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Abstract. With application of molecular biology techniques, there has been rapid progress in

understanding how many drugs and micronutrients (e.g., vitamins) are transferred across the choroid

plexus (CP), the main transport locus of the bloodYcerebrospinal fluid (CSF) barrier, and the renal tubular

epithelial cells. In many cases, these molecules are transported by separate, specific carriers or receptors

on the apical and/or basal side of the CP or renal epithelial cells. This commentary focuses on four

micronutrient transport systems in CP (ascorbic acid, folate, inositol, and riboflavin), all of which have

been recently cloned, expressed and for which knockout mice models were developed and transporter

localization studies performed. Also reviewed is the recently cloned uric acid transport system in human

kidney in which there exists a human Bknockout’’ model. The implications of these transport systems for

drug therapy of central nervous system and renal disorders are discussed, especially with regard to

methods to circumvent the blood Ybrain and blood YCSF barriers to deliver drugs to the brain.

KEY WORDS: ascorbic acid; blood Y brain barrier; blood Y cerebrospinal fluid (CSF) barrier; choroid
plexus epithelium; folate; folate receptor (FR!); inositol; myo-inositol cotransporter (SMIT 1); organic
acid transporter 3 (OAT 3); penicillin; riboflavin; sodium ascorbate cotransporter (SVCT 2); uric acid
transporter (URAT 1); vitamin homeostasis.

INTRODUCTION

In the last 7 years, there has been tremendous progress
in understanding how molecules are transferred across the
choroid plexus (CP) epithelial cells, the main transport locus
of the blood Y cerebrospinal fluid barrier (BCSFB). This
knowledge has important pharmacological implications, es-
pecially in the central nervous system (CNS). There has also
been comparable progress in understanding renal tubular
transport with uric acid disposition being an edifying
example. The purpose of this Commentary is to summarize
this newer information, place it into perspective and provide
specific examples of how it affects drug therapy.

BACKGROUND

About 100 years ago, investigators began to define the
blood-brain (BBB) and bloodYCSF barriers (1). Over time,
they established that the BBB is anatomically due to tight
junctions between the brain capillary (endothelial) cells. The

bloodYCSF barrier is due to tight junctions between the CP
epithelial cells, and the arachnoid membrane cells (1,2). The
choroid plexus, which secretes the CSF, and the arachnoid
membrane enclose the CSF compartment which surrounds
the brain (1,2). This is minimal anatomical impediment to
molecules moving between the subarachnoid or intraventric-
ular CSF and the extracellular space of brain. The cerebral
capillaries (1.0% of brain weight) and the fronded CP (0.5%)
have comparable surface areas per unit weight (1Y3). Unlike
the brain capillaries, the choroid plexus epithelial cells
resemble the renal tubular epithelial cells which are also
joined by tight junctions (1,2). The CP and renal epithelial
cells separate the blood compartment from the CSF and
urine, respectively. The reader is referred to detailed up-to-
date reviews and pictures of the anatomy (1Y5).

In parallel with these anatomical observations, some
proposed that the entry (and exit) of molecules into brain
and CSF from blood was due to simple diffusion and thus
depended predominantly on lipid solubility, charge and
molecular size (1Y5). Others thought that substances essential
for brain, e.g., vitamins, would readily enter brain (6). They
hoped to take advantage of this belief. For example, Linus
Pauling and orthomolecular psychiatrists postulated lower
vitamin cofactor affinity (single nucleotide and other poly-
morphisms) for certain brain apoenzymes in mental patients
(6,7). They hoped to overcome this genetic abnormality by
feeding large amounts of water soluble vitamins orally, to
increase the concentrations of vitamin cofactors in brain.
However, as described below [for vitamin C (AA), riboflavin,
myo-inositol (inositol) and methyltetrahydrofolate (MeTHF)],
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there are very efficient, separate homeostatic systems for
water-soluble vitamins in the body and CNS (6,7). Thus, it was
not possible to increase the brain concentration of vitamin
cofactors much if at all. Hence, at that time, it was not possible
to test Pauling’s hypothesis about apoenzyme polymorphisms
in human brain (6).

It became progressively clear that a multitude of
compounds (including many important drugs) do not distrib-
ute between brain, CSF and blood according to the postulat-
ed rules of simple diffusion based on charge, size and lipid
solubility (1Y5,7). Macronutrients, micronutrients including
vitamins, Bwaste products’’ of metabolism, ions and exoge-
nous substances seemed to depend on Bcarriers’’ to traverse
the BBB and BCSFB (1Y5,7). Over time, from the early
studies of glucose and amino acid transport through the BBB
by specific carriers, and Welch’s documentation (1) of iodide
efflux from CSF by a specific, active transport system in CP,
several hundred different transport systems have been
described or postulated in over 25 general classes (1,2,8).
Moreover, the specificity of these systems overlaps consider-
ably (8). Thus a single molecule might be transported on two
or more systems (8).

Another complexity in the CNS is that there are two
possible routes of entry into and exit from the CSF and brain:
the BBB and the BCSFB, the CP (1Y3). At first blush, most
investigators thought that the BBB would be the most
important locus of transport. But, in 1921, Stern and Gautier
(1) presciently proposed that in both the developing mam-
malian fetus where the CP is disproportionately large (1,2)
and adult, the CSF is Bnourishing liquor’’ for the brain, an
hypothesis we now know is partially correct (1,2,7). Although
in most cases transport through the BBB predominates (e.g.,
influx of glucose and other macronutrients into brain, and
efflux of certain xenobiotics and drugs into blood via P-
glycoprotein); in other cases, the CP is more important (e.g.,
influx of AA into CSF, and efflux of penicillin G into blood)
(1,2,9,10).

