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Abstract: This study examined the tissue distribution, cellular localization, and developmental
expression of the PEPT2 protein in rat brain. Immunoblot and immunocytochemistry analyses
were performed with specific rat PEPT1 and PEPT2 antisera developed in our laboratory. Rats
were examined from fetus (gestation for 17 days) to adult (day 75). On immunoblot analysis,
the PEPT2 protein was detected in cerebral cortex, olfactory bulb, basal ganglia, cerebellum,
and hindbrain sections of adult brain, with the strongest signals in cerebral cortex. No PEPT1
protein was found in brain. Expression levels of the PEPT2 protein in cerebral cortex were
maximal in the fetus and declined rapidly with advancing age. Adult protein levels were
approximately 14% of that observed in fetus. In immunofluorescence experiments, the strongest
PEPT2 signals were observed in epithelial cells of the choroid plexus for both adult and neonate
brains. The PEPT2 protein was exclusively expressed on the apical membrane (CSF-facing) of
choroid plexus epithelia. In double labeling experiments, PEPT2 immunoreactivity in adult brain
colocalized with NeuN, a neuronal marker, but not with GFAP, an astrocyte marker. In contrast,
in neonatal brain, PEPT2 immunoreactivity colocalized with both GFAP and NeuN. These findings
demonstrate that the PEPT2 protein is found throughout the brain. The apical expression of
PEPT2 in choroid plexus suggests that it is involved in the export of neuropeptides, peptide
fragments, and peptide-like drugs from cerebrospinal fluid. PEPT2 may also play a role in the
regulation of neuropeptide concentrations in extracellular fluid, especially during early develop-
ment.
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Introduction more than 100 biologically active peptides have been
Although the number of amino acids and amines that act identified in the central nervous systénThe amino acid

as neurotransmitters within the brain is fewer than a ddzen, and amine neurotransmitters are fast-acting molecules that

are rapidly inactivated via presynaptic reuptake mechanisms,

* To whom correspondence should be addressed: 4302A UpjohnWhile in contrast, neuropeptides appear to be long-acting
Center, 1310 E. Catherine St., The University of Michigan, Neuromodulating substances since reuptake systems for
Ann Arbor, MI 48109-0504. Phone: (734) 647-1431. Fax: Ppeptides are generally lacking. Instead, diffusion and enzy-

(734) 763-3438. E-mail: smithb@umich.edu. matic degradation are pathways for the termination of

T Department of Pharmaceutical Sciences, The University of neuropeptide activity. Degradative enzymes are found ubig-
Michigan.

* Departments of Neurosurgery and Physiology, The University (1) Pardridge, W. MPeptide Drug Deliery to the Brain Raven
of Michigan. Press: New York, 1991; pp-122.

§ Departments of Internal Medicine and Physiology, The Univer- (2) Konkoy, C. S.; Davis, T. P. Ectoenzymes as sites of peptide
sity of Michigan. regulation.Trends Pharmacol. ScilLl996 17, 288—294.

