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Abstract High doses of glycine have been reported to
improve negative schizophrenic symptoms, suggesting that
ingested glycine activates glutamatergic transmission via
N-methyl-p-aspartate (NMDA) receptors. However, the
pharmacokinetics of administered glycine in the brain has
not been evaluated. In the present study, the time- and
dose-dependent distributions of administered glycine were
investigated from a pharmacokinetic viewpoint. Whole-
body autoradiography of radiolabeled glycine was per-
formed, and time—concentration curves for glycine and
serine in plasma, cerebrospinal fluid (CSF), and brain tis-
sues were obtained. Furthermore, pharmacokinetic param-
eters were calculated. For a more detailed analysis, the
amount of glycine uptake in the brain was evaluated using
the brain uptake index method. Radiolabeled glycine was
distributed among periventricular organs in the brain. Oral
administration of 2 g/kg of glycine significantly elevated
the CSF glycine concentration above the EDsy value for
NMDA receptors. The glycine levels in CSF were 100
times lower than those in plasma. Glycine levels were
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elevated in brain tissue, but with a slower time-course than
in CSF. Serine, a major metabolite of glycine, was elevated
in plasma, CSF, and brain tissue. Glycine uptake in brain
tissue increased in a dose-dependent manner. Time—con-
centration curves revealed that glycine was most likely
transported via the blood—CSF barrier and activated
NMDA receptors adjacent to the ventricles. The pharma-
cokinetic analysis and the brain uptake index for glycine
suggested that glycine was transported into brain tissue by
passive diffusion. These results provide further insight into
the potential therapeutic applications of glycine.

Keywords Brain uptake index - Glycine - Schizophrenia -
NMDA receptor - Blood—CSF barrier - Serine

Introduction

Glycine, a non-essential amino acid, plays a vital role in
inhibitory and excitatory neurotransmission via the strych-
nine-sensitive glycine receptor and the N-methyl-p-aspar-
tate (NMDA) receptor, respectively (Johnson and Ascher
1987; D’Souza et al. 1995). Glycine receptors and NMDA
receptors are located at pre- and post-synaptic terminals,
and their EDsy values for glycine are 90-100 uM and
100-300 nM, respectively (D’Souza et al. 1995).

The level of extracellular glycine in the brain is strictly
regulated by the Na*/Cl -dependent glycine transporters
GlyT1 and GlyT2, which are expressed on glial cells and
neurons, respectively (Betz et al. 2006; Zafra and Gimenez
2008). Extracellular glycine is recycled by reuptake into
neurons (Gomeza et al. 2003), metabolized to carbon
dioxide and ammonia by glycine cleavage enzymes in glial
cells, or converted to L-serine by serine hydroxymethyl-
transferase (SHMT) in glial cells (Verleysdonk et al. 1999;
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dos Santos Fagundes et al. 2001). L-serine is converted to
pyruvate and used as an energy source in the tricarboxylic
acid cycle (Xue et al. 1999a, b).

Large doses of glycine (40-90 g/day) have beneficial
effects on the negative symptoms of schizophrenia in
humans (Tsai et al. 1998, 2004; Heresco-Levy et al. 1999).
We recently reported that glycine ingestion before bedtime
significantly improves subjective sleep quality among
people with insomniac tendencies (Inagawa et al. 2006;
Yamadera et al. 2007). Additionally, orally administered
glycine has been shown to cross the blood-brain barrier
(BBB) and accumulate in the cerebrospinal fluid (CSF) in
rodents and humans (Richter and Wainer 1971; Toth and
Lajtha 1981, 1986). These reports indicate that orally
administered glycine may affect brain function. However,
the evidence is inconclusive, and therefore, the pharma-
cokinetic characteristics and the mechanisms of glycine
uptake in the brain remain unclear. To better understand
the potential therapeutic applications of glycine, especially
in the brain, the pharmacokinetic characteristics of exter-
nally administered glycine were investigated, including its
distribution, its concentration—time curves, and its uptake
by the brain. This study was carried out in three steps. First,
we determined the distribution of administered glycine
using autoradiographic imaging. Then, we measured the
concentrations of glycine and serine in plasma, CSF, and
cortex for 24 h following glycine administration. Finally,
the brain uptake of glycine was calculated following the
administration of radiolabeled glycine.

