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Abstract
5-Aminolevulinic acid (ALA) and carnosine have important physiological and pathophysiological
roles in the CNS. Both are substrates for the proton-coupled oligopeptide transporter PEPT2. The
purpose of the current study was to determine the importance of PEPT2 in the uptake of ALA and
carnosine in rat and mouse (PEPT2+/+ and PEPT2−/−) cultured neonatal astrocytes. Although
neonatal astrocytes are known to express PEPT2, its quantitative importance in the transport of these
compounds is not known. [14C]ALA uptake in neonatal rat astrocytes was inhibited by dipeptides,
an α-amino containing cephalosporin (which is a PEPT2 substrate) but was not affected by a non-
amino containing cephalosporin (which is not a PEPT2 substrate). Uptake was pH sensitive as
expected from a proton-coupled transporter and was saturable (Vmax = 715 ± 29 pmol/mg/min, Km
= 606 ± 14 μM). [3H]Carnosine uptake in neonatal rat astrocytes was inhibited by dipeptides but not
by histidine (a substrate for the peptide/histidine transporters PHT1 and PHT2), and also showed
saturable transport (Vmax 447 ± 23 pmol/mg/min, Km 43± 5.5 μM). Neonatal astrocytes from
PEPT2−/− mice had a 62% reduction in [14C]ALA uptake and a 92% reduction in [3H]carnosine
uptake compared to PEPT2+/+ mice. These results demonstrate that PEPT2 is the primary transporter
responsible for the astrocytic uptake of ALA and carnosine.
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1. Introduction
PEPT2, one of four members of the mammalian proton-coupled oligopeptide transporter family
(i.e., PEPT1, PEPT2, PHT1, PHT2) (Herrera-Ruiz and Knipp, 2003), is an electrogenic,
sodium-independent transporter that translocates di- and tripeptides across biologic
membranes using an inwardly-directed electrochemical gradient for protons. PEPT2 is present
and functionally active in the brain (Berger and Hediger, 1999,Novotny et al., 2000,Ocheltree
et al., 2004,Ocheltree et al., 2004,Shen et al., 2005,Shen et al., 2004,Teuscher et al.,
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2000,Xiang et al., 2006) (e.g. choroid plexus and astrocytes) where a wide range of small
peptides acts as neurotransmitters or neuromodulators (Mains, 1999).

5-Aminolevulinic acid (ALA), an endogenous peptidomimetic PEPT2 substrate (Doring et al.,
1998,Novotny et al., 2000), is a precursor for porphyrins. Orally delivered ALA results in an
accumulation of porphyrins in gliomas as compared to adjacent normal tissue, and the
porphyrins can be detected by fluorescence microscopy during surgery. It is undergoing clinical
trial to demarcate gliomas (Stummer et al., 2003). ALA and its derivatives have been used as
photosensitizers for photodynamic therapy (Fukuda et al., 2005). ALA is also important in
some CNS disease states. An accumulation of the porphyrin precursors, ALA and/or
porphobilinogen, has been suggested as the cause of the neuropsychiatric symptoms that occur
in hereditary hepatic porphyrias (Stummer et al., 1998). Little is known about the transport of
ALA in the CNS. Our earlier studies demonstrated that PEPT2 is the main transporter
responsible for ALA uptake in isolated choroid plexus (Ocheltree et al., 2004), and that PEPT2
is the major transporter for GlySar (a synthetic dipeptide) into cultured neonatal astrocytes
(Xiang et al., 2006). However, although many have shown that PEPT2 is expressed in cultured
neonatal astrocytes (Dieck et al., 1999,Dringen et al., 1998,Wada et al., 2005), the quantitative
importance of PEPT2 in astrocytic ALA transport is unknown.

