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Abstract

Background: para-Tyramine (p-TA) is a biogenic amine which is involved in multiple neuronal signal transductions.
Since the concentration of p-TA in dog cerebrospinal fluid (CSF) has been reported to be greater than that in plasma,
it is proposed that clearance of cerebral p-TA is important for normal function. The purpose of this study was to exam-
ine the role of the blood-brain barrier and blood-cerebrospinal fluid barrier (BCSFB) in p-TA clearance from the brain.

Methods: In vivo [*H]p-TA elimination from rat cerebral cortex and from CSF was examined after intracerebral and
intracerebroventricular administration, respectively. To evaluate BCSFB-mediated p-TA transport, [*H]p-TA uptake by iso-
lated rat choroid plexus and conditionally immortalized rat choroid plexus epithelial cells, TR-CSFB3 cells, was performed.

Results: The half-life of [BH]p—TA elimination from rat CSF was found to be 2.9 min, which is 62-fold faster than that
from rat cerebral cortex. In addition, this [?H]p-TA elimination from the CSF was significantly inhibited by co-injection
of excess unlabeled p-TA. Thus, carrier-mediated p-TA transport process(es) are assumed to take part in p-TA elimina-
tion from the CSF. Since it is known that transporters at the BCSFB participate in compound elimination from the
CSF, PH]p-TA transport in ex vivo and in vitro models of rat BCSFB was examined. The [*H]p-TA uptake by isolated

rat choroid plexus and TR-CSFB3 cells was time-dependent and was inhibited by unlabeled p-TA, indicating carrier-
mediated p-TA transport at the BCSFB. The p-TA uptake by isolated choroid plexus and TR-CSFB3 cells was not reduced
in the absence of extracellular Na™ and CI~, and in the presence of substrates of typical organic cation transporters.
However, this p-TA uptake was significantly inhibited by cationic drugs such as propranolol, imipramine, amantadine,
verapamil, and pyrilamine. Moreover, p-TA uptake by TR-CSFB3 cells took place in an oppositely-directed Ht gradient
manner. Therefore, this suggested that p-TA transport at the BCSFB involves cationic drug-sensitive transport systems
which are distinct from typical plasma membrane organic cation transporters.

Conclusion: Our study indicates that p-TA elimination from the CSF is greater than that from the cerebral cortex.
Moreover, it is suggested that cationic drug-sensitive transport systems in the BCSFB participate in this p-TA elimina-
tion from the CSF.
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Background cheese [1, 2]. In the brain, p-TA acts as a neuromodulator,
para-Tyramine (p-TA) is one of the trace amines derived  which supports neuronal actions by several neurotrans-
from tyrosine and present in fermented foods such as  mitters such as L-glutamate and norepinephrine [3, 4]. In

addition, p-TA binds to trace amine-associated receptor 1,
. : which is a G protein-coupled receptor and is a therapeutic
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dopamine D2 receptor, respectively, are reduced [6-10].
Since p-TA has a variety of roles in neuronal signal trans-
duction, it is important to understand the homeostatic sys-
tems governing the p-TA concentration in the brain.

It is considered that the neural concentration of p-
TA is maintained by a balance between production
and clearance and there are reports that the activity
of in vivo blood-to-brain transport of p-TA is low [11,
12]. In addition, Faraj et al. [13] have shown that the p-
TA concentration in the cerebrospinal fluid (CSF) of
dogs is approximately 2.6-fold lower than that in plasma
although p-TA is produced in the brain. Therefore, it is
conceivable that the p-TA clearance from the brain is
relatively greater compared with that of p-TA production.
Regarding the metabolic pathway of p-TA, it is known
to be metabolized to octopamine and p-hydroxypheny-
lacetate via dopamine p-hydroxylase and monoamine
oxidase, respectively [14]. Brain barriers are involved in
the clearance of several neural compounds: the blood-
brain barrier (BBB), which is formed by brain capillary
endothelial cells, directly separates the brain from the
circulating blood [15]. In addition, the cerebrospinal
fluid (CSF) is separated from the circulating blood by the
blood-CSF barrier (BCSFB) composed of choroid plexus
epithelial cells [15]. Recent reports have shown that these
barriers play a role in brain-to-blood transport of endog-
enous anionic and cationic compounds such as homo-
vanillic acid and histamine [16, 17]. Therefore, there is
a possibility that the BBB and/or BCSFB transport p-TA
from the brain to the circulating blood and play a role in
the p-TA clearance system in the brain.

