact  [14C]creatine and  [14C]GAA, respectively. Fig-
ure 3C exhibits the typical HPLC chromatogram of the 
cell lysate of TR-CSFB3 cells after cultivation with the 
medium containing  [14C]GAA. In this chromatogram, 
a typical peak of  [14C]creatine was detected in addi-
tion to that of  [14C]GAA (Fig.  3C). Therefore, func-
tional expression of GAMT was observed in TR-CSFB3 
cells. Based on these results, GAA is suggested to be 

converted to creatine via GAMT after incorporation 
into CpxEpic.

MCT12 contribution to the release of creatine 
from TR‑CSFB3 cells
GAA is metabolized to creatine after its influx into 
CpxEpic. After this conversion, creatine release from 
CpxEpic into CSF via MCT12 is a considerable process. 
Thus, transport analyses were performed using TR-
CSFB3 cells. Figures 4A and B show the time course of 
the influx and efflux transport of  [14C]creatine in TR-
CSFB3 cells, respectively. The influx transport of  [14C]
creatine into TR-CSFB3 cells exhibited a time-depend-
ent increase (Fig. 4A), confirming the results of previ-
ous study [6]. In addition, TR-CSFB3 cells showed a 
time-dependent increase in the efflux transport of  [14C]
creatine until at least 20 min after pre-incorporation of 
 [14C]creatine (Fig. 4B). The efflux transport decreased at 
4 °C (Fig. 4B, closed circles). To determine the involve-
ment of MCT12 in creatine transport in CpxEpic,  [14C]
creatine transport was evaluated after MCT12 knock-
down using MCT12-specific siRNA. Reduction of 
MCT12 protein expression was confirmed 48  h after 
treatment with the negative control (N.C.) or MCT12 
siRNA (Fig. 4C). After comparing the signal intensities 
of the immunoblot after N.C. and MCT12 siRNA treat-
ment, MCT12 protein expression levels were decreased 
by 57.8% in MCT12 siRNA-treated cells (Fig. 4D). The 
influx transport of  [14C]creatine was barely altered by 
MCT12 knockdown (Fig.  4E). In contrast, the efflux 
transport of  [14C]creatine from MCT12 siRNA-treated 
TR-CSFB3 cells decreased by 30.6% compared to that 
of N.C. siRNA-treated TR-CSFB3 cells (Fig.  4F). In 
efflux transport of  [14C]creatine, the interception of 
the regression line in Fig.  4B cannot be neglected for 
the efflux ratio of  [14C]creatine. As it has been reported 
that carrier-mediated transport, including facilitated 
transport, is almost abolished at 4  °C, and creatine is 
hardly transported by passive diffusion [6, 8, 13, 21], 
the interception is considered to be increased by fac-
tors, such as the adsorption of  [14C]creatine on the cell 
culture plate and cell surface. To remove adsorption 
factors, the values of  [14C]creatine efflux ratio at 4  °C 
were measured and subtracted from the values at 37 °C 
(Figs. 4G and H). Figure 4G shows the corrected values 
of the efflux ratio. The efflux ratio in MCT12 siRNA-
treated cells decreased by 53.2% compared to that in 
the N.C. siRNA-treated cells (Fig.  4H). Considering 
the reduction in MCT12 protein expression by the 
knockdown, the contribution ratio of MCT12 in cre-
atine efflux transport from TR-CSFB3 cells was calcu-
lated as 92.0% (= 53.2/57.8 × 100). Therefore, MCT12 

Fig. 2 Expression of guanidinoacetate N‑methyltransferase (GAMT) 
in CPxEpic. A mRNA expression of MCT12 and GAMT in TR‑CSFB3 
cells. Polymerase chain reaction was conducted with ( +) or without 
( −) reverse transcription. The rat liver was used as a positive control. 
B Immunohistochemical staining of GAMT in the rat choroid plexus. 
Arrowheads indicate CPxEpic. Nuclei were stained with DAPI (blue). 
Scale bar: 20 µm
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suggestively contributes to the release of creatine from 
CPxEpic.