Finally, in recent years, two general attitudes arose that
we believe are overly broad in scope or in error. First, there is
excessive frustration over the difficulty in introducing some
potentially useful chemicals into brain because of anatomical
(penetration) or physiological reasons, e.g., efflux transport
(11). Thus, the CNS is termed a Bpharmacological sanctuary’’
implying there is little hope for working around the BBB
and/or the bloodYCSF barriers. Second, there have been
incorrect generalizations about transport at the BBB or
BCSFB (12). For example, it is stated that Bnutrient trans-
porters recognize only a small group of structurally related
chemicals’’ whereas Bmost xenobiotic transporters are multi-
specific, accepting a wide range of chemical structures’’ (12).
Moreover, it is maintained that the reason for the existence
of these Bxenobiotic transporters’’ is Bto rid the body of
potential harm’’ (12). We discuss these issues below.

FOCUS

In past publications, we and others have reviewed the
anatomy, defined the transport role of the CP and cerebral
capillaries, discussed the types and physiology of the trans-
port systems in the CNS, and outlined important methodo-
logical considerations and standards of proof for drawing

firm conclusions about transport systems in the CNS (1Y5).
We refer the reader to those reviews. With the recent
explosion of knowledge of these CNS transport systems, for
the first time, we now understand several of these systems
molecularly. Therefore, in this Commentary, we review four
micronutrient systems in CP, all of which have been recently
cloned, expressed and for which knockout (KO) mice models
were developed and localization studies in CP performed.
These new studies establish that each of these transport
systems is unique. We also briefly review the new informa-
tion about the recently cloned and expressed uric acid
transport system in human kidney (URAT 1), in which there
exists a human Bknockout’’ model.

In each micronutrient example, we will discuss the trans-
ported moiety, the direction of transport through the CP, the
location of the entry and exit carriers (see Fig. 1), the specificity
of the transporter, and its molecular biology. We will also
review the role of the BBB, the mechanism of entry of the
transported moiety into brain cells and finally the implications
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Fig. 1. The established carrier mechanisms for vectorially trans-

porting several micronutrients across the epithelial cells of choroid

plexus are displayed. Ascorbate (AA) from the blood is actively

transported across the basolateral membrane by SVCT 2 (Na-

ascorbate cotransporter) into the epithelium and then released into

CSF. Folate (in the reduced form as MeTHF) is actively taken up

from the blood by the folate receptor (FR!) and then subsequently

extruded across the apical membrane into the CSF, likely by the

reduced folate carrier (RFC1). Myo-inositol (inositol) is actively

transported from the blood into the choroidal epithelium by a

sodium-dependent transporter (SMIT1); its release into CSF is by a

mechanism not yet identified. In contrast to the case for AA,

MeTHF and inositol, the net active transport of riboflavin is in the

reverse direction, i.e., from CSF to plasma. Riboflavin is actively

removed from CSF by the organic acid transporter 3 (OAT 3) carrier

in the apical membrane of CP. The basolateral efflux of riboflavin

from the epithelial cells is by a concentrative mechanism that awaits

clarification.
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for drug therapy. The overall objective is to show that, with
detailed anatomical, physiological, biochemical and now
molecular knowledge, it is possible, at least in principle, to
use or manipulate these systems to improve drug therapy.

ASCORBIC ACID TRANSPORT THROUGH
CHOROID PLEXUS

AA concentrations in mammalian plasma, CSF and brain
are homeostatically maintained at approximately 0.05, 0.2, and
1.2 mM, respectively (2,3,7). AA is not synthesized in
mammalian brain where it turns over about 40% per day (7).
The concentration of AA in some neurons approaches 10 mM
(13). AA in the CNS serves as an essential cofactor for
norepineprine production and as an antioxidant. In severe
depletion experiments in species that do not synthesize AA,
e.g., guinea pigs, the concentration of AA in brain is better
maintained than in all other organs, thus explaining the CNS
resistance to AA deficiency in scurvy (7).

To understand AA transport in the CNS, in elegant
autoradiographic studies, Hammarstrom showed that 14C-
AA, after intravenous injection, first entered the CNS via the
CP and then slowly entered the brain substance from the CSF
surfaces (14). We confirmed this work and showed that AA
can penetrate into deep brain structures when injected
directly into the CSF (7,15).

In a series of subsequent studies, we and others showed
that AA is transported from blood into CSF by an active,
saturable transport system in CP (Fig. 1) (7,15,16). The KT

(0.05 mM) for this system (i.e., the concentration which half
saturates the carrier) is the normal plasma concentration
(Table I) (7). The AA CP system has also been studied in

vitro and in porcine monolayers (16). In these studies, CP
pumps AA from the basolateral to the apical side (Fig. 1),
where the AA is released into the CSF (16,17). In vivo, at the
normal plasma concentration, the concentration of AA in the
secreted CSF is four times the plasma concentration
(1,7,15 Y 17). This highly specific CP active transport system
(and the fact that AA can only leave the CNS by simple
diffusion and bulk blow of CSF) explains in part the
remarkable homeostasis of AA in brain (7). When the
plasma levels of AA fall, relatively more AA is pumped into
the CSF from blood; when plasma levels are raised, relatively
less. Moreover, the CSF contains 0.2 mM AA which is about
four times the half-saturation concentration of AA entry into
brain cells (0.05 mM). Thus, the brain is constantly sur-

rounded by Bnourishing liquor’’ as far as AA goes (Table I)
(1,7). There are also saturable absorption and reabsorption
systems in gut and kidney, respectively, that tend to keep the
plasma levels constant (1,7). These transport systems in: 1)
kidney/gut, 2) CP and 3) brain cells, all of which are half-
saturated at the normal plasma concentration (0.05 mM),
work in series and make for an extremely powerful mecha-
nism to control brain AA (1,7).