248 MOLECULAR PHARMACEUTICS VOL. 1, NO. 4, 248—256 10.1021/mp049944b CCC: $27.50 © 2004 American Chemical Society

Published on Web 06/11/2004



PEPT2 Immunolocalization in Deloping Rat Brain articles

uitously in brain and include serine proteases, thiol (cysteine) epithelia of intestine and, to a lesser extent, in kidHes
proteases, acid (aspartic acid) proteases, and metalloproThe high-affinity peptide transporter, PEPT2, is the pre-
teases. Moreover, it has been suggested that the ectoenzymaominant POT in kidney? 22 Together, PEPT1 and PEPT2
mediated metabolism of heuropeptides may be an importantfunction in the assimilation of dietary protein digestion
regulatory site of peptide-mediated activity. products and the reclamation of peptide-bound amino
Peptide biotransformation can have multiple consequenceshitrogen from the glomerular filtrate, respectively.
since the metabolic fragments may retain, lose, or exhibit PEPT2, however, has a wider tissue distribution than
partial activity at the receptor as compared to the parent PEPT1, and transcripts are found in other tissues, including
compound. However, the events following proteolysis are lung, mammary gland, and brait24 In particular, PEPT2
unclear. For example, while peptide fragments may be carriedmMRNA and protein are highly expressed in the choroid
away from the synaptic cleft by diffusion, it is also possible plexuses of braif*® In brain parenchyma, the PEPT2
that peptide breakdown products are recycled via uptakeprotein has been reported in crude synaptosomes prepared
mechanisms into neurons and/or glial cells. Functional studiesfrom adult rat cerebral cortex and cerebelltiand dipeptide
using dipeptide probes have suggested that peptide transportiptake has been observed in these preparatibbikewise,
ers may be responsible for this uptake mecharfisiAt PEPT2 mRNA and PEPT2-like function were noted in
present, four mammalian proton-coupled oligopeptide trans-
porters (POTSs) have been cloned from several species suclf13) Sakata, K.; Yamashita, T.; Maeda, M.; Moriyama, Y.; Shimada,
as rabbif?® rat1%-13 humant45 and mousé®'” The low- S. Cloning of a lymphatic peptide/histidine transpor&nochem.

affinity peptide transporter, PEPT1, is found primarily in the J. 2001, 356, 53-60.
(14) Liang, R.; Fei, Y.-J.; Prasad, P. D.; Ramamoorthy, S.; Han, H.;
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neonatal astroglia-rich primary culturés.Nevertheless,  Animals were routinely weaned at 21 days to a standard
Berger et af* found PEPT2 mRNA in astrocytes but not laboratory diet (Rodent Diet 5001, PMI Nutrition Interna-
neurons of adult rats, while Dieck et%dlid not find PEPT2 tional, St. Louis, MO). Rats were sacrificed at day 17 of
mRNA in embryonic neuronal cultures. Because of this gestation, and at-12, 21, and 75 days (adult) following birth.
controversy, further work is required to identify the localiza- For each developmental age, cerebral cortex samples were
tion of the PEPT2 protein in different brain regions and cell pooled from at least four pups (both genders). Data points
types, and to determine whether there are age-relatedrepresent the meah standard error of seven independently
differences in protein expression. generated preparations.

Two newer POT members, PHPhand PHTZ2have been All studies were carried out in accordance with the Guide
cloned from brain, and are capable of transporting the aminofor the Care and Use of Laboratory Animals as adopted and
acid histidine as well as di- and tripeptides. However, the promulgated by the U.S. National Institutes of Health (NIH
peptide/histidine transporters are not viewed as possiblePublication 85-23, revised in 1985).
candidates for the removal of peptide fragments from the  Antisera. Antisera to rat PepT1 and PepT2 were generated
extracellular space surrounding neurons and/or glial cells. against fusion proteins containing glutathiokransferase
This contention is supported by functional studies in choroid and rat kidney PEPT1 amino acid residues-39@1 or rat
plexus?> 28 synaptosomed] and astroglia-rich primary  kidney PEPT2 amino acid residues 40420 These
cultures that have consistently failed to exhibit inhibition antisera have been shown to react specifically with the
of dipeptide uptake by excesshistidine, or inhibition of  appropriate oligopeptide transporter polypeptides and not to
L-histidine uptake by excess dipeptite. cross-react in either immunoblot analysis or immunohis-

In this study, we have examined the tissue distribution, tochemical experimens. The mouse antineuronal nuclei
cellular localization, and developmental expression of PEPT2 (NeuN) monoclonal antibody and the mouse antiglial fibril-
protein in rat brain. The results are unique in demonstrating, lary acidic protein (GFAP) monoclonal antibody were
for the first time, age-related differences in the expression obtained from Chemicon International (Temecula, CA).
of this peptide transporter in cerebral cortex. In particular,  |mmunoblot Analysis. Tissues from different brain
definitive evidence is prOVided for the expTESSion of the regions of adult male rats were prepared as previous|y
PEPT2 protein in neurons (adult and neonate) and astrocytegjescribed® Samples from three or four animals were pooled,