In vivo CSF‑to‑brain parenchyma transfer of creatine 
after intracerebroventricular injection
Based on the results of MCT12 localization and contri-
bution to creatine release, MCT12 is suggested to con-
tribute to creatine release from CPxEpic into the CSF. 
After release from CPxEpic, it is hypothesized that bio-
synthesized creatine is supplied to the brain parenchyma, 
as it shows a high demand for creatine [4, 5]. To deter-
mine the CSF-to-brain transfer of creatine, rat brain 
and CSF were collected after the intracerebroventricular 
administration of creatine. After intracerebroventricular 
injection of  [14C]creatine, its concentration in the CSF 
was reduced at each time point for up to 10 min (Fig. 5A). 
In contrast, the apparent brain/CSF concentration ratio 
of  [14C]creatine increased after intracerebroventricular 
administration, indicating the transfer of  [14C]creatine 
from the CSF to the brain parenchyma (Fig.  5B). The 
apparent brain influx clearance of  [14C]creatine from the 
CSF per gram brain (CLapp, CSF-to-brain transfer) was deter-
mined to be 4.65 ± 0.89 µL/(min·g brain). In addition, the 
CLapp, CSF-to-brain transfer of  [3H]D-mannitol, which is used 
to estimate transfer through the intercellular space, was 
determined to be 5.18 ± 1.91  µL/(min·g  brain). Moreo-
ver, at the longest time point (Fig. 5B), more than 50% of 
the total administered  [14C]creatine was detected in the 
brain sample.

Discussion
Based on the results of our study, the GAA dynamics in 
CPxEpic were as follows: First, GAMT catalyzes the con-
version of GAA to creatine in CPxEpic (Figs.  2 and 3). 
Second, creatine is released from CPxEpic into the CSF 
via MCT12 (Figs.  1 and 4). Finally, released creatine is 
supplied to the brain parenchyma (Fig. 5).

As GAA is known as an endogenous convulsant, the 
concentrations of GAA are maintained at a lower level in 
the human CSF (0.036–0.22 µM) than that in the plasma 
(0.35–3.5  µM) [6, 22]. We have revealed that GAA is 
removed from the CSF by incorporation into CPxEpic 
[6]. In this study, along with the elimination of GAA, 
the choroid plexus was suggested to participate in the 

Fig. 3 Functional expression of GAMT in TR‑CSFB3 cells. Typical 
chromatograms of A  [14C]GAA and B  [14C]creatine. C A typical HPLC 
chromatogram of the cell lysate of TR‑CSFB3 cells. TR‑CSFB3 cells 
were incubated with the medium containing  [14C]GAA (18.2 µM) 
for 24 h at 37 °C and the cell lysate of these cells was separated by 
high‑performance liquid chromatography (HPLC)

▸
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Fig. 4 MCT12 contribution to creatine transport in TR‑CSFB3 cells. A Time‑course of  [14C]creatine uptake by TR‑CSFB3 cells. The uptake was 
measured for the indicated time periods at 37 °C. B Time‑course of  [14C]creatine efflux from TR‑CSFB3 cells. After pre‑incubation of  [14C]creatine for 
20 min at 37 °C, the efflux transport was measured for the indicated time periods at 37 °C (open circles) or 4 °C (closed circles). C Immunoblotting 
of the crude membrane fractions of TR‑CSFB3 cells after the transfection of negative control (N.C.) or MCT12‑specific small interfering RNA (siRNA). 
D Protein expression levels of MCT12 in TR‑CSFB3 cells after MCT12 specific‑siRNA transfection. Intensity of the signal was evaluated using the 
ImageJ software and the signal levels of MCT12 were normalized to that of  Na+,  K+‑ATPase α1. E  [14C]Creatine uptake by TR‑CSFB3 cells after MCT12 
specific‑siRNA transfection. The uptake was measured for 20 min at 37 °C. F and G Efflux transport of  [14C]creatine from TR‑CSFB3 cells after the 
knockdown of MCT12. After pre‑incubation of  [14C]creatine for 20 min at 37 °C, efflux was measured for 20 min at 37 °C (F) or 4 °C (G). H Subtraction 
of the efflux at 4 °C (G) from that at 37 °C (F). Each column represents the mean ± standard deviation (S.D.) (n = 3). Each open and closed circle 
represents an individual data point. *p < 0.05, **p < 0.01, significantly different from the conditions of N.C. siRNA transfection
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provision of creatine to the brain. Moreover, the pro-
tein expression and activity of GAMT were detected in 
CPxEpic (Figs. 2 and 3). In addition, the majority of cre-
atine was released via MCT12, which is predominantly 
localized on the CSF side membrane of CPxEpic (Figs. 1 
and 4). Creatine in the CSF was transferred to the brain 
parenchyma (Fig.  5). In the brain, astrocytes, oligoden-
drocytes, and olfactory ensheathing glia express GAMT 
and are considered to be creatine-supplying cells [17]. 
From the results of this study, CPxEpic are considered 
to be creatine supplying cell in the brain, as well as these 
glial cells. Furthermore, the creatine concentration in 