Carnosine (β-alanyl-L-histidine) is present in muscle and the CNS. Many putative roles have
been assigned to this dipeptide. In this regard, it may act as a neuroprotective agent scavenging
free radicals and inhibiting protein glycosylation by reactive aldehydes (Boldyrev et al.,
1997,Hipkiss, 1998,Stvolinsky et al., 1999). Carnosine may also reduce the toxicity of β-
amyloid, the primary neurotoxin in Alzheimer’s disease and prevent β-amyloid aggregation
(Hipkiss, 1998,Preston et al., 1998). Moreover, it may protect against metal-induced cell
toxicity (Horning et al., 2000). Finally, carnosine may serve as a neurotransmitter in the
olfactory bulb area where it is present in high concentrations (Marchis et al., 2000,Margolis,
1974). Previous studies indicate that PEPT2 is the sole transporter for the uptake of carnosine
in choroid plexus (Teuscher et al., 2004). Cultured astrocytes take up carnosine (Hoffmann et
al., 1996). However, as with ALA, the quantitative importance of PEPT2 in that uptake is
undefined.

Given the significance of ALA and carnosine in CNS physiology and disease, the objective of
this study was to determine the importance of PEPT2 in the uptake of ALA and carnosine in
cultured neonatal astrocytes. The studies employed both rat and mouse astrocytes. The latter
allowed comparison between cells with (PEPT2+/+) or without (PEPT2−/−) the transport
protein.

2. Results
2.1. [14C]ALA Uptake

The uptake of [14C]ALA in rat neonatal astrocytes in the presence or absence of inhibitors is
shown in Fig. 1. Uptake was inhibited at 4°C and by dipeptides (GlyGly, GlySar and carnosine)
and the α-amino containing cephalosporin, cefadroxil, but not by cephalothin, a cephalosporin
without an α-amino group. In addition, pH sensitivity studies demonstrated a marked impact.
In this regard, [14C]ALA uptake was 95% and 24% higher at pH 6.5 and pH 7.0, respectively,
compared to pH 7.4, as expected for a proton coupled-transporter. The concentration-
dependent uptake of [14C]ALA (10 to 1000 μM) demonstrated saturable transport with a
Vmax of 714 ± 28 pmol/mg protein/min, a Km of 606 ± 14 μM and a nonsaturable Kd of 0.028
± 0.001 μl/mg protein/min (Fig. 2).
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Experiments on PEPT2 null mice showed an approximate 62% reduction in [14C]ALA uptake
as compared to PEPT2+/+ mice (Fig. 3A). This difference was absent when studies were
performed in the presence of a saturating concentration of ALA (10 mM).

2.2. [3H]Carnosine Uptake
In rat neonatal astrocytes, the Kin for [3H]carnosine was much higher than [14C]ALA (7.78 ±
0.68 vs. 0.82 ± 0.16 μl/mg/min, respectively). The uptake of [3H]carnosine was greatly reduced
by 1 mM GlySar (93%) and 1 mM unlabeled carnosine (92%) but not by 1 mM histidine, a
substrate of PHT1 and PHT2 (Fig. 4). The uptake kinetics of carnosine were evaluated over
the concentration range of 2 to 100 μM. As shown in Fig. 5, there was saturable transport uptake
with a Vmax of 447 ± 23 pmol/mg protein/min, a Km of 43±5.5 μM.

Astrocytes from PEPT2−/− mice showed a marked reduction in [3H]carnosine uptake (96%)
compared to PEPT2+/+ mice (Fig. 3B). Similar to the results with ALA, this difference was
absent when studies were performed in the presence of saturating concentrations of carnosine
(1 mM).

3. Discussion
PEPT2 transports a wide range of di- and tripeptides and peptidomimetics (Daniel and Herget,
1997,Herrera-Ruiz and Knipp, 2003,Shen et al., 2003,Shu et al., 2002,Teuscher et al.,
2001,Teuscher et al., 2000). Mammals express at least four members of the proton-coupled
oligopeptide transporter family (i.e., PEPT1, PEPT2, PHT1, PHT2) and their overlapping
substrate specificity makes it difficult to define the role of PEPT2 in transport in a particular
cell type. The current study examined the role of PEPT2 in the transport of carnosine and ALA,
an endogenous peptide and peptidomimetic, respectively. While others have shown that PEPT2
is present in cultured neonatal astrocytes, the current study used both pharmacological and
genetic (knockout) approaches to demonstrate that PEPT2 is the predominant (and perhaps
only) transporter for both of these compounds in cultured astrocytes.