Methods
Animals

In total, 113 male Wistar rats (2 rats for experiment 1 and
111 rats for experiment 2) and 12 Sprague—-Dawley rats (for
experiment 3) weighing 250 g were purchased from Charles
River Japan, Inc. (Yokohama, Japan). The animals were
housed individually in plastic cages and allowed food and
water ad libitum. The animal room was maintained at
constant temperature (23 £ 3°C) and humidity (55 %+
20%) with a 12-h light—dark cycle (lights were on from
0700 hours to 1900 hours). All experimental procedures
were reviewed and approved by the Animal Care Committee
of Ajinomoto Co., Inc., and every effort was made to min-
imize both the number of animals used and their discomfort.

Experiment 1: in vivo whole-body autoradiography
with '*C-glycine

To examine the tissue distribution of administered glycine,
[2—14C]—glycine (American Radiolabeled Chemicals Inc.,

@ Springer

2.04 GBg/mmol) was dissolved in saline, and a final
concentration of 7.3 MBq/2.4 mL/kg (3.6 pmol/kg) was
injected into the tail veins of rats anesthetized with diethyl
ether. Two rats were killed 6 min after injection while still
under anesthesia, and their entire bodies were frozen in
liquid nitrogen. Most of the injected glycine was neither
metabolized nor eliminated within 6 min. Twenty micron-
thick sagittal cryosections of the whole body were prepared
using a microtome (CRYOMACROCUT, Leica, Nussloch,
Germany) and gently freeze-dried under vacuum conditions
for 1 week. After lyophilization, the cryosections were
exposed to X-ray film for 3 weeks at room temperature, and
the film was developed to visualize the signal from the
radioactive glycine. Whole-body bright-field images and
autoradiograms were obtained by scanning the sections and
X-ray films with an Imagio Neo 601 (Ricoh, Tokyo, Japan).

Experiment 2: amino acid analysis

Rats received 2 g/kg of glycine (Ajinomoto Co. Inc.,
Tokyo, Japan) or water as a vehicle control administered
by gavage after 24 h of fasting. Blood, CSF and cortex
samples were collected 0, 0.0833, 0.25, 0.5, 1, 2, 4, 8, 12,
16 and 24 h after the oral administration of glycine. Each
recorded time point represents data from 4 to 6 rats. Blood
was collected from the abdominal aorta under ether anes-
thesia. EDTA was used as an anticoagulant, and plasma
was obtained from the blood samples by centrifugation.
After blood sampling, a cannula was inserted into the
cisterna magna, and 100 pL of CSF was collected. After
CSF sampling, the whole brain was immediately isolated,
and the cerebral cortex was removed. Blood, CSF and
cortex were collected from each rat within 2 min.

Amino acid concentrations in the CSF, plasma and
cerebral cortex were measured using a previously pub-
lished protocol (Noguchi et al. 2006). Briefly, amino acids
were separated by cation-exchange chromatography and
detected spectrophotometrically after post-column reaction
with a ninhydrin reagent.

Experiment 3: study of in vivo brain uptake
of *H-glycine

In vivo glycine transportation across the BBB was evaluated
after glycine injection into the carotid artery, as reported
previously (Oldendorf 1970; Moriki et al. 2004). [2—3H]—
glycine (37 MBq/mL) was purchased from PerkinElmer
(Waltham, MA, USA), and carboxyl-'*C-inulin (3.7 MBq/
mL) was purchased from American Radiolabeled Chemicals
Inc. (St. Louis, MO, USA). Inulin was used as a reference
because of its high molecular weight and inability to cross
the BBB. The final concentrations of total glycine were
0.67 nmol/kg, 50 nmol/kg, 2.5 pmol/kg and 2.5 mmol/kg,
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and each solution contained 1.5 MBq/kg of radioactive
glycine and 0.25 MBg/kg (0.67 nmol/kg) of radioactive
inulin. Each dose was given to three rats. While the rats were
under ether anesthesia, I mL/kg body weight of the injection
solution was administered into the left carotid artery.
Twenty seconds after the injection, which is enough to cir-
culate glycine to whole body, blood samples were collected
from the abdominal aorta and then the brain was collected.