the brain parenchyma is lower in patients with choroid 
plexus tumor (1.2–1.3  mM) compared to the normal 
range (3.9–6.0 mM) [23–25]. Meanwhile, the GAA con-
centration in the brain parenchyma is higher in patients 
with choroid plexus tumor (3.0–3.1  mM) compared to 
the normal range (0.06–0.85 mM) [23, 25]. These reports 
support the importance of the choroid plexus in main-
taining the GAA and creatine homeostasis in the brain.

Our study suggests that MCT12 functions in releas-
ing creatine from CPxEpic, although it can recognize 
GAA as a substrate and has the ability of influx transport 
of creatine [13]. By biosynthesis of creatine in CPxEpic, 
its concentration is considered to be higher in CPxEpic 
than that in the CSF. Since MCT12 reportedly transports 
substrates along a concentration gradient [13], it is con-
sidered to function as an efflux transporter of creatine 
in CPxEpic. Comparing MCT12-mediated transport 
of creatine with that of GAA, the affinity of MCT12 for 
creatine is approximately tenfold greater than that for 
GAA [13]. Thus, MCT12 is suggested to predominantly 
recognize creatine and function as an efflux transporter 
of creatine in CPxEpic. Regarding the influx transport of 
GAA into CPxEpic, we found that GAA uptake by TR-
CSFB3 cells and isolated choroid plexus was decreased 
by three-quarters in the absence of extracellular  Na+ [6]. 
As MCT12-mediated GAA transport hardly changed in 
the absence of extracellular  Na+ [13], the contribution of 
MCT12 to GAA influx transport to CPxEpic is consid-
ered to be negligible. Taken together, MCT12 functions 
as an efflux transporter of the biosynthesized creatine in 
CPxEpic.

In vivo analysis revealed the transfer of  [14C]creatine 
from the CSF to the brain (Fig.  5B). The CLapp, CSF-to-

brain transfer of creatine was determined to be 4.65  µL/
(min·g  brain). This value was consistent with that of 
d-mannitol [5.18 µL/(min·g brain)]. Since d-mannitol is 
a reference compound for diffusion into the brain inter-
stitial space via the ependymal layer [26], creatine is 
considered to mainly pass through the interstitial space 
of the ependymal layer in the CSF-to-brain transfer pro-
cess. In addition, in the in  vivo autoradiography,  [14C]
inulin injected into the lateral ventricle was reported to 
distribute to the entire brain [27]. Since inulin is known 
as a reference compound for diffusion as well as d-man-
nitol, creatine is possible to distribute to the entire 
brain from the CSF. Furthermore, the apparent brain 
influx clearance of creatine from circulating blood is 
1.61 µL/(min·g brain). Comparing to the value of CLapp, 

CSF-to-brain transfer of creatine with this value, the CSF-to-
brain transfer of creatine is considered to be a potential 
route for creatine supplementation to the brain. In the 