(neonate but not adult). weighed, and transferred into ice-cold RIPA lysis buffer [50
' _ mM Tris-HCI, 150 mM NacCl, 1% Nonidet P-40, 0.5%
Experimental Section sodium deoxycholate, and 0.1% SDS (pH 7.5)]. Renal brush

Animals. Sprague-Dawley rats (Charles River Laborato- border membrane vesicles (BBMV) were prepared using a
ries, Portage, MI) were kept in cages with a 12 h light method described previous3Lysates were then separated
dark cycle and givead libitumaccess to chow and tap water. on SDS-PAGE gels as previously describ&dblotted to
For immunoblotting experiments, the rats were given a lethal stabilized nitrocellulose membranes, blocked with TBS-
dose of pentobarbital and decapitated. Brains were quickly Tween 20 and 5% milk (TBS-T 5% milk) for 1 h, and then
isolated and placed in ice-cold homogenization buffer. For placed in TBS-T 5% milk overnight at 4C with either the
immunofluorescence experiments, rats were anesthetized wittPEPT1 (at a dilution of 1:1000) or PEPT2 (1:1000) antise-
methoxyfluorane and perfused intracardially with 0.1 M rum. After three 10 min washes in TBS-T, the appropriate
phosphate-buffered saline (PBS, pH 7.4), followed by horseradish peroxidase-linked secondary antibody was then
Carnoy'’s fixative. The brains were immediately removed added in TBS-T 5% milk and the mixture incubated at room
from the cranium and immersion-fixed overnight at@in temperature for 1 h. Membranes were then washed three
the same fixative, and the brains were dehydrated andtimes (10 min each) in TBS-T. Immunoreactive proteins were
embedded in paraffin blocks. Sections (@ thick) were visualized by enhanced chemiluminescence (Roche Diag-
cut and placed on Superfrost Plus glass slides. nostics Corp., Indianapolis, IN). For specificity controls, anti-

Pregnant Sprague-Dawley rats were delivered to The PEPT2 sera were preabsorbed with the respective immuno-
University of Michigan Animal Care Facility at day 16 of  genic fusion protein (0.9 mg/mL) fd. h (at room temperature)
gestation. Litters were born after gestation for 22 days and before the immunoblotting procedure.
were kept with their mothers until they were 21 days old.

(29) Klarr, S. A.; Ulanski, L. J., Il; Stummer, W.; Xiang, J.; Betz, A.