The AA system in vivo and in CP is very specific;
isoascorbic acid has one-tenth the affinity of AA for the CP
system; carboxylic acids, e.g., penicillin, salicylate and
probenecid have less or no affinity (Table I) (18).

There are two experiments that suggest the above-
described data and interpretation are incomplete. First,
Lam and Daniel suggested there was a saturable transport
system for AA at the BBB (KT ~ 0.1 mM) (19). However,
they did not include a passive marker for intravascular space
(e.g., mannitol or sucrose) and did not chromatograph the
(14C)-AA. Moreover, others have not been able to reproduce
this observation (20). Almost certainly, this work is
inconsistent with Hammarstrom’s findings (14) and the
cloning and knockout (KO) mice experiments described
below.

Second, several groups have suggested that dehydroAA
(DHAA), the oxidized form of AA, is the moiety normally
transported through the BBB. DHAA, once in brain, can
readily be reduced back to AA (20). In 1966, Hammarstrom
showed that, unlike AA, DHAA readily traverses the BBB
on what we now know is the glucose (GLUT 1) transporter
(14,20). However, there is no or very little DHAA in plasma
making this possibility unlikely (3). Moreover, the molecular
biology and KO mice experiments make the notion that
transport of DHAA at the BBB can supply the brain with
AA extremely unlikely (see below).

Recently, two sodium-dependent vitamin C transporters
(SVCT 1 and 2) have been cloned, expressed and localized
(Table I) (21). Only SVCT 2 is expressed in the CNS,
specifically in the CP (very strongly), some neurons, tany-
cytes, and the arachnoid membrane. SVCT 1 is expressed in
the kidney and other organs (21). The specificity and KT of
expressed SVCT 2 (0.05 mM) is similar to that of the intact
AA transport system in choroid plexus (Table I) (7,21).
DHAA has minimal affinity for SVCT 2. The finding of
SVCT 2 in neurons and not glia in vivo is consistent with the
much higher concentration of AA in neurons (13,21). Three
groups of investigators have looked for and not found the
SVCT transporters at the BBB, i.e., in brain capillaries
(21Y23).

In homozygous SVCT 2 KO mice, although there is ~
50% as much AA in blood, there is virtually no AA in the
brain of the nonviable newborn mice (24). The concentration
of AA in CSF was not measured. [In normal newborn
mammals, the CP AA system is fully developed and
functional (7).] These results strongly suggest there is no
system (other than SVCT 2) in the CNS to provide AA to
brain. Trace amounts of DHAA in blood are not enough to
provide AA to brain via GLUT 1 in the SVCT 2 KO mice
(24). Moreover, what is absolutely clear is that, without the
SVCT 2 system in series in CP and neurons, simple diffusion
of AA from blood is grossly insufficient to provide AA to
brain (7,13,15,24).

Table I. Ascorbic Acid Transport Through Choroid Plexus

1) Directionality Blood Á CSF (in vivo)

2) Entry carrier (basolateral) SVCT 2

3) Exit carrier (apical) ?

4) Specificity (SVCT 2) AA > IsoAA > DHAA ~ glucose

5) KT (AA) 0.05 mM

6) [CSF]/[Plasma] AA 0.20/0.05 mM or 4 to 1

7) Molecular biology SVCT 2 homozygous KO mice

not viable: little AA in brain

8) BBB role in AA transport Probably simple diffusion (limited)

9) AA brain slice uptake KT ~ 0.05 mM

10) Implications for drug

therapy

a) Minimal for AA

b) High for DHAA
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A comparison between the handling of AA by CP and
renal tubule cells is instructive. The tubule cells normally
reabsorb (presumably by SVCT 1) essentially all the filtered
AA. In a human adult on a normal diet, about 2 g of AA are
filtered a day, and less than 30 mg is lost in the urine (21). In
CP, greater than 50% of the AA in the blood flowing through
the CP (400 ml/100g/min) is cleared of AA via SVCT 2; then,
the cleared AA is secreted into the CSF at a concentration
four times that of plasma (7,16,17,21). Thus, SVCT 1 in
kidney and SVCT 2 in choroid plexus are powerful, specific
saturable pumps (7,16,17,21Y24). How AA exits the tubule
cells or CP cells into blood or CSF, respectively, awaits
elucidation.

These studies have important implications for therapy.
For example, in murine stroke models, there is up-regulation
of SVCT 2 in the penumbra around the necrotic center of the
infarcted brain, interpreted as a protective (antioxidant)
response (25). With this information, several investigators
hypothesized AA might be neuroprotective in acute stroke
(25). As pointed out above, because of the barrier to AA and
the powerful homeostatic systems for AA in the CNS, even
massive doses of intravenous AA did not increase the brain
AA concentration significantly (7,20,25). But as noted above,
intravenous DHAA, unlike AA can enter brain via Glut 1 at
the BBB acutely, and increase brain AA concentrations by a
factor of two or more (14,20,25). When intravenous DHAA
was given to mice after induction of experimental strokes, as
expected, there was rapid penetration of DHAA into brain,
in situ reduction of DHAA to AA, and unequivocal neuro-
protection i.e., a significant decrease in infarct volume (25).
In short, there is a way to increase AA in brain. Linus
Pauling’s hypothesis for AA, at least acutely, is now testable.
One could test whether a doubling of AA in brain makes a
clinical difference.