Whole blood samples were divided into two tubes, i.e., one
was for whole blood analysis and the other was for plasma
analysis. 20 pL of whole blood and 2 mL of tissue solubilizer
(Lumasolve, Lumac LSC, Belgium) were added to a scintil-
lation vial. This solution was incubated at 50°C, and 0.5 mL
of isopropanol and 1 mL of 30% of H,O, were added. Plasma
was obtained from the other blood tube, and 1 mL of tissue
solubilizer was added to each 20 pL plasma sample. The brain
was divided into separate brain regions (the tissue weights for
the cerebral cortex, thalamus, cerebellum, midbrain, and
medulla were 76.3 £ 4.9, 58.1 + 4.9, 50.8 £ 2.2, 64.7 &+
6.7 and 62.5 + 5.3 mg, respectively) and dissolved in 5 mL
of 2 M NaOH. Ten to sixteen milliliters of scintillation fluid
(LUMASAFE, Lumac LSC, Belgium) was added to each
sample to measure radioactivity using a scintillation counter
(2750TR/LL, PACKARD, Meriden, CT, USA).

The uptake amount and brain uptake index (BUI) of
glycine were calculated using the method reported by
Oldendorf (Oldendorf 1970; Moriki et al. 2004), as
described below. Formula 1 describes the concentration of
distributed glycine in blood, and formula 2 describes its
concentration in tissue. The weight of blood containing in
the brain tissue was calculated by formula 3. The uptake
amount of glycine in tissue (mol/g; Uptakegy iissuc) Was
calculated by subtracting the glycine amount in blood from
that in tissue. BUI was calculated using formula 5.

Cily blooa (mol/g)
_ LSCsg_gly,blooa (dpm)
radioactivitysy_g, (Bq/mol) x weighty;ooq(g)

(*Bq = 60dpm)

(1)

CglyAtissue (mol/ g)
_ LSC3H—G1y,tissue(dpm) (2)
radioaCtiVity3H—Gly (Bq/mOI) X Weighttissue (g)
wei ghtblood,tissue (g)
_ LSCisc_tnulin,tissue (dpm) X weightyj,oq(g) (3)
LSCusc_tnulin blood (dpm)
Uptake g isue (MOI/g)
. Cgly,blood (mOI/g) X Weightbloodﬁtissue (g)
= Lgly tissue (mOI/g) - ish
WeIgNtque (g)
(4)

Uptakegly,lissue (mOl/g>
Cgly,blood (mOI/g)

BUI(%) = x 100 (5)

The terms in the above equations are defined as
follows: LSC3y_giy,blood *H radioactivity in blood (dpm);
LSCsuqy tissues H  radioactivity in brain tissue
(dpm); LSC 14 mutinploods 'C radioactivity in blood (dpm);
LSC4c 1nutin tissues 4c radioactivity in brain tissue;
weightpooq, Weight of blood sample; weigtht;g,e, Weight
of brain tissue; weightyjood tissues Weight of blood containing
in the brain tissue; radioactivityspy.gry, radioactivity of
injected *H glycine.

Statistical analysis

The data are presented as mean values == SEM. Changes in
the amino acid levels in plasma and CSF were analyzed
using two-way analysis of variance (ANOVA) followed by
the Holm-Sidak test using SigmaPlot version 11.2 (Systat
Software Inc., Richmond, CA, USA). The pharmacokinetic
parameters of glycine and serine were calculated from the
concentration—time curves plotted for the plasma, CSF and
cortex using non-compartmental analysis with WinNonlin
6.0.0 (Pharsight Corporation, Mountain View, CA, USA).