These cells express a variety of plasma membrane trans-
porters which contribute to compound transport across
the BBB and BCSFB. In rat brain capillary endothelial
cells, mRNAs of serotonin transporter [SERT/solute car-
rier (Slc) 6a4], organic cation transporter 1-3 (OCT1-3/
Slc22al-3), multidrug and toxin extrusion 1-2
(MATE1-2/Slc47al-2), organic cation/carnitine trans-
porter 1-2 (OCTN1-2/Slc22a4-5), and plasma mem-
brane monoamine transporter (PMAT/SIc29a4) have
been reported to be expressed [18, 19]. Among these
transporters, it has been demonstrated that PMAT is
involved in 1-methyl-4-phenylpyridinium (MPPY) efflux
transport at the BBB, at least in part [18]. Regarding the
BCSFB, the mRNA expression of these transporters has
also been reported [18]. In addition, our previous stud-
ies have shown that PMAT and OCT3 are involved in
the elimination of histamine and creatinine, respectively,
from rat CSF [16, 20]. Taking these reports into consid-
eration, it is possible that several cationic transporters
at these brain barriers take part in the clearance of cati-
onic compounds from the brain. It is known that p-TA
is a substrate of plasma membrane transporters, such as
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SERT, OCT3, PMAT, and dopamine transporter (DAT/
Slc6a3) [21-24] and, thus, it is hypothesized that p-TA in
the brain is eliminated via these plasma membrane trans-
porters at the brain barriers.

To increase our knowledge of the homeostatic
mechanism(s) governing the cerebral p-TA concentra-
tion, the purpose of this study was to examine the role
of the brain barriers in p-TA clearance from the brain.
To examine p-TA elimination across the BBB, we used
an intracerebral microinjection technique. To evaluate
BCSFB-mediated p-TA efflux transport, in vivo intrac-
erebroventricular administration and ex vivo transport
studies using isolated choroid plexus were performed. In
addition, the properties of p-TA uptake were examined
using an in vitro model of rat BCSFB, conditionally immor-
talized rat choroid plexus epithelial cells (TR-CSFB3 cells).

Methods

Reagents

Butanol, n [1-'*C] ([**C]n-butanol, 2 mCi/mmol), man-
nitol, p-[1-'*C] ([**C]p-mannitol, 55 mCi/mmol), and
tyramine hydrochloride, [ring-3,5-3H]-([3H]p-TA, 50 Ci/
mmol) were obtained from American Radiolabeled
Chemicals (St. Louis, MO, USA). All other reagents were
commercially available.

Animals

Wistar rats (male, 6-week-old, ~ 160 g) were purchased
from Japan SLC (Hamamatsu, Japan) and maintained in a
controlled environment.

In vivo technique for evaluating p-TA elimination

across the BBB [25]

Anesthetized rats, obtained by intraperitoneally inject-
ing pentobarbital sodium solution (50 mg/kg), were
fixed in a stereotaxic apparatus (SR-5R; Narishige,
Tokyo, Japan). Physiological buffer A (0.5 pL; 122 mM
NaCl, 25 mM NaHCO,, 10 mM b-glucose, and 10 mM
2-[4-(2-hydroxyethyl)-1-piperazinyl]ethansulfonic ~ acid
(HEPES)-NaOH, 3 mM KCl, 1.4 mM CaCl,, 1.2 mM
MgSO,, 0.4 mM K,HPO,, pH 7.4) containing [*H]p-TA
(120 nCi/0.5 pL, 2.0 pM) and ["*C]p-mannitol (6.0
nCi/0.5 pL, 220 pM) was injected into the parietal cor-
tex area two region of the brain over a period of 1 min.
[*C]p-Mannitol, a BBB-impermeable marker, was used
to normalize the actual injection volume. At a designated
time, each rat was decapitated, and the ipsilateral cerebrum
was removed. During the procedure, the behavior of rats
and abnormal morphology of the brain was monitored,
and there was no apparent change in the anesthetized con-
ditions and brain structure. The tissue was dissolved in
2 N NaOH (2 mL) at 55 °C for 3 h and then mixed with
10 mL Hionic-Fluor (PerkinElmer, Boston, MA, USA). The
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radioactivity was measured in a liquid scintillation counter
equipped with an appropriate crossover correction for *H
and MC (LSC-6101; Hitachi-Aloka Medical, Tokyo, Japan).
The percentage of [°H]p-TA remaining in the ipsilateral
cerebrum (%) was obtained from Eq. 1.