There is evidence at both the mRNA and protein level that PEPT2 is present in neonatal
astrocytes (Berger and Hediger, 1999,Shen et al., 2004,Xiang et al., 2006). Data from this study
in rat neonatal astrocytes indicated that the uptake of the endogenous peptidomimetic ALA (at
4 μM) was: (a) inhibited ~65–80% by dipeptides, (b) inhibited by an α-amino containing
cephalosporin, cefadroxil, but not by cephalothin, a cephalosporin without an α-amino group,
and (c) pH dependent. All of these properties are consistent with PEPT2-mediated transport
(Novotny et al., 2000,Ocheltree et al., 2004,Teuscher et al., 2004,Xiang et al., 2006). The
Km for ALA uptake was about 600 μM. This is somewhat higher than the 260 μM Km we have
measured for ALA in rat choroid plexus tissue (Novotny et al., 2000). Both numbers suggest
that ALA has a lower affinity for PEPT2 than dipeptides such as GlySar and carnosine(Smith
et al., 2004).

Astrocytes from PEPT2 knockout mice were also used to better quantify the role of this
transporter in ALA transport. [14C]ALA uptake was markedly reduced in PEPT2−/− mouse
astrocytes as compared to cells from PEPT2+/+ mice (~62% reduction). However, the
difference in uptake between wild type and KO mouse astrocytes dissappeared in the presence
of saturating concentrations of ALA (10 mM). In PEPT2−/− mouse astrocytes, there was a
tendency for [14C]ALA uptake to be reduced with addition of 10 mM ALA, suggesting that
their might be a second saturable transporter in addition to PEPT2. However, the reduction did
not reach statistical significance and the magnitude of this change was small (~15% of wild
type total uptake at 4 μM ALA). The [14C]ALA uptake that was not saturated by 10 mM ALA
was about 0.08 μl/mg protein/min in both PEPT2 null and wild type astrocytes. This represented
~24% of the total uptake of 4 μM ALA in wild type astrocytes.
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Carnosine, an endogenous dipeptide, is present in brain and other tissues. Previous findings
(Teuscher et al., 2004) showed that PEPT2 accounts for over 90% of carnosine uptake in
choroid plexus. The data from this study with neonatal astrocytes had very similar findings.
The carnosine uptake was virtually eliminated in PEPT2−/− mice compared to that in
PEPT2+/+ mice (a 96% reduction in uptake). The kinetic study demonstrated that carnosine
uptake in rat astrocytes was via a high affinity transporter (Km ~ 40 μM) which is consistent
with PEPT2. The inhibitor study in rat astrocytes was also consistent with carnosine uptake
being by PEPT2 but not by PHT1 or PHT2. Thus, although both PHT1 and PHT2 have both
been identified in brain and astrocytes (Sakata et al., 2001,Wada et al., 2005,Yamashita et al.,
1997), carnosine uptake was not affected by L-histidine, a PHT1 and PHT2 substrate (Sakata
et al., 2001,Yamashita et al., 1997), but was inhibited by the dipeptide GlySar.

These results suggest that astrocytic PEPT2 (at least early in development) has a prominent
role in the clearance of endogenous small peptides and peptidomimetics from the brain
extracellular fluid and potentially in regulating the activity of neuroactive peptides in that space.
In addition to endogenous peptides/peptidomimetics, PEPT2 has been shown to transport a
number of pharmacological agents including β-lactam antibiotics (e.g., α-amino containing
penicillins and cephalosprins), angiotensin converting enzyme inhibitors and nucleoside
analog prodrugs (Rubio-Aliaga and Daniel, 2002). Thus, astrocytic PEPT2 may also influence
drug distribution within the brain. This may be important in the treatment of meningitis where
non-α-amino containing cephalosprins (which are not PEPT2 substrates) would not be cleared
from the extracellular space by PEPT2, but α-amino containing cephalosprins (which are
PEPT2 substrates) would be cleared.