FOLATE TRANSPORT THROUGH CHOROID
PLEXUS

Like AA, MeTHF, the principal folate in plasma and
CSF, is present in CSF at approximately four times the
plasma concentration (26,27). Like AA, it is difficult to
deplete adult brain folates (which exist predominantly in
polyglutamate forms). This is not because of lack of turnover
of folates in brain but due to powerful homeostatic systems in
the body and CNS which normally maintain total brain folate
concentrations fairly constant (26,27). In vivo, the half-
saturation concentration of MeTHF for entry into CSF and
brain is approximately equal to the plasma concentration
(0.02 2M) (27). In vitro, in the isolated CP, there is an active
transport system for MeTHF that is also half saturated at
0.02 2M (Table II) (26,27).

There is now substantial evidence that this system in CP
is a principal locus of MeTHF transport into the CNS
(26 Y 29). On the basal (blood) side of the CP, there exists
the Folate Receptor! (FR!), which is attached to the
membrane by a phosphatidylinositol anchor (Fig. 1) (29).
The FR! in CP efficiently accumulates MeTHF from blood,
transfers it by an endosomal mechanism inside the CP
epithelial cell and then releases it (26 Y 31). The MeTHF is
then transported from the cell interior into the CSF by a
saturable mechanism at the apical surface, probably the

Reduced Folate Carrier 1 (RFC 1) (29). This system, like the
CP AA system, is fully operational at birth (31).

The specificity of the FR! is much greater for reduced
and oxidized folates than methotrexate or other weak acids,
e.g., AA or probenecid. Unlike FR!, the RFC1 has much
higher affinity for reduced than oxidized folate, e.g., folic
acid (FA) (26). So although FR! can transport both MeTHF
and FA into the CP cell, the released FA tends to be reduced
by intracellular CP dihydrofolate reductase (26,27,32). More-
over, FA is not readily transported out of the CP epithelial
cell into CSF by RFC1 (32). Thus, the mechanism in the
intact CP is specific for transferring reduced, not oxidized,
folates, particularly MeTHF, from blood into CSF (26 Y 32).
Like AA, the concentration of MeTHF in newly formed CSF
is approximately four times the plasma concentration.

At the BBB, there is some evidence for a very low capacity
transport system for folates (33). However, this system could
not be detected in bovine capillaries in vitro (33). Whether this
system is, in fact, a low level expression of RFC1 remains to be
established. However, quantitatively, this carrier is much less
important than the vigorous system in the CP, which
continuously transfers MeTHF into the newly formed CSF
(34). The consequence is that brain cells are surrounded by a
steady, high concentration of MeTHF (27). In immunolocation
studies, the RFC 1 protein is present not only on the apical
surface of CP cells but also on adult neuronal dendrites and
axons (Fig. 1) (29). In adults, RFC 1 is almost certainly the
mechanism for MeTHF uptake by neurons since FR! is not
present in adult neuronal membranes (29).

In FR! homozygous KO mice, there was an arrest of
neural tube development and the fetuses were reabsorbed
(35). Massive doses of reduced folates given to the dams
throughout pregnancy overcame the lack of FR! receptor in
CP and other locations, and led to normal neural tube
development (35). Knowing the CSF level of MeTHF, and
the CSF/plasma ratio, after the megadosing of reduced folates
might provide insight on the mechanism(s) of MeTHF
distribution in the CNS of FR! KO animals. Whether the
MeTHF enters fetal brain by simple diffusion or by another
non-FR! carrier is unknown. Whether such KO mice will
survive postnatally with massive doses of reduced folates is
also uncertain. The abnormal neural tube development in
FR! homozygous mice does not prove the exclusive need for
MeTHF transport via CP (in brain development) since FR!
is temporarily upregulated in the brain of developing fetuses
(35). Thus, the situation is complex. We hypothesize that the
normal development of the FR! KO homozygous mice in
utero in dams given massive doses of reduced folates is due at
least in part to low level transport by residual RFC1 at the
BBB and other locations in the fetuses.

In summary, in CP, there is a complex FR! endosomal
mechanism that is an integral part of the transfer and homeo-
static system for folates into adult CSF and brain (Fig. 1)
(26 Y 30,34,35). Without FR!, the CNS cannot develop in utero
as described above, or function properly in children or adults
as described below. It is worth noting that the renal tubule
reabsorbs almost all the filtered MeTHF in the glomerular
filtrate by a similar, saturable FR-dependent mechanism.

This FR! system in CP has many implications for drug
therapy. For example, in recent years several devastating
pediatric CNS syndromes including developmental delays,
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autism, peculiar behavior patterns (e.g., compulsive hand-
washing) and mental retardation are associated with low CSF
MeTHF levels, although plasma concentrations are normal
(30,34). In these cases, there is substantial evidence the CP
FR! is dysfunctional, and thus cannot transfer reduced
folates from blood into CSF, and secondarily, the brain
adequately (30,34). This is not due to a genetic abnormality;
the FR! gene was sequenced and normal (30,34). In some
cases, this appears to be due to an autoantibody to the FR!
(36). Since the FR! is on the basal (blood) side of the CP, the
antibodies can attach to it (36). Fortunately, as in the FR!
homozygous KO mice, megadoses of oral reduced folates can
normalize the CSF MeTHF concentration, possibly by simple
diffusion, with improvement in these devastating illnesses
(30,34,36). This syndrome is now termed Bcerebral folate
deficiency’’ a potentially treatable condition especially if
discovered before irreversible CNS damage occurs (34,36).