(26) Novotny, A.; Xiang, J.; Stummer, W.; Teuscher, N. S.; Smith, L.; Keep, R. F. The effects of hypo- and hyperkalemia on choroid
D. E.; Keep, R. F. Mechanisms of 5-aminolevulinic acid uptake plexus potassium transpoBrain Res.1997, 758 39—44.
at the choroid plexus]. Neurochem200Q 75, 321—-328. (30) Akarawut, W.; Lin, C.-J.; Smith, D. E. Noncompetitive inhibition
(27) Teuscher, N. S.; Novotny, A.; Keep, R. F.; Smith, D. E. Functional of glycylsarcosine transport by quinapril in rabbit renal brush
evidence for presence of PEPT2 in rat choroid plexus: Studies border membrane vesicles: Effect on high-affinity peptide
with glycylsarcosineJ. Pharmacol. Exp. TheR00Q 294, 494— transporterJ. Pharmacol. Exp. Therl998 287, 684—690.
499. (31) Lin, C.-J.; Akarawut, W.; Smith, D. E. Competitive inhibition of
(28) Teuscher, N. S.; Keep, R. F.; Smith, D. E. PEPT2-mediated uptake glycylsarcosine transport by enalapril in rabbit renal brush border
of neuropeptides in rat choroid plexuBharm. Res2001, 18, membrane vesicles: Interaction of ACE inhibitors with high-
807-813. affinity H*/peptide symportePharm. Res1999 16, 609-615.
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Immunocytochemistry. Indirect immunofluorescence stain-
ing was performed as previously descrilsdyith minor
modifications. Tissue sections from male rats were rehydrated
in PBS for 5 min, heated at 100 for 5 min in 0.01 M
citrate buffer (pH 6.0), and then blocked for 90 min in 10%
normal goat serum and 0.1% Triton X-100 (TX100) in TBS.
Subsequently, the sections were incubated overnight@t 4
with rabbit anti-PEPT2 serum (1:150 in blocking buffer).
After three washes in PBS and 0.1% TX100, the sections
were incubated for 90 min (at room temperature) with a 1:100
dilution of goat anti-rabbit IgG conjugated to FITC (Vector
Laboratories, Burlingame, CA), washed twice for 10 min in
PBS and 0.1% TX100, washed once for 10 min in TBS
alone, and then mounted in an aqueous medium (VectashieldFigure 1. Immunoblot analyses of PEPT2 in membranes
Vector Laboratories). Fluorescence labeling was assessegrepared from different regions of adult rat brain. Rat kidney
microscopically, and photomicrographs were digitally ac- brush border membrane vesicles (BBMV) were used as a
quired and stored using a SPOT camera and RT softwarepositive control.

(Diagnostic Instruments, Inc., Sterling Heights, MI).

Some sections were stained simultaneously with @ mono-ocalized to the apical membrane of choroid plexus epithelial
clonal antibody (diluted 1:500) directed against the astrocytic cg|is, |n contrast, PEPT2-positive cells with endothelial or
marker, GFAP, or with a monoclonal antibody (diluted astrocytic morphology were absent. This distinction between
1:800) directed against the neuron specific nuclear protein, pEpT2 transporter expression in neurons and its absence in
NeuN. Binding of these mouse monoclonal antibodies was astrocytes was confirmed by double staining experiments.
detected with a secondary antibody (diluted 1:400) conju- goth PEPT2 (Figure 3A) and NeuN (Figure 3B), a marker
gated to Cy3 (goat anti-mouse IgG, Chemicon). for neuronal nuclei, were readily detected in cerebral cortical

The following controls were used to assess the specificity gactions. When immunolocalization for both PEPT2 and
of the immunostaining: (1) omission of the primary antibody, NeuN was performed on the same sections in cerebral cortex,
(2) blocking competition of the primary antiserum by an overlapping signal was observed (Figure 3C), confirming
preincubation with the fusion protein that had been used asthe neuronal expression of PEPT2. In contrast, experiments
an immunogen for the generation of the antiserum, and (3) with an antiserum for GFAP, a marker for astrocytes, showed
use of the preimmune serum from the same animal from that PEPT2 and GFAP were expressed in different cells
which the primary antibody was obtaingdFurther, itis (Figure 4). Thus, it appears that in adult rat brain, the PEPT2
unlikely that PHT1 or PHT2 is being detected in our protein is expressed in neurons but not in astrocytes. As
experiments given their low level of homology with the 187 pefore, immunolocalization studies did not detect the pres-
amino acids of the PEPT2 immunizing fusion protein (i.e., ence of PEPT1.

Kidney BEMY 10 nug
Cerebellum 100 pg
Basal Ganglia 100 pg
Hindbrain 100 pg
Cerebral Cortex 100 pg
Cerebral Cortex 100 pg
Olfactory Bulb 100 pg

= 93 kDa
. S —— o m— p— o—

4.4 or 5.1%, respectively). Since there is evidence that PEPT2 is present in astrocytic
cultures from neonatal rat, the developmental expression of
Results PEPT2 was further examined by immunoblot and immuno-