The effect of PEPT2 on the transport of the porphyrin/heme precursor, ALA, suggests that this
transporter may have a role in regulating porphyrin and heme synthesis. Knowledge of the
mechanisms by which ALA is taken up into cells within the CNS may be important in
understanding the potential role of ALA in porphyrias. In addition, such knowledge may be
helpful in understanding and improving photodynamic therapy or delineating tumors with this
agent. The expression of PEPT2 in astrocytes appears to decrease with age (Shen et al.,
2004), raising the question of whether the ability of ALA to delineate gliomas (Stummer et al.,
2003,Stummer et al., 1998) also varies with age. ALA ester derivatives have also been used in
tumor treatment (Fukuda et al., 2005). Whether these are PEPT2 substrates has yet to be
investigated.

It should be noted that ALA uptake was only reduced about 62% in PEPT2 KO astrocytes in
contrast to an approximate 92% reduction in carnosine uptake. The reason for this difference
appears to be that under non-saturating conditions, the uptake of ALA in wild-type astrocytes
is 10–15 fold less than that for carnosine (this was true for mouse and rat astrocytes). Thus,
although the amount of non-saturable (apparently non-transporter mediated) uptake was
similar for both compounds, this represents a much larger proportion of total uptake for ALA.
Thus, we also found that saturating concentrations of ALA only reduced [14C]ALA uptake by
~70%, whereas there was close to a 95% reduction in [3H]carnosine uptake in the presence of
1 mM carnosine.

As with all in vitro studies, care should be taken extrapolating the current results to in vivo
situation. Culture may affect transporter expression. In addition, with PEPT2, there are
apparent developmental changes in expression (Shen et al., 2004). Thus, in vivo experiments
are required to confirm the importance of astrocytic PEPT2 in the distribution of neuropeptides
and peptidomimetics in the brain.

In conclusion, this study has characterized the functional significance of PEPT2 in the transport
of ALA and carnosine in neonatal astrocytes. The results suggest an important role for PEPT2
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in CNS neuropeptide homeostasis and in the distribution of small peptide/peptidomimetic
therapeutics within the brain.

4. Experimental Procedures
Late gestation Sprague-Dawley rats were purchased from Charles River Laboratories (Portage,
MI) and PEPT2-knockout mice were generated on a C57BL/6 mouse background and
genotyped by PCR, as described by Shen et al. (Shen et al., 2003). [3H]Carnosine (9 Ci/mmol)
was purchased from Moravek Biochemicals (Brea, CA,), [14C]mannitol (53 mCi/mmol) was
from American Radiolabeled Chemicals (St Louis, MO) and [14C]ALA (51.5 mCi/mmol) from
New England Nuclear Life Science Products (Boston, MA). ALA, carnosine, glycylglycine
(GlyGly), glycylsarcosine (GlySar), cefadroxil, cephalothin and histidine were purchased from
Sigma (St Louis, MO). All other reagents for cell culture were purchased from Invitrogen
Corporation (Grand Island, NY).

Neonatal astrocyte cultures were prepared from 1–2 day old mice and rats according to the
method of Hertz et al. (Hertz et al., 1982) with slight modifications (Stamatovic et al.,
2005,Xiang et al., 2006). Mice were either PEPT2−/− (null) or PEPT2+/+ (wild type). Brain
tissue was mechanically dissociated in Ca2+/Mg2+-free Hanks balanced salt solution (HBSS)
and then digested with 0.25% Trypsin-EDTA and 10 U/μl DNAse I at 37°C for 20 min. Trypsin
digestion was stopped by adding DMEM containing 10% fetal bovine serum (FBS), followed
by low speed centrifugation to remove debris. To obtain single cell suspensions, the brain tissue
was triturated with a solution of Ca2+/Mg2+-free HBSS supplemented with 10 U/μl DNAse I
and 3.8% (w/w) MgSO4. Cells were then washed twice in HBSS, resuspended in complete
astrocyte media (DMEM, 10% inactivated fetal bovine serum, 1x glutamine, 1x antibiotic/
antimycotic) and seeded on 12 well plates. Monolayers were grown under an atmosphere of
5% CO2/95% air at 37°C. Two weeks af ter initial plating, the cells were shaken at 220 rpm
for 2 h at 4°C. After this time, the supernatant, containing mainly microglia, was removed. The
remaining cells were cultured for 2 days and then used for uptake experiments.