Also, these studies provide indirect support for fortifi-
cation of food with folates but that discussion is beyond the
scope of this Commentary (37).

INOSITOL TRANSPORT THROUGH CHOROID
PLEXUS

Myo-inositol (inositol), one of nine isomers and the
principal cyclitol in mammals, has at least three roles in
brain: osmolyte (see below), precursor for inositol-containing
second messengers and part of anchor-structures for mem-
brane-bound proteins (38). The concentration of inositol in
plasma, CSF and brain is 0.05, 0.2 Y 0.3, and 4 Y 5 mM,
respectively (39). About 8% of rabbit brain inositol is

replaced by inositol from blood each day (39 Y 41). Although
inositol can be synthesized from glucose in brain capillaries,
the large majority of inositol is transported into CSF and
brain from blood, especially in developing mammals (see
below) (38,40). Like folate and AA, inositol is transported
from blood into CSF by a separate, specific, active transport
system in CP which is half-saturated at 0.05 mM, the plasma
concentration (Fig. 1; Table III) (39 Y 41). Unlike AA and
folates, there is also an easily demonstrable, saturable,
inward myo-inositol transport system (KT ~ 0.05 mM) at
the BBB (42). Brain slices accumulate inositol by a saturable
system with a KT ~ 0.05 mM (43).

Clarifying the mechanism of inositol transport into the
CNS, the sodium-dependent myo-inositol transporter (SMIT l)
was cloned, expressed and found to be present in large
amounts in CP and in much lesser amounts in some neurons
(44). The transporter, as expected, is located on the basal side
of the CP and both, in vivo, and in monolayers of porcine CP
in vitro is part of the mechanism that pumps inositol from the
basal surface into the CP cell (16,17,38,39,44). How inositol
exits the cell into the CSF needs to be determined (Fig. 1).

In vitro, in isolated choroid plexus, in choroid plexus
monolayers, in cells with cloned and expressed SMIT1, and in
vivo, the specificity for cyclitols is the same: myo-inositol ~
scyllitol, one of the nine cyclitol isomers (KT 0.05 mM) >>
other cyclitols and glucose (16,17,38,41).

However, in brain slices and in vivo entry into the brain
substance, unlike in isolated CP, (+) chiro-inositol (another
cyclitol isomer) has substantial affinity for inhibiting inositol
transport (43). This anomaly was finally explained when
SMIT2 (KT ~ 0.12 mM) was cloned, expressed and found to

Table II. Methyltetrahydrofolate Transport Through Choroid Plexus

1) Directionality Blood Á CSF (in vivo)

2) Entry carrier (basolateral) FR!

3) Exit carrier (apical) ? RFC 1

4) Specificity (in vivo) MeTHF > Folic acid > Methotrexate

5) KT (MeTHF in vivo) 0.02 2M

6) [CSF]/[Plasma] MeTHF 0.08/0.02 2M or 4 to 1

7) Molecular biology Homozygous FR! KO mice not viable; neural tube dysgenesis

8) BBB role in MeTHF transport: Minimal

9) MeTHF brain slice uptake ? By RFC 1 in axons and dendrites

10) Implications for drug therapy a) Potential transfer of drugs on FR! (or RFC 1)

b) Treatment of patients with low CSF folates

c) Prevention of neural dysgenesis by fortification of food

Table III. Inositol Transport Through Choroid Plexus

1) Directionality Blood Á CSF

2) Entry carrier (basolateral) SMIT1

3) Exit carrier (apical) Unknown

4) Specificity (SMIT 1) Inositol ~ Scyllitol >> other cyclitols and glucose

5) KT (inositol) 0.05 Y 0.1 mM

6) [CSF]/[plasma] inositol 0.25/0.05 mM or 5 to 1

7) Molecular biology Homozygous SMIT1 KO mice not viable; little inositol (7%) in brain

8) BBB role in inositol transport a) SMIT1 carrier

b) Inositol synthesis by capillaries

9) Inositol brain slice uptake KT ~ 0.05 Y 0.1 mM (SMIT1 and SMIT2)

10) Implication for drug therapy a) Brain inositol levels kept constant (unless change in plasma osmolarity)

b) Inositol depletion hypothesis unlikely
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exist in neurons but not CP (45). Unlike SMIT1, the
expressed SMIT2 transporter has similar affinity for myo-
inositol, scyllitol and (+) chiro-inositol (45). Thus, neurons
possess two different systems (SMIT 1 and 2) to accumulate
myo-inositol to levels approximately 10Y20 times higher than
in CSF (38,44,45). The exact role(s) of SMIT2 in brain is not
well understood (Table III).

Under normal circumstances, brain cells are surrounded
by CSF (and presumably the extracellular space of brain) at a
concentration of inositol approximately four times higher
than the SMIT 1 and 2 KT values (29,44,45). This is due, in
large part, to the active inositol (SMIT 1) transport system in
CP (2,9,38 Y 45). Thus, increasing CSF inositol concentrations
further will not appreciably alter brain concentrations, since
inositol passes minimally through membranes by simple
diffusion (39 Y 43). Moreover, raising plasma concentrations
will saturate the carriers at both the CP and BBB, which are
half saturated at the normal plasma concentration (39 Y 43).
Consequently, these systems will transport relatively less
inositol into CSF and the extracellular space brain. On the
other hand, with low plasma concentrations, relatively more
inositol is pumped into CSF and brain at the BBB and CP,
thus completing an elegant and powerful homeostatic system
for inositol under normal circumstances (39 Y 43).