[?’H} p-TA remaining in the ipsilateral cerebrum (%)

[BH}p—TA/ [14C}D—mannitol in the cerebrum 0
[3H]p-TA/[4C]D-mannitol in the injectate x a)

Lateral ventricular micro-administration [26]

Rats were anesthetized by intraperitoneally injecting
pentobarbital solution (50 mg/kg), and the head was fixed
in the SR-5R (Narishige). A hole was drilled in the skull,
1.5 mm to the left and 0.5 mm posterior to the bregma,
into which a needle was fixed as a cannula for injection.
Then, 10 pL buffer A containing [*H]p-TA (400 nCi)
and [“*C]p-mannitol (5 nCi), with or without unlabeled
75 mM p-TA, was injected into the left lateral ventricle
over a period of 20 s. At designated times, CSF (50 pL)
was withdrawn by cisternal puncture and the levels of °H
and !*C in the CSF and injectate were measured in a liq-
uid scintillation counter (LSC-6101; Hitachi-Aloka Medi-
cal). The rats exhibited no abnormal behavior during this
technique.

The kinetic parameters of this study were obtained
using a one-compartmental model (Eq. 2), where Cqg(2),
kecsp and Vg cop are the concentration in CSF at time
t, the elimination rate constant from the CSE, and the
distribution volume in the CSE respectively, of either
[*H]p-TA or [**C]p-mannitol.

Dose
Ccse(®) = v

X exp(—ke,csp X t) (2)
d,CSF

In addition, “Cegp(t)/dose x 100” is the percentage of the
residual concentration of the compound in the CSF nor-
malized by the amount of injectate (% of dose/mL CSF).
By multiplying k. by Vjcsp the apparent elimination
clearance from the CSF (CLgp) was obtained.

Transport study using choroid plexus [27]

Rats were decapitated and the choroid plexus in the lat-
eral ventricles was isolated. After preincubation of the
choroid plexus in buffer A for 1 min at 37 °C, a transport
reaction was initiated by applying buffer A containing

Tissue / medium ratio (uL / L ChP)
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1.0 pCi [*H]p-TA and 0.05 uCi [**C]n-butanol, a marker
of water space in the choroid plexus [28], in the absence
or presence of unlabeled compounds. Na't-free or
Cl™-free buffer was prepared by equimolar replacement
of NaCl and NaHCO; with lithium chloride and potas-
sium bicarbonate or that of NaCl, KCl, and CaCl, with
sodium gluconate, potassium gluconate, and calcium
gluconate, respectively. At designated times, the uptake
buffer was removed, and the choroid plexus was solubi-
lized by adding 3 N KOH. A liquid scintillation cocktail
(Hionic-Fluor; PerkinElmer) was added to the sample,
and ®H- and '*C-radioactivities were measured using an
LSC-6101 (Hitachi-Aloka Medical).

Uptake by conditionally immortalized rat choroid plexus
epithelial cells [29]

TR-CSFB3 cells were cultured at 33 °C as described pre-
viously. Kitazawa et al. have determined the apical locali-
zation of Na*, KT-ATPase from an immunocytochemical
study using TR-CSFB3 cells cultured onto a glass slide
[29]. It has also been demonstrated that the apical-to-
cell uptake capacity of [*’H]L-proline in TR-CSFB3 cells
seeded onto a Transwell® was similar to the uptake value
of *H]L-proline in TR-CSFB3 cells seeded onto a culture
plate [29]. The cells were plated onto collagen I-coated
24-well culture plates (BD-Biosciences, Franklin Lakes,
NJ, USA) at a density of 1.0 x 10° cells/well and cultured
for 2 days at 33 °C. At 37 °C, the cells were washed three
times with buffer A and 200 pL [*H]p-TA-containing
buffer A (0.75 pCi/mL) was applied. Na*- or Cl™-free
buffer A was prepared as described in the previous sec-
tion. To stop the uptake reaction, cells were rinsed three
times with 4 °C buffer A. The cells were subsequently sol-
ubilized with 1 N NaOH solution and incubated at room
temperature for 12 h. After neutralization with 1 N HCl,
the cellular protein and [*H]p-TA-derived radioactivity
were determined using a detergent-compatible protein
assay kit (BIO-RAD, Hercules, CA, USA) and liquid scin-
tillation counting, respectively.