Immunoblot analyses were performed on tissue samplescytochemistry analyses. As shown in panels A and B of
from different regions of adult brain using antisera against Figure 5, expression levels of the PEPT2 protein were highest
a fusion protein containing 187 amino acids of the PEPT2 in fetal cerebral cortex and then decreased in a monotonic
large extracellular loop. The PEPT2 protein was also fashion. By day 75 (adult rat), protein levels were only 14%
extracted from renal brush border membrane vesicles (BBMV) of the maximal expression level observed in embryonic day
for use as a positive control. As shown in Figure 1, PEPT2 17 animals. Detection of the 85 kDa PEPT2 band (as shown
was expressed widely throughout the brain, including regionsin rat kidney BBMV, and cerebral cortex from fetal and
such as the cerebral cortex, olfactory bulb, basal ganglia,neonatal rats) was eliminated by preincubation of the
cerebellum, and hindbrain. However, the strongest signalsantiserum with the PEPT2 immunizing fusion protein, but
were found in the cerebral cortex. In contrast, there was nonot by preincubation of the antiserum with a nonspecific
detection of any band in brain tissues by the PEPTL1 antigen (Figure 5C). Thus, the specificity of the antiserum
antiserum which did, however, detect a specific 90 kDa band was confirmed for brain tissue as it had been previously
in kidney lysates (results not shown), as previously repéfted. confirmed for detection of PEPT2 in kidnéySimilar results

To characterize the cellular expression of PEPT2 in adult were observed in the other immunoblot and immunolocal-
brain, sections of cerebral cortex were examined further for ization experiments.

PEPT2 staining. Strong signals were observed in cerebral The cellular expression of PEPT2 in neonatal brain is
cortex (Figure 2A), by cells that appear by location and displayed in Figure 6. Strong signals were observed in
morphology to be neurons, as well as in the choroid plexus cerebral cortex (Figure 6A), as well as in the choroid plexus
and ependymal cells (Figure 2B,C). PEPT2 was specifically and some ependymal cells (Figure 6B,C). Further, PEPT2
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Figure 2. Immunolocalization of PEPT2 expression in the cerebral cortex of adult rat (A). Morphologically, PEPT2 appears to
be expressed in neurons of the cerebral cortex (note the axonal profiles). PEPT2 was also present on the apical membrane of
choroid plexus epithelial cells and in some ependymal cells (B and C). P denotes the pial surface, CSF the cerebrospinal fluid
space, EP the ependyma, LVCP the lateral ventricle choroid plexus, and AP the apical membrane of LVCP. The scale bar is
equivalent to 112 (A), 142 (B), and 35 um (C).

Figure 3. Immunolocalization of PEPT2 expression in cerebral cortical neurons of adult rat by double labeling experiments.
PEPT?2 is observed in panel A (green signal) and NeuN in panel B (red signal), and the colocalized proteins are observed in
panel C (yellow-orange signal). The scale bar is equivalent to 16 um (C).

Figure 4. Immunolocalization of PEPT2 expression in cerebral cortex by double labeling experiments indicates that PEPT2 is
not expressed in astrocytes of adult rat. PEPT2 is observed in panel A (green signal) and GFAP in panel B (red signal). These
two proteins did not colocalize (C). The scale bar is equivalent to 16 um (C).

is directed to the apical membrane of choroid plexus cytic (Figures 7A and 8A). Colocalization studies with NeuN
epithelial cells. Morphologically, PEPT2-positive cells inthe and GFAP indicated that, indeed, the PEPT2 protein is
brain parenchyma appeared to be both neuronal and astropresent in both the neurons (Figure 7) and astrocytes (Figure