An unexpected discovery was that the inositol homeo-
static system in the CNS is flexible as discovered in its
osmolyte role (38,46). When the plasma concentration of
sodium or other osmolytes was increased, the concentration
of SMIT1 in rat brain increased (38,46). This was associated
with increased SMIT1 activity and the accumulation of more
inositol in brain cells, which partially compensated for the
increased plasma osmolarity (38,46). Strong hybridization
signals for SMIT mRNA were also observed in choroid
plexus (46). The brain cannot tolerate osmotic imbalances
and swelling, since it resides in the rigid skull.

In homozygous SMIT1 KO mice, although the brain is
anatomically normal at birth, the brain concentration of
inositol is only 7% of normal (47). The concentration of
inositol in CSF was not measured but almost certainly would
be low. At birth, the newborn mice did not breathe, and
immediately died, secondary to functional abnormalities in
the brain respiratory control system and abnormal peripheral
nerve development, especially in the phrenic nerve (47).
These findings in the SMIT1 KO mice are expected in view
of the data showing the crucial in vivo role of SMIT1 in the
CP and in the neuronal uptake of inositol (47). However,
when massive oral doses of inositol were given to the dams
and post-weanling homozygous KO SMIT1 mice, many of
the KO mice survived, but had only 10 and 39% as much
inositol as normal mice in sciatic nerve and brain, respec-
tively (48). Functionally, these KO mice had only minimal
abnormalities as long as they received 1% inositol in their
drinking water (48).

These studies have important therapeutic implications.
They reaffirm that it is not possible to increase brain levels of
inositol appreciably in normal mammals including humans
(49) by oral intake and explain why. Thus, oral inositol for
therapy of psychiatric disease e.g., depression, is not rational.
Moreover, these studies not only provide deep insight into
inositol homeostasis in brain under normal circumstances,
but also under osmotic challenges, i.e., with up-regulation of

SMIT1 and increased transport of inositol (and other
osmolytes via other systems) into brain (38).

Finally, these studies with SMIT1 KO mice provide
compelling evidence that the Binositol depletion hypothesis’’
for the mechanism of action (and toxicity) of lithium, carbamaz-
apine and valproate as mood stabilizers is highly unlikely (50).
For decades investigators have postulated that lithium, and
more recently carbamazapine and valproate cause depletion of
inositol in brain by various mechanisms, that this depletion
leads to an impairment of inositol signaling, and therefore
mood stabilization (50). In homozygous KO mice, with
markedly decreased inositol brain levels, there is no decrement
in the concentration of phophatidylinositol or the potential for
inositol signaling (50). A large amount of literature and
extensive, expensive drug discovery efforts have erroneously
been based on the Binositol depletion hypothesis’’ (51).

RIBOFLAVIN TRANSPORT THROUGH CHOROID
PLEXUS

In 1979 and 1980, Bressler et al. working with fluorescein
(52) and our group with riboflavin (53) studied the transport
of these molecules in the isolated choroid plexus in vitro
using fluorescence microscopy and other techniques. Both
fluorescein and riboflavin were transported from the apical
side into the choroid plexus epithelial cells and then pumped
out of the basolateral side into the subepithelial/vascular
space (Fig. 1) (52,53). On both sides, there was a large step-
up increase in fluorescence. This was especially striking with
riboflavin as it was pumped out of the CP cells across the
basolateral membrane into the subepithelial/vascular space
(~ tenfold increase) (53). We postulated that there must be
two specific active transport systems for riboflavin, one at the
apical membrane (influx) and another at the basolateral
surface (efflux into blood in vivo) (Fig. 1). We immediately
realized that riboflavin transport by CP was completely
different from the transport of AA, inositol and MeTHF
discussed above; the directionality was opposite (Fig. 1).

When we initiated our studies with riboflavin, we knew
it was difficult to deplete riboflavin in brain by dietary means
(54,55). To understand this profound total riboflavin homeo-
stasis in brain, we first studied riboflavin transport in the
CNS (55). [By total riboflavin, we mean riboflavin plus the
active phosphorylated forms FMN and FAD (55)] The con-
centrations of total riboflavin in plasma, CSF and brain were
0.2, 0.1 and 8.8 2M, respectively, in adult rabbits; the
riboflavin concentrations, the moiety actually transported,
were 0.05, 0.02, and 0.1Y 0.2 2M, respectively (Table IV) (55).

As part of our studies we found a saturable riboflavin
transport system in vivo at the BBB with a KT ~ 0.1 2M,
similar to the plasma concentration. We also found a facil-
itated diffusion system in brain slices in vitro with a KT ~ 0.1
2M (56). Riboflavin transport by these systems was inhibited
by other flavins with or without sugars (e.g., lyxoflavin,
lumiflavin and lumichrome) but not by probenecid or
penicillin (55 Y 57). Thus, we understood how and where
riboflavin entered brain, i.e., by two gates (transport systems)
in series; first through the BBB and then into brain cells by
facilitated diffusion.

However, we were surprised at how rapidly intraventric-
ularly injected riboflavin was cleared from the CSF by the
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saturable system in CP (KT ~ 80 2M) (54,55). In vivo in
rabbits, 2 h after the intraventricular injections of tracer
quantities of riboflavin and the much smaller passive marker
mannitol, less than 1% of the injected riboflavin was in the
CSF versus 35% of the mannitol; this was not due to
riboflavin uptake by brain (55). Concurrently injected
probenecid decreased the clearance of riboflavin from the
CSF (55). We were also surprised to find (both in vitro and in
vivo) that the active, sodium-dependent riboflavin uptake
system in CP had a very broad specificity; penicillin G was a
competitive inhibitor of riboflavin transport in CP and vice
versa; probenecid, quinine, quinidine, aminohippurate
(PAH), fluorescein and various flavins inhibited riboflavin
and/or penicillin transport (KI) at concentrations between
0.01 and 0.1 mM (Table IV) (53 Y 55,57). These riboflavin
studies confirmed and extended our prior studies of penicillin
transport in the CNS (58).