Data analyses

The distribution volume of [*H]p-TA in isolated rat
choroid plexus and TR-CSFB3 cells, namely the tissue/
medium ratio and cell/medium ratio, respectively, was
obtained from the following equations (Egs. 3, 4).

[31-[] p-TA in the choroid plexus (dpm/ChP) / [3H} p-TA concentration in buffer (dpm/pL) (3)

[14C] n-Butanol in the choroid plexus (dpm/ChP) / [14C] n-Butanol concentration in buffer (dpm/ L)
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Intracellular [31-{] p-TA per cellular protein amount (dpm/ mg protein)

Cell/ medium ratio (wL/mg protein) =

[3H]p-TA concentration in buffer (dpm/pL)

(4)

The initial uptake clearance of [*H]p-TA by isolated rat
choroid plexus and TR-CSFB3 cells was calculated using
Egs. 5 and 6, respectively.

Tissue/medium ratio (wL/ L ChP)
= Initial uptake clearance ([LL / (min pL ChP))

x Time (min) + Initial distribution volume
(nL/pL ChP)

Cell/ medium ratio(pL/ mg protein)
= Initial uptake clearance
(uL/ (min mg protein)) x Time (min) 6)
+ Initial distribution volume

(ML / mg protein)

The equation was fitted using the nonlinear least-
squares regression analysis program, MULTI [30]. To
examine the initial uptake process, a linear correlation
analysis was performed. The coefficient of determina-
tion (%) of [®*H]p-TA uptake by isolated rat choroid
plexus from 0.25 min to 1.0 min was found to be 0.981,
which was greater than that from 0.25 min to 2.0 min
(r* = 0.822). This suggested that the initial [*H]p-TA
uptake by isolated rat choroid plexus is reflected in the
data up to 1 min. Regarding the uptake of [*H]p-TA by
TR-CSFB3 cells, the 7* of the [*H]p-TA uptake from
0.25 min to 2.0 min was calculated as 0.989, which is
similar to that of [*’H]p-TA uptake by isolated rat cho-
roid plexus from 0.25 min to 1.0 min and is close to
1. This result suggests that the cell/medium ratio at
all time points reflects the initial [*H]p-TA uptake
process.

The kinetic parameters for p-TA uptake by TR-CSFB3
cells were obtained from Eq. 7:

V = (Vmax x [S])/ K + [S]) + K4 x [S] )

where V is the uptake rate of p-TA, [S] is the p-TA
concentration in buffer, K, is the Michaelis—Menten
constant, and Ky is the non-saturable transport clear-
ance. The equation was fitted using the MULTI pro-
gram [30]. The kinetic parameters are presented as the
mean =+ standard deviation (S.D.). Other data represent
the mean + standard error of the mean (S.E.M.). The
statistical significance of differences between the means
was determined using the unpaired Student’s ¢ test for

two groups and one-way analysis of variance followed by
Dunnett’s test for more than three groups.

Results

Evaluation of p-TA elimination from rat cerebral cortex

The time-course of the percentage [*H]p-TA remaining in
rat ipsilateral cerebrum at 5, 10, 20, and 40 min after micro-
administration into the parietal cortex area 2 is shown in
Fig. 1a. There was no significant difference between the
values at 5, 10, 20, and 40 min (p = 0.143), although a ten-
dency for a time-dependent decrease was observed. As a
reference value, the half-life (¢,,,) of the percentage of cer-
ebral [*H]p-TA remaining after microinjection into the cer-
ebral cortex was calculated to be 178 + 68 min.