Results

Experiment 1: in vivo whole-body autoradiography
of "C-glycine

Two rats were used for autoradiography, and both showed
the same distribution of glycine. Figure la shows whole-
body autoradiographs made 6 min after intravenous injec-
tion of '*C-glycine. Localized high autoradiographic den-
sity was observed in both the liver and the pancreas. In the
brain, high density was detected in the fourth ventricle, the
circumventricular zone, the pineal gland and the pituitary
gland (Fig. 1c).

Experiment 2: amino acid analysis

Concentration—time curves were generated for glycine in
plasma and CSF following oral administration (2 g/kg of
glycine). At 0.5 h (Tyax), glycine in plasma reached its
maximum concentration of 5,371 + 507 pmol/L (Cpay),
which is 13-fold higher than the level in vehicle controls
(410 £ 21 pmol/L; Fig. 2a). In CSF, T,,,.x was again 0.5 h,
and Cp,.x Was 52.7 £ 4.4 umol/L, which is sixfold higher
than the level in the vehicle controls (8.8 & 0.7 umol/L;
Fig. 2b). Glycine levels returned to baseline 24 h after its
administration. The glycine levels in the cerebral cortex
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Fig. 1 X-ray images of '*C-glycine in whole-body and brain sections
are presented in a and c, respectively. Bright-field images of the same
sections are shown in b and d. The autoradiograms show a high

were also examined (Fig. 2c). In this region, glycine con-
centrations reached T,,,x at 4 h, and C,,, was 1,376 &+
30 pmol/mg wet tissue, which is twofold higher than that
observed in the vehicle controls (676 + 40 pmol/mg wet
tissue). Two-way ANOVA revealed significant differences
between the glycine and vehicle groups [Fgroup(1,110) =
258.172, P < 0.001 in plasma; Fgroup(1,105) = 143.786,
P < 0.001 in CSF; Fgroup(1,104) = 49.224, P < 0.001 in
the cortex].

A concentration—time curve was also generated for serine.
The T},.x of the serine concentration in plasma was 2 h, and
the Cpax Was 497 £+ 58 pmol/L, which is 1.9-fold higher
than the level in the vehicle controls (267 £+ 4.8 umol/L;
Fig. 3a). In the CSF, T,.x was 8h, and Cp.x was
136.7 £ 0.8 umol/L, which is twofold higher than the level
in the vehicle controls (66.9 £ 3.3 pmol/L; Fig. 3b). Serine
levels returned to baseline 24 h after glycine administration.
In the cerebral cortex, T,,,x was 8 h, and C,,,, was 1,521 +
16 pmol/mg wet tissue, which is 1.5-fold higher than the
level in the vehicle controls (1,052 + 22 pmol/mg of wet
tissue; Fig. 3c). Two-way ANOVA showed significant dif-
ferences between the groups [Fyuoup(1,110) = 182.280,
P < 0.001 in plasma; Foup(1,105) = 178.835, P < 0.001 in
CSF; Fgroup(1,104) = 20.245, P < 0.001 in the cortex].

Table 1 shows the difference between the peak and
baseline concentrations (ACpax), Timax, the difference in the
area under the curve (AAUC), and the pharmacokinetic
distribution parameters (7-lag, T, MRT, VRT, CL,, and
V4ss) Obtained by subtracting the values obtained for the
glycine administration group from those determined for the
vehicle administration group using non-compartmental
analysis. In plasma, the AC,,,x of serine was approximately
1/21 that of glycine, whereas in the CSF and cortex, the
AC,.x values for serine were about 1.75 times and 0.67
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density of '*C-glycine in the liver, pancreas (a, arrowhead), pineal
gland, pituitary gland, subfornical organ, and fourth ventricle
(¢, arrowhead)

times those of glycine, respectively. AAUC exhibited the
same pattern as AC,.. The Tp. of serine occurred later
than that of glycine in plasma, CSF and cortex.