Fig. 5 In vivo cerebrospinal fluid (CSF)‑to‑brain parenchyma transfer 
of  [14C]creatine after intracerebroventricular injection. A Time‑course 
of  [14C]creatine concentration in the CSF after intracerebroventricular 
administration. The residual CSF concentration is the percentage of 
the dose remaining in 1 mL CSF. B CSF‑to‑brain parenchyma transfer 
of  [14C]creatine after intracerebroventricular injection. An extracellular 
fluid buffer containing  [14C]creatine (877 pmol/10 µL) was directly 
injected into the CSF. The solid line was fitted using a nonlinear 
least‑squares regression analysis program. Each open circle represents 
an individual data point. Each central bar represents the mean ± S.D. 
(n = 3)
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brain parenchyma, creatine is concentrated in high-
energy-demanding cells, such as the neurons [3]. There-
fore, creatine concentration in the brain parenchyma 
(3.9–6.0  mM) is much higher than that in the plasma 
(10–200  µM) and CSF (17–90  µM) [22, 23, 28]. Taken 
together, CSF-to-brain transfer of creatine is suggested to 
be one of the routes for creatine supplementation to the 
brain parenchyma.

In this study, the MCT12-mediated pathway was pro-
posed as a route for creatine transfer from CPxEpic to the 
brain. Specifically, GAA is taken up by CPxEpic and con-
verted to creatine. Subsequently, biosynthesized creatine 
is released into the CSF via MCT12. We have revealed 
that GAA was incorporated from the CSF into CPxEpic 
[6]. Considering the in  vivo expression of GAMT pro-
teins and apical localization of MCT12 shown in this 
study, creatine supplementation from GAA in the CSF to 
the brain parenchyma is considered to be carried out in 
CPxEpic in the physiological condition. Taken together, 
the MCT12-mediated pathway is one of the mecha-
nisms of creatine supplementation in the central nervous 
system.

Conclusions
In this study, the choroid plexus was suggested to play a 
role in GAA elimination and creatine supplementation. 
In CPxEpic, GAA is metabolized to creatine, and MCT12 
mediates the release of creatine into the CSF. Through 
these processes, the choroid plexus may be associated 
with creatine homeostasis in the brain. In addition, we 
have suggested that CPxEpic plays a role in the elimina-
tion of d-serine, a co-agonist of N-methyl-D -aspartate 
(NMDA)-type glutamate receptors, from the brain by the 
incorporation and metabolism of d-serine [29]. There-
fore, along with BCSFB constitution, the choroid plexus 
is proposed to have an important function in nutrient 
metabolism, thereby maintaining nutrient levels in the 
brain.

Since alternation of this MCT12-mediated creatine 
provision route is considered to disturb the balance of 
creatine and GAA levels in the brain and possibly cause 
epilepsy, further studies, such as in vivo MCT12 knock-
out, can lead to further understanding of the pathology of 
epilepsy and regulating seizures.

Abbreviations
BBB: Blood–brain barrier; BCSFB: Blood‑cerebrospinal fluid barrier; CCDSs: 
Cerebral creatine deficiency syndromes; CPxEpic: Choroid plexus epithelial 
cells; CRN: Creatinine; CRT : Creatine transporter; CSF: Cerebrospinal fluid; 
DMEM: Dulbecco’s modified Eagle’s medium; GAA : Guanidinoacetate; 
GABA: γ‑aminobutyric acid; GAMT: Guanidinoacetate N‑methyltrans‑
ferase; GAT : γ‑aminobutyric acid transporter; GBA: γ‑guanidinobutyrate; 
GES: Guanidinoethanesulfonate; GGA : α‑guanidinoglutaric acid; GPA: 

β‑guanidinopropionate; GSA: Guanidinosuccinate; HEPES: N‑2‑hydroxyethyl‑
piperazine‑N‑2‑ethanesulfonic acid; HPLC: High‑performance liquid chroma‑
tography; MCT: Monocarboxylate transporter; NMDA: N‑methyl‑D‑aspartate; 
OCT: Organic cation transporter; PBS(‑): Phosphate‑buffered saline without 
 Ca2+ and  Mg2+; PVDF: Polyvinylidene; SLC: Solute carrier; siRNA: Small interfer‑
ing RNA; TauT: Taurine transporter.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12987‑ 022‑ 00328‑w.