252 MOLECULAR PHARMACEUTICS VOL. 1, NO. 4
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Figure 5. Immunoblot analyses of PEPT2 in membrane

proteins (80 ug) prepared from the cerebral cortex of rats at
different developmental ages (A). Rat kidney brush border
membrane vesicles (BBMV) were used as a positive control.
Age-dependent relationship of PEPT2 protein expression in
rat cerebral cortex (B). Blots were subjected to scanning
densitometry, and protein abundance was expressed relative
to that of the maximal observed expression (i.e., 17 day
embryo). Data are reported as the means =+ the standard error
of seven separate experiments, with equal gender represen-
tation in each preparation. Competitive immunoblot analyses
of membranes prepared from rat cerebral cortex at day 17 of
gestation (E17) and at day 1—2 (neonate) of birth (C).
Samples were preincubated with PEPT2 antisera containing
either a nonspecific antigen (i.e., PEPT1 fusion protein) or
the immunizing antigen (i.e., PEPT2 fusion protein). Rat
kidney brush border membrane vesicles (K BBMV) were used
as positive controls (10 ug).

8) of neonatal rats. PEPT1 protein expression was sought in
neonatal rat tissue as performed previously in adult rat. In
all cases, the results were negative.

Discussion

Proton-coupled oligopeptide transporters are responsible
for the symport of small peptides across biological mem-
branes via an inwardly directed proton gradient and negative
membrane potential. PEPT1 and PEPT2 were the first such
transporters that were cloned, and are physiologically
important in their ability to absorb protein digestive products
arising in the intestine (PEPT1) as well as filtered peptides
generated by luminal peptidases in the kidney proximal
tubule (PEPT2). These roles are consistent with PEPT1 being
abundantly expressed in the intestine (and to a lesser extent
in kidney), and PEPT2 being abundantly expressed in the
kidney. However, PEPT2 has a broader tissue distribution
than PEPT1, and it is also found in the lung, mammary gland,
and brain. Moreover, two members of the POT family, PHT1
and PHT2, have been cloned more recently from brain, but
their physiological roles have yet to be determined.

The presence of peptide transporters in the brain has
generated considerable interest in their physiological role and
tissue and cellular distribution in the central nervous system.
In the mammalian central nervous system, various amino
acids, amines, and small peptides function as neurotrans-
mitters, as neuromodulators, and in the regulation of cellular
metabolism, volume, and ion homeostasis. While the mech-
anisms responsible for turning off the signals produced by
amino acids and amines are reasonably well-defined, the
mechanism(s) by which neuropeptide signals are attenuated
is unclear. One possibility is that the generally long-acting
signals are turned off by catabolism of neuropeptides by
various aminopeptidases that are present in the central
nervous systerh®?3 |t is also reasonable to suggest that
peptide transporters could play an important role in the brain
by clearing the peptide fragments that are formed by
proteolysis. In doing so, aminopeptidases and peptide
transporters, in proximity of each other, would regulate the
potentially active (or toxic) neuropeptide metabolites in the
extracellular fluid surrounding neurons and/or glial cells.
Although functional evidence supports a role for peptide
transport within the brain, no previous studies have identified
a specific oligopeptide transporter protein in brain tissue or
characterized its (sub)cellular localization.

In this study, we report several new findings. First, the
PEPT2 protein was found extensively throughout the brain.
While it has the strongest signal in cerebral cortex, strong

(32) Barnes, K.; Turner, A. J.; Kenny, A. J. Membrane localization of
endopeptidase-24.11 and peptidyl dipeptidase (angiotensin con-
verting enzyme) in the pig brain: A study using subcellular
fractionation and electron microscopic immunocytochemisltry.
Neurochem1992 58, 2088-2096.

(33) O’Cuinn, G.; O'Connor, B.; Gilmartin, L.; Smyth, M. Neuropep-
tide inactivation by peptidases. Metabolism of Brain Peptides
O’Cuinn, G., Ed.; CRC Press: New York, 1995; pp-9%7.
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Figure 6. Immunolocalization of PEPT2 expression in the cerebral cortex of neonatal rat (A). PEPT2 was also present on the
apical membrane of choroid plexus epithelial cells and in some ependymal cells (B and C). P denotes the pial surface, CSF the
cerebrospinal fluid space, EP the ependyma, LVCP the lateral ventricle choroid plexus, and AP the apical membrane of LVCP.
The scale bar is equivalent to 112 (A), 108 (B), and 46 um (C).