Experiment 3: brain uptake of *H-glycine in vivo

Glycine uptake in the brain varied with respect to the
injected quantity of glycine (Fig. 4). Figure 5 shows the
BUI values of glycine (from this study) and other amino
acids (Pardridge and Oldendorf 1975) at several different
concentrations. As shown in the figure, the BUI of glycine
were stable in the injection concentration range, whereas
those of the other amino acids in the figure were decreased
dose-dependently.

Discussion

Glycine has been recently utilized as an activator of the
NMDA receptor, especially in schizophrenic patients. The
therapeutic administration of glycine to patients has been
explored since the 1990s; however, the distribution of
externally administered glycine and its metabolites in
various organs and body fluids has remained unclear. In the
present study, we followed the fate of administered glycine
in rats to evaluate its pharmacokinetic characteristics,
including distribution, uptake into brain tissues, BUI for
glycine, and the time—concentration curves of both glycine
and its metabolite, serine.

Glycine transport to the brain

Detailed concentration—time curves for orally administered
glycine were obtained (Fig. 2). Glycine concentrations
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Fig. 2 Concentration-time curves of glycine in plasma (a), CSF (b),
and the cerebral cortex (c) following oral administration of vehicle
(empty circles) or 2 g/kg of glycine (filled circles). Each symbol
represents the mean &= SEM (N = 4-6). Asterisks indicate a statis-
tical difference between the vehicle-treated group and the glycine-
treated group at a given time point (P < 0.01)

were found to increase in plasma, CSF and cortex. It has
previously been reported that 0.2 g/kg of intravenous gly-
cine infused over 45 min in humans increases the plasma
glycine concentration to 5,093 £ 823 umol/L, which is
20-fold greater than the baseline concentration. CSF was
collected 135 min after injection, and the glycine level in
the CSF was 21.2 £ 6.989 umol/L, which is fourfold
greater than the baseline concentration (D’Souza et al.

Time after oral administration (hrs)

Fig. 3 Concentration-time curves of serine in plasma (a), CSF (b),
and the cerebral cortex (c) following oral administration of vehicle
(empty circles) or 2 g/kg of glycine (filled circles). Each symbol
represents the mean £ SEM (N = 4-6). Asterisks indicate a statis-
tical difference between the vehicle-treated group and the glycine-
treated group at a given time point (P < 0.01)

2000). Glycine levels increased more rapidly in plasma
than in CSF in both the human infusion study and our
study.

In our experiments, glycine levels increased more slowly
in cortex than in plasma or CSF, potentially indicating the
presence of distinct delivery mechanisms at the blood—CSF
barrier (BCB) and the BBB. T,,x was 4 h in the cortex,
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Table. 1 Pharmacokinetic parameters of glycine and serine in rat plasma, CSF and cortex following oral administration of 2 g/kg of glycine

Glycine Serine

Plasma CSF Cortex Plasma CSF Cortex
ACinax (Lmol/L) 4,960.6 439 700* 230.3 69.8 469*
T-lag (h) 0 0.068 0.15 0 0.19 0.42
Tmax (h) 0.5 0.5 4 2 8 8
AAUC (umol/L h) 33,683 320 5,512% 2,625 714 5,272°
T (h) 7.935 5.933 1.607 6.782 3.700 2.462
MRT (h) 8.808 9.911
VRT (h) 111.645 92.657
CL/F (L/h/kg) 0.7919 0.0100
Vas/F (LK) 6.9703 0.0996

Data are presented as mean values. All pharmacokinetic parameters, including AC,,,x and AAUC, were non-compartmentally analyzed from
concentration—time changes and calculated by subtracting the data for vehicle administration from the data for glycine administration