Additional file 1. Immunohistochemical staining of MCT12 in the rat 
brain cortex. Double immunohistochemical staining was performed 
using anti‑MCT12 antibodies (red, A and B) and anti‑glial fibrillary acidic 
protein (GFAP) antibodies (green, B) in the rat brain cortex. GFAP is used 
as a marker of astrocytes. Nuclei were stained with DAPI (blue). Scale bar: 
100 µm.

Additional file 2. Immunohistochemical staining of GAMT in the rat 
choroid plexus. Immunohistochemical staining of GAMT was performed 
in the rat choroid plexus. Nuclei were stained with DAPI (blue). Scale bar: 
50 µm.

Acknowledgements
The authors would like to thank Ms. Yu Tanno (University of Toyama) for pro‑
viding anti‑MCT12 antibodies.

Author contributions
RJ and SA designed this study. RJ performed the data collection and analyses. 
YK, MT, and KH coordinated the study. RJ drafted the manuscript, and SA 
and KH revised the manuscript. All authors read and approved the final 
manuscript.

Funding
This work was supported by the Japan Society for the Promotion of Science 
(JSPS) KAKENHI, Grant Number 20H03403, and by JST SPRING, Grant Number 
JPMJSP2145.

Declarations

Ethics approval and consent to participate
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Pharmaceutics, Graduate School of Medicine and Pharma‑
ceutical Sciences, University of Toyama, 2630 Sugitani, Toyama 930‑0194, 
Japan. 2 Graduate School of Biomedical Sciences, Tokushima University, 1–78–1 
Shomachi, Tokushima 770–8505, Japan. 

Received: 28 January 2022   Accepted: 5 April 2022

References
 1. Hiramatsu M. A role for guanidino compounds in the brain. Mol Cell 

Biochem. 2003;244:57–62.
 2. Tachikawa M, Hosoya K. Transport characteristics of guanidino com‑

pounds at the blood‑brain barrier and blood‑cerebrospinal fluid barrier: 
relevance to neural disorders. Fluids Barriers CNS. 2011;8:13.

 3. Jomura R, Akanuma S, Tachikawa M, Hosoya K. SLC6A and SLC16A family 
of transporters: contribution to transport of creatine and creatine precur‑
sors in creatine biosynthesis and distribution. Biochim Biophys Acta 
Biomembr. 2022;1864:183840.

https://doi.org/10.1186/s12987-022-00328-w
https://doi.org/10.1186/s12987-022-00328-w


Page 11 of 11Jomura et al. Fluids and Barriers of the CNS           (2022) 19:42  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 4. Braissant O, Henry H, Béard E, Uldry J. Creatine deficiency syndromes 
and the importance of creatine synthesis in the brain. Amino Acids. 
2011;40:1315–24.

 5. Wyss M, Kaddurah‑Daouk R. Creatine and creatinine metabolism. Physiol 
Rev. 2000;80:1107–213.

 6. Tachikawa M, Fujinawa J, Takahashi M, Kasai Y, Fukaya M, Sakai K, Yamazaki 
M, Tomi M, Watanabe M, Sakimura K, Terasaki T, Hosoya K. Expression 
and possible role of creatine transporter in the brain and at the blood‑
cerebrospinal fluid barrier as a transporting protein of guanidinoacetate, 
an endogenous convulsant. J Neurochem. 2008;107:768–78.

 7. Tachikawa M, Kasai Y, Takahashi M, Fujinawa J, Kitaichi K, Terasaki T, 
Hosoya K. The blood‑cerebrospinal fluid barrier is a major pathway of cer‑
ebral creatinine clearance: involvement of transporter‑mediated process. 
J Neurochem. 2008;107:432–42.

 8. Tachikawa M, Kasai Y, Yokoyama R, Fujinawa J, Ganapathy V, Terasaki T, 
Hosoya K. The blood‑brain barrier transport and cerebral distribution of 
guanidinoacetate in rats: involvement of creatine and taurine transport‑
ers. J Neurochem. 2009;111:499–509.

 9. Braissant O, Béard E, Torrent C, Henry H. Dissociation of AGAT, GAMT and 
SLC6A8 in CNS: relevance to creatine deficiency syndromes. Neurobiol 
Dis. 2010;37:423–33.