[14C]ALA and [3H]carnosine uptake was measured in neonatal mouse and rat astrocyte
cultures. Experiments were performed in triplicate on each individual preparation. Preliminary
experiments showed that [14C]ALA uptake was linear over 240 min. All the experiments with
[14C]ALA employed an uptake time of 60 min with the exception of pH experiments, where
there was concern over pH equilibration. For those experiments, 10-min uptake times were
used. [3H]Carnosine uptake was linear over 60 min and 10-min uptake times were used in these
studies. At the start of the experiment, cells were normally transferred to artificial CSF
containing (in mM) 127 NaCl, 20 NaHCO3, 2.4 KCl, 0.5 KH2PO4, 1.1 CaCl2, 0.85 MgCl2,
0.5 Na2SO4 and 5.0 glucose (pH 7.4), bubbled with 5% CO2 and 95% O2. After 30 sec at 37°
C, the buffer was removed and fresh uptake buffer containing [14C]ALA and [3H]mannitol
(0.2 μCi/ml of each) or [3H]carnosine and [14C]mannitol (0.2 and 0.1 μCi/ml, respectively)
were added to initiate uptake. Transport was measured at 37°C. At the end of the experiment,
the medium was aspirated and the cells rapidly washed four times with ice-cold uptake buffer.
The cells were solubilized in methylbenzethonium hydroxide and counted in a liquid
scintillation counter. The protein content of the solublized cell monolayers was determined
using a protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA). The volume of
distribution (VD) for [14C]ALA (corrected for extracellular contamination) was determined as:

VD =
ALAtiss − (Manntiss × R)

ALAmedia

where ALAtiss and Manntiss are the dpm per mg protein for [14C]ALA and [3H]mannitol, R is
the ratio of [14C] ALA to [3H]mannitol radioactivity in the media, and ALAmedia is the dpm
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per μl of media. Dividing VD (μl/mg) by the duration of uptake equals the influx rate constant
(Kin). The same formula was used to calculate the VD and Kin for carnosine uptake.

For kinetic studies, the concentration-dependent uptake of ALA and carnosine was best fit to
a Michaelis-Menten relationship with a nonsaturable component:

V =
Vmax × C

Km + C + Kd × C

Where Vmax is the maximal rate of saturable uptake, Km is the Michaelis constant, Kd is the
rate constant for nonsaturable processes and C is the substrate concentration.

All data are reported as the mean ± standard error of the mean (S.E.). Statistical differences
were evaluated by analysis of variance (ANOVA) with Scheffe’s or Dunnett’s post-hoc tests
for multiple groups.
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peptide transporter 2

ALA  
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PHT1  
peptide, histine transporter 1

PHT2  
peptide, histine transporter 2

GlySar  
glycylsarcosine
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Figure 1.
Influx rate constant (Kin) for [14C]ALA uptake into rat neonatal astrocytes (4 μM ALA in the
external media) in the presence of different potential inhibitors (1 mM). All data are expressed
as mean ± S.E. (n=3 preparations, each performed in triplicate); *** p<0.001, as compared to
control.
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Figure 2.
Concentration-dependent uptake of [14C]ALA in rat neonatal astrocytes in the presence of 10–
1000 μM ALA. The uptake was fitted by nonlinear regression in which Vmax = 714 pmol/mg
protein/min, Km = 606 μM and Kd = 0.028 μl/mg protein/min (r2=0.999).
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Figure 3.
Influx rate constants (Kin) for [14C]ALA (A) and [3H]carnosine (B) uptake into neonatal
astrocytes from wild-type (WT) or PEPT2 knock-out (KO) mice. Values are given as mean ±
S.E. (n=3–6 preparations, with each performed in triplicate). ** p<0.01, as compared to WT
control.
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Figure 4.
Effect of different potential inhibitors (at 1 mM) on the influx rate constant (Kin) for [3H]
carnosine uptake into rat neonatal astrocytes. Carnosine was present at 0.02 μM. All data are
expressed as mean ± S.E. (n=3 preparations, each performed in triplicate); *** p<0.001, as
compared to control.
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Figure 5.
Concentration-dependent uptake of [3H]carnosine into rat neonatal astrocytes in the presence
of 2–100 μM carnosine. The uptake was fitted by nonlinear regression in which Vmax = 447
pmol/mg protein/min and Km = 43 μM (r2=0.999).
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