Figure 7. Immunolocalization of PEPT2 expression in cerebral cortical neurons of neonatal rat by double labeling experiments.
PEPT2 is observed in panel A (green signal) and NeuN in panel B (red signal), and the colocalized proteins are observed in
panel C (yellow-orange signal). The scale bar is equivalent to 16 um (C).

Figure 8. Immunolocalization of PEPT2 expression by double labeling experiments indicates that PEPT2 is expressed in the
astrocytes of neonatal rat. PEPT2 is observed in panel A (green signal) and GFAP in panel B (red signal), and the colocalized
proteins are observed in panel C (yellow-orange signal). The scale bar is equivalent to 16 um (C).

signals were also observed in the olfactory bulb, basal exclusively on the apical membrane (i.e., CSF-facing) of
ganglia, cerebellum, and hindbrain. Second, PEPT2 waschoroid plexus epithelia in both adult and neonatal rats, a
expressed abundantly in epithelial cells of the choroid plexus finding that corroborates our previous studies using choroid
as well as in ependymal cells. The transporter was expresseglexus whole tissié28 and choroid plexus epithelial cells
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in primary culture?®®3* The preferred apical uptake of residues) since electrophysiological characteristics of PEPT2,
GlySar® and carnosinéin primary cell cultures and results  cloned from brain, have been reported by Wang étfat.
from this study suggest that PEPT2 may function to move the transport ofN-acetyl+-aspartylt-glutamate and other
peptides from the CSF into the blood. Third, PEPT2 was charged peptides.
differentially expressed in cerebral cortex as a function of  The protein and functional data on neuronal PEPT2
age, with much greater levels in fetal and neonatal tissue contrast with previous mMRNA measurements. Berger and
than in adult. Fourth, PEPT2 was expressed in neurons (adultHediger?* using nonisotopic in situ hybridization, failed to
and neonate) as well as in astrocytes (neonate but not adult)demonstrate the presence of PEPT2 mRNA in neurons of
Itis possible that the age-related decline of PEPT2 in cerebraladult rat brain, while Dieck et af.,using Northern blot
cortex reflects a loss of astrocytic PEPT2. Fifth, PEPT2 was analyses, did not detect PEPT2 transcripts in primary neuron-
not found in endothelial cells of the bloetbrain barrier, a rich cultures prepared from day 16 rat embryos. Although
result that agrees with in situ hybridization studfend the  there are other factors that might account for the discrepancy
lack of penetration by GlySar in brain microvessel endothelial between the protein/functional and mRNA studies (e.g., the
cells® Finally, PEPT1 was absent from brain. effect of culture conditions and hybridization efficiency), it
This study did not examine the presence of PHT1 and/or js possible that there is little turnover of the neuronal PEPT2
PHT2 in the central nervous system. While antibodies againstprotein, and as a result, only low levels of mRNA are
the PHT1 transporter are not yet availableantibodies required for translation.