 10. Braissant O, Henry H, Loup M, Eilers B, Bachmann C. Endogenous synthe‑
sis and transport of creatine in the rat brain: an in situ hybridization study. 
Brain Res Mol Brain Res. 2001;86:193–201.

 11. Braissant O, Henry H, Villard AM, Speer O, Wallimann T, Bachmann C. Cre‑
atine synthesis and transport during rat embryogenesis: spatiotemporal 
expression of AGAT, GAMT and CT1. BMC Dev Biol. 2005;5:9.

 12. Braissant O. Creatine and guanidinoacetate transport at blood‑brain and 
blood‑cerebrospinal fluid barriers. J Inherit Metab Dis. 2012;35:655–64.

 13. Jomura R, Tanno Y, Akanuma S, Kubo Y, Tachikawa M, Hosoya K. Mono‑
carboxylate transporter 12 as a guanidinoacetate efflux transporter in 
renal proximal tubular epithelial cells. Biochim Biophys Acta Biomembr. 
2020;1862:183434.

 14. Jomura R, Tanno Y, Akanuma S, Kubo Y, Tachikawa M, Hosoya K. Contribu‑
tion of monocarboxylate transporter 12 to blood supply of creatine on 
the sinusoidal membrane of the hepatocytes. Am J Physiol Gastrointest 
Liver Physiol. 2021;321:G113–22.

 15. Futagi Y, Narumi K, Furugen A, Kobayashi M, Iseki K. Molecular charac‑
terization of the orphan transporter SLC16A9, an extracellular pH‑ and 
Na+‑sensitive creatine transporter. Biochem Biophys Res Commun. 
2020;522:539–44.

 16. Kitazawa T, Hosoya K, Watanabe M, Takashima T, Ohtsuki S, Takanaga H, 
Ueda M, Yanai N, Obinata M, Terasaki T. Characterization of the amino acid 
transport of new immortalized choroid plexus epithelial cell lines: a novel 
in vitro system for investigating transport functions at the blood‑cerebro‑
spinal fluid barrier. Pharm Res. 2001;18:16–22.

 17. Tachikawa M, Fukaya M, Terasaki T, Ohtsuki S, Watanabe M. Distinct cellu‑
lar expressions of creatine synthetic enzyme GAMT and creatine kinases 
uCK‑Mi and CK‑B suggest a novel neuron‑glial relationship for brain 
energy homeostasis. Eur J Neurosci. 2004;20:144–60.

 18. Yamaoka K, Tanigawara Y, Nakagawa T, Uno T. A pharmacokinetic analysis 
program (multi) for microcomputer. J Pharmacobiodyn. 1981;4:879–85.

 19. Faul F, Erdfelder E, Lang AG, Buchner A. G*Power 3: a flexible statistical 
power analysis program for the social, behavioral, and biomedical sci‑
ences. Behav Res Methods. 2007;39:175–91.

 20. Tachikawa M, Tsuji K, Yokoyama R, Higuchi T, Ozeki G, Yashiki A, Akanuma 
S, Hayashi K, Nishiura A, Hosoya K. A clearance system for prostaglandin 
D2, a sleep‑promoting factor, in cerebrospinal fluid: role of the blood‑cer‑
ebrospinal barrier transporters. J Pharmacol Exp Ther. 2012;343:608–16.

 21. Kurosawa T, Tega Y, Sako D, Mochizuki T, Yamaguchi T, Kawabata K, Inoue 
K, Ito N, Kusuhara H, Deguchi Y. Transport characteristics of 6‑mercap‑
topurine in brain microvascular endothelial cells derived from human 
induced pluripotent stem cells. J Pharm Sci. 2021;110:3484–90.