Subsequently, other investigators have corroborated and
expanded these studies. Galla and associates showed; 1) the
ability of porcine CP monolayers to transport riboflavin from
the apical to basal side, and then release riboflavin into the
CSF side, 2) the KT values for riboflavin and penicillin in the
porcine system were almost identical to the KT values in vitro
in the isolated rabbit CP, and 3) that riboflavin and penicillin
were competitive inhibitors of each others transport (16).
However, a small amount of riboflavin transport into CP
appeared to be by a separate undefined system (16).

Since the initial descriptions of penicillin, fluorescein
and riboflavin transport in CP, there have been several
hundred transporters described and classified (8). Until
recently it was unclear which transporters transported which
substances (8). With the recent cloning and expression of the
organic acid transporter 3 (OAT 3), we are now on firmer
ground for understanding CP riboflavin and weak acid
transport (59). Moreover, when homozygous OAT 3 KO
mice were studied, they were: 1) apparently normal, and 2)
their CP, as expected, could only transport about 25% as
much fluorescein or PAH as normal, thus confirming the role
of OAT 3 in transporting these substances into CP epithelial
cells (59,60). As expected, taurocholate is not transported by
OAT 3 (59,60). Recently OAT 3 has also been described on
the abluminal side of the brain capillaries, where it transports
OAT 3 ligands (e.g., penicillin) from the extracellular space
of brain into blood (61).

However, it still remains unclear how the putative OAT
3 ligands including riboflavin, penicillin and fluorescein exit
CP on the basolateral (blood) side, or by analogy exit brain
capillaries on the luminal side. We suspect that in CP there
may be different efflux carriers for various molecules trans-
ported into CP from the apical side by OAT 3. One can-
didate is the ATP-requiring Multidrug Resistance Protein 1
(MRP1), located on the basal side of the CP; another is the
organic acid transport protein 2 (OATP 2), for equilibrative
efflux transport (62).

It is worth noting that the CP apical membrane contains
many other transport systems, some of which have been
cloned e.g., peptide transporter 2 (PEPT 2) that transports
aminopenicillins out of CSF via the CP, and organic acid
transport protein 3 (OATP 3) that probably transports
substantial amounts of estrone sulfate out of CSF (63,64).
How these substances leave the basolateral surface of CP is
unclear. Another separate system transports the methotrex-
ateYfluorescein conjugate into CP and is visualizable with
confocal fluorescence microscopy (64). Unlike riboflavin, the
entry of the conjugate through the apical membrane of the
CP epithelial cell is equilibrative, but the conjugate is then
vigorously pumped out of the cell into the subepithelial/
vascular space by a powerful, clearly concentrative mecha-
nism (64).

In summary, riboflavin which slowly turns over in brain
(~1% per hour) enters brain through the BBB and brain cells
by two systems in series, both approximately one-half
saturated at the plasma concentration (0.2 2M). These
systems have no affinity for penicillin or probenecid. These
serial systems prevent excess transfer of riboflavin from
blood into brain. At low concentrations of riboflavin in
blood, they pump relatively more riboflavin into the CNS.
Most surprising is the powerful system (presumably OAT 3)
in CP (KT for riboflavin ~ 80 2M) that rapidly clears
riboflavin and many other ligands and drugs from CSF in a
two-step process as noted above.

A comparison with the kidney is revealing. The kidney
contains a saturable uptake system in the tubules that
reabsorbs almost all the filtered riboflavin (65). However,
when the plasma concentration goes above 0.5 2M, the
system becomes saturated and riboflavin spills into the urine.
Moreover, above 0.5 2M, a riboflavin secretory system in the
tubules becomes apparent, and the renal clearance of

Table IV. Riboflavin Transport Through Choroid Plexus

1) Directionality CSF Á blood

2) Entry carrier (apical) (70%) Presumably OAT 3

3) Exit carrier (basolateral) Unknown

4) Specificity Very broad; see text

5) KT (riboflavin) 80 2M

6) [CSF]/[Plasma] riboflavin 0.02/0.05 2M or 0.4

7) Molecular biology OAT 3 KO mice viable but unable to transport OAT 3 ligands

8) BBB role in riboflavin transport a) entry systemVKT ~ 0.1 2M

b) exit systemVOAT 3

9) Riboflavin brain slice uptake KT ~ 0.1 2M (facilitated diffusion)

10) Implications for drug therapy a) OAT 3 KO mice are healthy.

b) OAT 3 is an important efflux carrier of many drugs.

c) OAT 3 system, in principle, can be easily manipulated

to increase transported drug or ligand concentrations in CSF/brain.
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riboflavin goes well above the filtration rate. The one-half
saturation concentration of the renal secretory system for
riboflavin is ~80 2M (65); in comparison, the same value of
80 2M was determined for CP reabsorptive transport (54,55).
Gerhard Levy suggested and provided evidence 40 years ago
that riboflavin was secreted on the same system that secreted
penicillin and PAH into the urine (65). We provided
confirmatory evidence for Levy’s hypothesis in rabbit kidney
slices (66). Thus, both in the CNS and kidney, there are
bidirectional systems for riboflavin to provide exquisite
homeostasis. By chance, many drugs apparently Bhitchhike’’
on the riboflavin secretory systems in kidney, CP, and brain
capillaries. In our view, the name OAT 3 is a misnomer.
From a teleological viewpoint, the OAT 3 system is a
riboflavin transporter that provides riboflavin homeostasis
in kidney and CP.