T-lag lag time, MRT mean residence time, VRT variance of residence time, CL,,,r apparent total body clearance, V,/F apparent volume of

distribution at steady-state

? The units of ACp.x and AAUC in the cortex are pmol/mg wet tissue and pmol/mg wet tissue h, respectively
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Fig. 4 The uptake of glycine in plasma and brain tissue (cortex,
thalamus, cerebellum, midbrain, and medulla) is concentration-
dependent (note the semi-logarithmic scale). Each symbol represents
the mean + SEM (N = 3). The correlation coefficients of all linear
regression lines ranged from 0.998 to 1.000

whereas T,.x was 30 min in both plasma and CSF. These
results suggest that glycine transport occurs much more
quickly across the BCB than across the BBB (Table 1).
Both the BCB and the BBB consist of tight junctions
between epithelial cells in the choroid plexus and endo-
thelial cells (Saunders et al. 1999), and a carrier for glycine
may exist in the choroid plexus (Preston et al. 1989). Thus,
it is possible that glycine is primarily transported into the
CSF from the blood via the BCB and passively diffuses into
the brain parenchyma from the CSF and/or directly crosses
the BBB. Glycine was not detected in brain tissue 6 min
after radiolabeled glycine injection; however, glycine was
detected in the fourth ventricle at this time point (Fig. 1c¢).
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Fig. 5 Brain uptake indices (BUIs) of glycine and other amino acids
as reported by Pardridge and Oldendorf (1975). BUI of glycine was
calculated from the results of experiment 3. Each symbol represents
the mean + SEM (N = 3-6)

Moreover, as shown in Fig. 2, the glycine concentration in
the cortex was not elevated at this time. These results
indicate that a detectable amount of glycine reaches the
CSF, but not the brain tissue, 6 min after injection.
Glycine uptake into the brain increased in a dose-
dependent manner (Fig. 4), maintaining a BUI between 2.6
and 9.0% (Fig. 5). This value is consistent with previous
reports using a dose of 15 nmol/kg (Oldendorf 1971;
Pardridge and Oldendorf 1975). The BUIs of other amino
acids such as phenylalanine, leucine, tyrosine, and methi-
onine, that are transported by specific transporters (Uchino
et al. 2002), have been shown to decrease dose-depen-
dently (Fig. 5; (Pardridge and Oldendorf 1975). If glycine
is transported by a specific transporter, the highest dose
would saturate the transporter at V.., resulting in a lower
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BUI. However, we found a linear relationship between the
injected and detected glycine levels in the injection con-
centration range from 0.67 nmol/kg to 2.5 mmol/kg. Thus,
the BUI data suggest that glycine passively diffuses across
the BBB by means of nonspecific transport at the con-
centrations tested.

Metabolism

Oral administration of glycine elevated serine levels in the
plasma, CSF, and cerebral cortex (Fig. 3). L-Serine and
glycine can be interconverted by SHMT (Verleysdonk
et al. 1999). In this study, the T),,x values for serine in
plasma, CSF and cortex were 2, 8 and 8 h, respectively,
whereas those of glycine were 0.5, 0.5 and 4 h, respec-
tively. Although the concentrations of L-serine and p-serine
were not determined individually by our method, the time
courses indicated an enzymatic reaction biased toward
L-serine production, which might last for several hours
after oral administration of glycine. To assess the conver-
sion rate, pharmacokinetic parameters including AAUC
and T, were calculated (Table 1). The AAUC of glycine
can be used as an index of glycine uptake, and the AAUC
of serine can be used as an index of the conversion of
glycine to L-serine. In plasma, the glycine AAUC was
greater than the serine AAUC, which suggests two possi-
bilities. The first possibility is that plasma glycine was
partially converted to L-serine, and the remainder was taken
up into tissues or metabolized by a system other than
SHMT, such as the glycine cleavage system (GCS). The
other possibility is that this imbalance is due to the elimi-
nation of serine, which occurs faster than that of glycine and
is limited by the rate of serine formation. Consistent with
this hypothesis, the T, of serine and glycine were dis-
similar. By contrast, the difference between the glycine and
serine AAUC values was virtually zero in the cortex, sug-
gesting that most of the glycine was converted to L-serine by
SHMT. Glycine in the brain is thought to be metabolized by
both SHMT and GCS (Petzke et al. 1986; Lamers et al.
2007). Our results suggest that SHMT is dominant in the
cortex. Unlike glycine metabolism by GCS, metabolism by
SHMT does not lead to the production of toxic ammonia
(Bachmann et al. 2004). Moreover, the T, of serine in CSF
was shorter than that of glycine, suggesting that L-serine is
easily metabolized or discharged into plasma.