 22. van de Kamp JM, Betsalel OT, Mercimek‑Mahmutoglu S, Abulhoul L, 
Grünewald S, Anselm I, Azzouz H, Bratkovic D, de Brouwer A, Hamel B, 
Kleefstra T, Yntema H, Campistol J, Vilaseca MA, Cheillan D, D’Hooghe M, 
Diogo L, Garcia P, Valongo C, Fonseca M, Frints S, Wilcken B, von der Haar 
S, Meijers‑Heijboer HE, Hofstede F, Johnson D, Kant SG, Lion‑Francois L, 
Pitelet G, Longo N, Maat‑Kievit JA, Monteiro JP, Munnich A, Muntau AC, 
Nassogne MC, Osaka H, Ounap K, Pinard JM, Quijano‑Roy S, Poggenburg 
I, Poplawski N, Abdul‑Rahman O, Ribes A, Arias A, Yaplito‑Lee J, Schulze 

A, Schwartz CE, Schwenger S, Soares G, Sznajer Y, Valayannopoulos V, 
Van Esch H, Waltz S, Wamelink MM, Pouwels PJ, Errami A, van der Knaap 
MS, Jakobs C, Mancini GM, Salomons GS. Phenotype and genotype in 
101 males with X‑linked creatine transporter deficiency. J Med Genet. 
2013;50:463–72.

 23. Panigrahy A, Krieger MD, Gonzalez‑Gomez I, Liu X, McComb JG, Finlay 
JL, Nelson MD Jr, Gilles FH, Blüml S. Quantitative short echo time 1H‑MR 
spectroscopy of untreated pediatric brain tumors: preoperative diagnosis 
and characterization. AJNR Am J Neuroradiol. 2006;27:560–72.

 24. Wellard RM, Briellmann RS, Jennings C, Jackson GD. Physiologic variability 
of single‑voxel proton MR spectroscopic measurements at 3T. AJNR Am J 
Neuroradiol. 2005;26:585–90.

 25. Edvardson S, Korman SH, Livne A, Shaag A, Saada A, Nalbandian R, 
Allouche‑Arnon H, Gomori JM, Katz‑Brull R. L‑Arginine:glycine amidi‑
notransferase (AGAT) deficiency: clinical presentation and response to 
treatment in two patients with a novel mutation. Mol Genet Metab. 
2010;101:228–32.

 26. Usui T, Nakazawa A, Okura T, Deguchi Y, Akanuma S, Kubo Y, Hosoya K. 
Histamine elimination from the cerebrospinal fluid across the blood‑cer‑
ebrospinal fluid barrier: involvement of plasma membrane monoamine 
transporter (PMAT/SLC29A4). J Neurochem. 2016;139:408–18.

 27. Proescholdt MG, Hutto B, Brady LS, Herkenham M. Studies of cerebrospi‑
nal fluid flow and penetration into brain following lateral ventricle and 
cisterna magna injections of the tracer [14C]inulin in rat. Neuroscience. 
2000;95:577–92.

 28. Marescau B, De Deyn PP, Lowenthal A, Qureshi IA, Antonozzi I, Bachmann 
C, Cederbaum SD, Cerone R, Chamoles N, Colombo JP, Hyland K, Gatti 
R, Kang SS, Letarte J, Lambert M, Mizutani N, Possemiers I, Rezvani 
I, Snyderman SE, Terheggen HG, Yoshino M. Guanidino compound 
analysis as a complementary diagnostic parameter for hyperargininemia: 
follow‑up of guanidino compound levels during therapy. Pediatr Res. 
1990;27:297–303.

 29. Kasai Y, Tachikawa M, Hirose S, Akanuma S, Hosoya K. Transport systems 
of serine at the brain barriers and in brain parenchymal cells. J Neuro‑
chem. 2011;118:304–13.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Processing mechanism of guanidinoacetate in choroid plexus epithelial cells: conversion of guanidinoacetate to creatine via guanidinoacetate N-methyltransferase and monocarboxylate transporter 12-mediated creatine release into the CSF
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Animals
	Reagents
	Immunohistochemical staining
	Immunoblotting
	Reverse transcription-polymerase chain reaction
	Metabolic analysis
	Transport analyses
	Lateral ventricular micro-injection
	Statistical analyses

	Results
	Expression and localization of MCT12 in CpxEpic
	Expression and activation of GAMT in CpxEpic
	MCT12 contribution to the release of creatine from TR-CSFB3 cells
	In vivo CSF-to-brain parenchyma transfer of creatine after intracerebroventricular injection

	Discussion
	Conclusions
	Acknowledgements
	References