As described above, the OAT 3 system in CP and the
abluminal side of the BBB, transports many important drugs
out of the brain and CSF. More recently, cimetidine, certain
statins, and AZT have also been shown to be substrates for
transport by OAT 3 (3,8). Not only does OAT 3 obviously
interfere with therapy (e.g., by transporting AZT out of the
CNS in the therapy of AIDS or penicillin in the treatment of
meningitis) but also there are other drug efflux transporters
like p-glycoprotein at the BBB, and MRP 1 in CP which also
transport drugs out of CSF and brain (3,8). Now that OAT 3
has been sequenced, cloned and expressed it seems eminently
possible to make a high affinity inhibitor of OAT 3 which will
block efflux transport (59,60). In null OAT 3 KO mice, the
mice seem normal so this approach is probably safe (59,60).
Also, as noted above, not all riboflavin transport through the
CP is via OAT 3 so there is a Bsafety valve’’ for riboflavin
transport from CSF. Years ago, we tried this approach by
pretreating normal and meningitic rabbits with probenecid to
increase penicillin levels in CSF (58). Unfortunately, al-
though we achieved a small effect, probenecid does not have
a high enough affinity for the carrier (OAT 3) in CP at a safe,
achievable CSF concentration (58). A better (submicromo-
lar) inhibitor is needed.

URATE TRANSPORT THROUGH RENAL TUBULES

In the past, the explanation of urate handling by kidney
was complex. Of the filtered urate at the glomerulus, about
90% is reabsorbed. This was explained by presecretory
reabsorption, secretion, and postsecretory absorption (67).
This theory, based on physiological and indirect pharmaco-
logical experiments, we now believe is incorrect (67). A
better understanding of urate handling in the human kidney
was proposed after the principal urate transporter was
cloned, expressed and termed URAT 1 (67). Patients who
are homozygous (or compound heterozygotes) for abnormal-
ities in URAT 1 have very low serum uric acid concen-
trations and do not respond to probenecid or pyrizinamide,
unlike normal subjects (68). With this recent information, the
newly cloned urate-anion exchanger (URAT 1) alone can
explain urate handling by the kidney; there is no need to
invoke urate secretion and postsecretory reabsorption (68).
Specifically it is now clear that probenecid inhibits urate
reabsorption by URAT 1 and that pyrazine carboxylic acid,
the active metabolite of pyrazinamide, enhances urate

reabsorption via URAT 1 by enhancing urate Ypyrazine
carboxylic acid exchange, thus increasing urate reabsoption
(68). In short, understanding urate handling by the kidney
has simplified and corrected our understanding of the
pharmacology of drugs that interact with URAT 1 (67,68).
But why humans reabsorb 90% of filtered urate, an apparent
waste product of purine metabolism, remains unclear.
Soluble uric acid can stimulate vascular smooth muscle cell
proliferation by activating mitogen-activated protein kinases
(69). Whether this is an important physiological role for uric
acid remains to be determined.

CONCLUSIONS

As described in the five examples in this commentary,
the transfer of many drugs and most nutrients through the CP
and urate through the renal tubules cannot be explained by
lipid solubility, charge or molecular size. Simple diffusion
accounts for little of the throughput transfer. Instead, there
are multiple different systems with varying specificities.
Furthermore, in most cases there are (or must be) carriers
(or receptors) on both sides of the epithelial cells, each with
different specificities. There have been many surprises. For
example, the riboflavin transport systems in choroid plexus
and the renal tubule exemplify endogenous nutrient systems
with very broad specificities, notwithstanding the widespread
belief that nutrient systems tend to specific.

With our recent expanded knowledge of these systems,
we can now usefully employ that information and manipulate
these and/or related systems. AA can be delivered to brain
not as AA but as DHAA with reduction to AA in brain.
Massive doses of reduced folate can be employed to treat
FR! transport failure. We now have strong evidence that the
inositol depletion hypothesis for lithium action is extremely
unlikely. Finally, it is formally possible to increase the
concentration of many important drugs in CSF and brain,
e.g., penicillin and AZT. The previous notion of the brain
and CSF as a pharmacological sanctuary is not absolute.
Moreover, there are many other systems in CP and the BBB
that can be employed, manipulated or altered to improve the
delivery of small molecules into brain (70) without having to
resort to direct injection into the brain substance or CSF.

However, there are still many unknowns. For example,
we do not have a clear idea why URAT 1 exists. What is the
purpose of the dynamic, two-step riboflavin transport system
in CP that so vigorously removes riboflavin from the CSF? Is
it just there for total riboflavin homeostasis in brain? What is
the nature of the CP transporters for AA, folate, inositol and
riboflavin that extrude these micronutrients from the epithe-
lium? We understand reasonably well the uptake trans-
porters, i.e., SVCT 2, FR!, SMIT1 and OAT 3, respectively,
but that is only half of the story. Why does OAT 3 have such
broad specificity? From a medicinal chemistry point of view,
how does OAT 3 manage such a broad specificity? It is like
P-glycoprotein and the MRP systems, which also have very
broad but different specificities (8). Finally, in our view,
although complex, all the above questions are now solvable
with time, dedication and resources. The pharmacological
future is bright. As documented above, as molecular knowl-
edge advances, drug therapy in general and in the CNS in
particular will steadily improve.
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