Putative mechanism for the activity of glycine against
negative symptoms of schizophrenia

The pathology of schizophrenia has been attributed to
NMDA receptor malfunction (Javitt and Zukin 1991; Tsai
and Coyle 2002; Lin et al. 2011; Gilmour et al. 2011).
Continuous administration of a large amount of glycine or

D-serine has been reported to improve negative schizo-
phrenic symptoms (Javitt et al. 1994; Tsai et al. 1998;
Tuominen et al. 2005). The EDs of glycine for the glycine
receptor and the NMDA receptor is 90-100 uM and
100-300 nM, respectively (D’Souza et al. 1995). In this
study, the glycine levels after administration were higher
than the EDsy of NMDA receptors and lower than the EDsy
of glycine receptors. Furthermore, the concentration of
D-serine in the neocortex has been shown to increase fol-
lowing the administration of glycine (Takahashi et al.
1997), suggesting that the elevated glycine concentration in
the CSF may activate neurotransmission via NMDA
receptors. Because the baseline glycine levels in CSF are
higher than the EDsy, of NMDA receptors, NMDA recep-
tors might be activated by endogenous glycine. When the
glycine levels in CSF are higher than baseline, the proba-
bility of glycine binding to NMDA receptors should
increase, resulting in the activation of NMDA receptors.

Improved sleep following glycine ingestion

We recently reported that the ingestion of 3 g of glycine
before bedtime significantly improves subjective sleep
quality among individuals with insomniac tendencies
(Inagawa et al. 2006; Yamadera et al. 2007), suggesting
that a transient elevation in glycine levels in plasma and
CSF can affect the sleep—wake cycle. Oral administration
of glycine increases prefrontal serotonin levels (Bannai
et al. 2011). Systemic injection of the NMDA receptor
antagonist NPC12626 during the light period has been
shown to prevent sleep (Stone et al. 1992), and in the basal
forebrain, perfusion of NMDA via microdialysis probes has
been shown to increase the sleep-associated elevation of
extracellular adenosine in rats (Wigren et al. 2007; Bannai
et al. 2011). Furthermore, intracerebroventricular injections
of quinolinic acid, an endogenous ligand of the NMDA
receptor, increases deep slow-wave sleep (dASWS) in rab-
bits (Milasius et al. 1990). Based on these reports and the
data from this study, we hypothesize that the NMDA
receptor is the primary target of glycine, which mediates
these effects on sleep.

In contrast, previous studies have demonstrated that oral
administration of riluzole, which inhibits the release of
glutamate and antagonizes ionotropic glutamate receptors,
increases slow-wave sleep in rats in a dose-dependent
manner (Stutzmann et al. 1988) and thalamic injection of
DL-2-amino-5-phosphonopentanoic acid (APV), an NMDA
receptor antagonist, increases dSWS and paradoxical sleep
in cats (Juhasz et al. 1990). Moreover, NMDA injection
into the basal forebrain has been shown to increase
wakefulness (Cape and Jones 2000). However, there have
been no reports demonstrating that glycine alone has
insomniac effects. The effect of glycine on sleep remains
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unclear, and the region-specific contributions of glycine to
the sleep-wake cycle through NMDA receptors require
further investigation.

In conclusion, the present study characterized the
pharmacokinetic profile of orally administered glycine
and its potential effects on NMDA receptor activation.
Although the BBB strictly limited amino acid transport into
the brain, glycine was taken up into brain tissue in a dose-
dependent manner by passive diffusion, and long-lasting
elevated glycine concentrations were observed in the
CSF and cortex, suggesting potential effects of externally
administered glycine.
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