against the PHT2 transporter are thought not to have the |, our study, the PEPT2 protein was expressed in
required sensitivity for detection of the endogenous prdfein. astrocytes during the early (i.e., neonates), but not late (i.e.,
In any case, there is still insufficient information to dem- adults), development of rats. The finding of PEPT2 in
onstrate that either the peptide/histidine transporter is func- neonatal astrocytes is consistent with other studies in which
tionally active in brain. o ~ PEPT2 functional activity and mRNA expression have been
The neuronal presence of PEPTZ in this study provides poteq in astrocytic preparations from newly born animals.
molecular validation of earlier studies in which neuropeptides |, particular, Dringen et &.reported that PEPT2 mediates
have been shown to be transported in adult rat brain the yptake of cysteinylglycine, a glutathione precursor, in
synaptosomes}-*°in newborn rat olfactory bulb neurois,  5stroglia-rich primary cultures prepared from neonatal rats
and in expression systems using PEPT2 cloned from ratgng that RT-PCR indicated the presence of PEPT2 transcripts
brain* In the study by Ueda et ai®the uptake of kyotorphin i these cells. A similar finding was reported by Dieck et
in whole brain synaptosomes was temperature- and energy| s in which a fluorescent reporter dipeptide accumulated
dependent, and the level was significantly decreased byin astroglia-rich cell cultures prepared from newborn rats
ouabain. Moreover, th&, of this process was 131M, a by an energy-dependent, saturable process with salue
value indicative of the high-affinity interaction anticipated ¢ 28 M. Northern blot analyses also indicated that PEPT2
for PEPT2. In the study by Fuijita et &lthe uptake of  mRNA was expressed in glial cell cultures.
glycylsarcosine in cerebellar synaptosomes was inhibited The absence of the protein for PEPT2 in adult astrocytes
competitively by kyotorphink; = 30uM), also suggesting ., raqts with the finding of mMRNA by Berger and Hediger,
an interaction with the high-affinity transporter PEPT2. These using in situ hybridization. This appears to be another
same authofssubsequently reportedian value of 11uM oy agie of the presence of MRNA not necessarily being
for GlySar in cerebral synaptosomes, as well as finding (ofiacted in protein levels. It is interesting to speculate that

_P EPT2 protein in t.heir preparation. Gi\{en the dose—dependent[he presence of PEPT2 mRNA in adult astrocytes may allow
inward currents induced by carnosine in olfactory bulb the rapid production of protein (under certain conditions)

nedrons, Kanaki et 4 S uggested that carnosine is an for clearing peptides from the brain extracellular space.
excitable neuroeffector in the olfactory pathway. PEPT2 One possible reason for the developmental change in

might serve as the transporter primarily involved in trans- . S :
orting small neuropeptides (i.e., two or three amino acid astrocyte PEPT2 protein levels may reside in maturation of
P g Pep T the blood-brain barrier. In the rat, there is a marked
(34) Teuscher, N. S.: Shen, H.: Shu, C.: Xiang, J.: Keep, R. F.: Smith “tightening” of the blood-brain barrier between the fetus
D. E. Carnosine uptake in rat choroid plexus primary cell cultures and the adu'_t' Th'§ is reflected by E_m '_ncrease in the
and choroid plexus whole tissue from PEPT2 null mide. transendothelial resistari€eand a reduction in the perme-
Neurochem2004 89, 375-382. ability of low-molecular weight organic compourifsvith
(35) Tadk, M.; Huwyler, J.; Drewe, J.; Gutmann, H.; Fricker, G. age. Thus, early in development, there may be an influx of

Transport of thes-lactam antibiotic benzylpenicillin and the  j- or tripeptides from blood that is cleared by astrocytes,
dipeptide glycylsarcosine by brain capillary endothelial ciills
vitro. Drug Metab. Dispos1998 26, 1144-1148.
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but in the adult, such flux is prevented by a “mature” bleod In conclusion, our findings demonstrate that the PEPT2
brain barrier. Interestingly, Groneberg et&found that glial protein is found throughout the brain. The apical expression
cells express the PEPT2 protein in the dorsal root ganglia of PEPT2 in choroid plexus suggests that it is involved in
of adult rats. Evidence indicates that some high-molecular e export of neuropeptides, peptide fragments, and peptide-
weight compounds that are excluded from the brain by the |ie grugs from cerebrospinal fluid. Its expression in neurons
blood-brain barrier can penetrate _the qlorsal FOOt ga_ﬁ‘gvl‘lé. (adult and neonate) and astrocytes (neonate, not adult) further
:]-Z;JVSO'UZE;;,EZem?y be necessary in this leakier region of thesuggests that PEPT2 may play a role in regulating the

concentration of neuropeptides in extracellular fluid, espe-
cially at birth.
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