In vivo p-TA elimination from rat CSF

Figure 1b shows the time profile of “Cg(t)/dose x 100”
values of [*H]p-TA and [**C]p-mannitol after intracer-
ebroventricular injection. The residual concentration
in CSF of [SH]p-TA at 1.0, 1.5, and 2.0 min was signifi-
cantly lower than that of ['*C]p-mannitol. [*H]p-TA was
eliminated from the CSF with a ¢;,, of 2.85 £ 0.83 min,
which is 3.0-fold faster than the ¢,,, of ['*C]p-mannitol.
From the Vg and k,cgp values of PHlp-TA (Vycsp
159 + 16 pL/rat; ko cgp, 243 x 1071 £ 0.72 x 10~ min~
1), the CLg of [PH]p-TA was found to be 38.6 + 12.0 uL/
rat. The kinetic parameters for ['*C]p-mannitol, Vycgp
ke,cspr and CLcgp, were calculated to be 135 £ 11 uL/rat,
8.07 x 1072 £ 6.09 x 102> min~}, and 10.9 + 8.3 uL/rat,
respectively. To examine the possible contribution of car-
rier-mediated p-TA elimination system(s) from the CSF,
the effect of unlabeled excess p-TA on the concentration
ratio of [*H]p-TA and [**C]p-mannitol was examined.
The [*H]p-TA/[**C]p-mannitol residual concentration
ratio at 2 min was significantly (1.1-fold) increased by co-
administration of 75 mM unlabeled p-TA into the rat cer-
ebroventricle compared with that in the control (Fig. 1c),
indicating that [*H]p-TA elimination from rat CSF was
inhibited by excess unlabeled p-TA.

[®H1p-TA uptake by isolated rat choroid plexus

In order to examine whether p-TA was eliminated
from the CSF across the BCSFB, a [*H]p-TA transport
study using isolated rat choroid plexus was performed.
PH]p-TA was time-dependently taken up into the iso-
lated rat choroid plexus with an initial uptake rate and
an initial distribution volume of 1.19 + 0.31 pL/(min pL
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Fig. 1 In vivo analyses of p-TA elimination from rat brain or cerebrospinal fluid. a Time profile of [*H]p-TA remaining in the ipsilateral cerebrum after
injection into rat cerebral cortex. A mixture of [*Hlp-TA (120 nCi) and ['“Clo-mannitol (6 nCi) dissolved in 0.5 pL buffer A was injected. The solid line
was obtained by MULTI analysis. Each point represents the mean = S.E.M. (n = 3). b Time profile of the residual CSF concentration (% dose x 100)
of PHp-TA (open circles) and ["“Clo-mannitol (closed squares) after administration into rat lateral ventricles and sampled from the cisterna magna.
Buffer A containing [*H]p-TA (400 nCi/10 pL) and ['“Clo-mannitol (5 nCi/10 uL) was injected into rat lateral ventricles. The solid line was obtained by
MULTI analysis. Each point represents the mean = S.EM. (n = 3-4). *p < 0.05, significantly different from the value for ["*Clo-mannitol. ¢ Increase in
the residual CSF concentration of [*H]p-TA at 2 min normalized to that of ['“Clo-mannitol by simultaneous administration of unlabeled 75 mM p-TA.
Each column represents the mean + S.EM. (n = 3-5). *p < 0.05, significantly different from the control
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Fig. 2 Time-dependent uptake of [*H]p-TA by isolated rat choroid
plexus. The choroid plexus was incubated with PHp-TA (1 pCi/sam-
ple, 1 uM) and ["*Cln-butanol (0.05 uCi/sample, 250 nM) at 37 °C. The
solid line was obtained by MULTI analysis. Each point represents the
mean 4+ SEM. (n = 3-6)

ChP) and 0.895 + 0.223 pL/pL ChP, respectively (Fig. 2).
As shown in Table 1, 10 mM unlabeled p-TA significantly
inhibited this [*H]p-TA uptake by 34%. The absence of
extracellular Nat or CI™ did not significantly affect the
[*H]p-TA uptake by isolated rat choroid plexus (Table 1),
indicating that Na™ and/or Cl™-cotransport systems are
not involved in p-TA uptake by the rat choroid plexus. To
examine p-TA transport mechanism(s) on the choroid
plexus, the compound/drug-sensitivities to [*H]p-TA

uptake were examined (Table 1). Several cationic drugs,
such as propranolol, pyrilamine, amantadine, imipra-
mine, and verapamil, significantly inhibited [BH]p—TA
uptake by the isolated rat choroid plexus by more than
29%. Among typical SLC transporter substrates/inhibi-
tors, choline exhibited 28% inhibition of [*H]p-TA
uptake. However, [*H]p-TA uptake by the isolated rat
choroid plexus was not significantly altered in the pres-
ence of serotonin (a substrate of SERT), MPP™ (a typi-
cal substrate of OCT and PMAT), tetraethylammonium
(TEA; a typical substrate of OCT, OCTN, and MATE),
and p-aminohippurate (PAH; a typical substrate of
organic anion transporter, OAT).

Characteristics of [*H]p-TA uptake by TR-CSFB3 cells

To clarify the characteristics of p-TA transport at the
BCSFB, a [*H]p-TA transport study using an in vitro
model of rat BCSFB, TR-CSFB3 cells, was performed.
TR-CSFB3 cells exhibited time-dependent [*H]p-TA
uptake with an initial uptake rate and an initial distri-
bution volume of 2.93 £ 0.32 pL/(min mg protein) and
2.25 + 0.24 pL/mg protein (Fig. 3a, open circles). At
2 min, [*H]p-TA uptake by TR-CSFB3 cells at 4 °C was
significantly reduced by 86% (Fig. 3a, closed square). In
addition, concentration-dependent p-TA uptake by TR-
CSEB3 cells consisted of saturable and non-saturable
components with apparent K, V.., and K, values of
3.48 £ 0.83 mM, 7.26 £ 1.61 nmol/(min mg protein), and
9.78 x 10! £ 0.66 x 10! uL/(min mg protein), respec-
tively (Fig. 3b). Moreover, 10 mM p-TA significantly
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Table 1 Effect of Na™- or Cl -replacement, and co-pres-
ence of compounds on [*H]p-TA uptake by isolated rat cho-
roid plexus

Compounds Concentration (mM) Percentage of control

Na*/Cl~-replacement

Control 100+ 5
Na't-free 936439
Cl=-free 984 +58
Co-presence of compounds

Control 100+ 9
p-TA 10 65.9 + 4.6
Propranolol 10 61.0 & 54**
Pyrilamine 10 61.2 + 0.8%*
Amantadine 10 614+ 06"
Imipramine 1 674+ 1.1%
Verapamil 1 708 £ 1.1*
Choline 10 723 +4.6%
Serotonin 10 796 £22
MPP* 10 847 +£6.3
TEA 10 93.04£ 3.1
PAH 10 954+ 5.1

[*H]p-TA uptake by isolated rat choroid plexus (1 uCi/sample) was performed
at 37 °C for 45 s in the absence (control) or presence of Na™ and CI~

without (control) or with unlabeled compounds. Each value represents the
mean + S.E.M. (n = 3-8)

MPP* 1-methyl-4-phenylpyridinium, PAH p-aminohippurate, TEA
tetraethylammonium, p-TA para-tyramine

*p < 0.05 and **p < 0.01, significantly different from control
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inhibited the [*H]p-TA uptake by 48% (Table 2). [*H]p-TA
uptake by TR-CSFB3 cells was significantly inhibited by
more than 30% in the presence of several kinds of cati-
onic drugs/compounds, such as propranolol, imipra-
mine, amantadine, nicotine, desipramine, pyrilamine,
and verapamil. In contrast, this [*H]p-TA uptake was not
significantly altered by L-carnitine (a typical substrate
of OCTN), pyrimethamine (a substrate of MATE), nor-
epinephrine (a substrate of norepinephrine transporter),
PAH, serotonin, and cimetidine (a substrate of OCT and
MATE). In addition, the [*H]p-TA uptake by TR-CSFB3
cells was significantly increased, but not decreased, by
the co-presence of tyrosine (a precursor of p-TA), choline
(a substrate of OCT), MPP™, and TEA (Table 2).

The extracellular inorganic anion sensitivity of
[*H]p-TA uptake by TR-CSFB3 cells was examined and
was found not to be altered in the absence of extracel-
lular CI7, whereas it was significantly increased, but not
decreased, in the absence of extracellular Na* (Table 2).
This result indicates that Nat- and Cl -cotransporters
are not involved in p-TA transport into the choroid
plexus. The [*H]p-TA uptake by TR-CSFB3 cells was sig-
nificantly reduced by 50% at an extracellular pH of 6.0
(Fig. 4a, closed column), and increased 1.8-fold at an
extracellular pH of 8.4 (Fig. 4a, hatched column). In order
to examine the intracellular pH effect, TR-CSFB3 cells
were treated with ammonium chloride, since the intra-
cellular pH is increased by treatment with ammonium
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Fig. 3 Time-, temperature-, and concentration-dependence of [3H]p-TA uptake by TR-CSFB3 cells. a [?’H}p—TA uptake (0.15 pCi/well, 19 nM) was
measured at 37 °C (open circles) and 4 °C (closed square) for indicated times. The solid line was obtained by MULTI analysis. Each point represents
the mean =+ S.EM. (n = 3). **p < 0.01, significantly different from [>H]p-TA uptake at 37 °C for 2 min. b p-TA uptake, over the concentration range
20 nM-60 mM, was measured at 37 °C for 2 min. The data were subjected to Eadie-Scatchard analysis in addition to Michaelis-Menten kinet-

ics (inset). The solid, dashed, and dotted lines, which were fitted by the MULTI program, represent overall, saturable, and non-saturable transport,
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Table 2 Effect of Na™- or Cl -replacement, and co-pres-
ence of compounds on [*H]p-TA uptake by TR-CSFB3 cells

Compounds Concentration (mM) Percentage of control

Na™*/CI~-replacement

Control 100+ 3
Na't-free 153 4 8**
Cl~-free 103+4
Co-presence of compounds
Control 100 £ 1
p-TA 10 5184 3.7%
Propranolol 10 29.0 £ 4.2%*
Imipramine 10 31.5£29%
Amantadine 10 453 £ 24*
Nicotine 10 522 £38%
Desipramine 10 634 £ 1.9%
Pyrilamine 10 654 £ 10.8**
Verapamil 3.0 69.6 £ 6.7%
-Carnitine 10 750+ 5.7
Norepinephrine 10 96.1£73
PAH 10 110+6
Serotonin 10 114+5
Cimetidine 10 115+£2
Tyrosine 10 140 £ 17**
Choline 10 150 &+ 6**
MPP+ 10 155 4 19**
TEA 10 168 £ 13**
Control (1% DMSO) 100+ 5
Pyrimethamine (1% 0.2 91.0£73

DMSO)

[*H]p-TA uptake by TR-CSFB3 cells (0.15 uCi/well) was performed at 37 °C for

2 min in the absence (control) or presence of Na™ and CI~ without (control) or
with unlabeled compounds. Each value represents the mean + S.EM. (n = 3)
DMSO dimethyl sulfoxide, MPP* 1-methyl-4-phenylpyridinium, PAH
p-aminohippurate, TEA tetraethylammonium, p-TA para-tyramine

*p < 0.05 and **p < 0.01, significantly different from control

chloride (acute), and subsequent removal of ammonium
chloride (pretreated) reduces the intracellular pH [31].
An increase in the intracellular pH significantly reduced
[®H]p-TA uptake by TR-CSFB3 cells at pH 7.4 and pH 8.4
by 37% and 42%, respectively (Fig. 4b, acute and closed
column), compared with respective untreated condi-
tions (Fig. 4b, untreated and open column). In contrast, a
reduction in intracellular pH increased [*H]p-TA uptake
by TR-CSFB3 cells to 126% and 191% at pH 7.4 and pH
8.4, respectively (Fig. 4b, pretreated and hatched col-
umn), relative to the respective untreated conditions.

Discussion

In this study, p-TA elimination from the brain and CSF
was investigated in rats (Fig. 1). To clarify the involve-
ment of the BCSFB in p-TA elimination from the CSF, a
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p-TA transport study using isolated rat choroid plexus,
which forms the BCSFB, was carried out (Fig. 2 and
Table 1). Since carrier-mediated transport properties
were observed in this study using rat choroid plexus, p-
TA transport characteristics were examined in in vitro
rat BCSFB model cells (Figs. 3, 4, and Table 2).

The percentage of [*H]p-TA remaining in the ipsilat-
eral cerebrum tended to be reduced in a time-dependent
manner (Fig. 1a), although there was no significant dif-
ference between the values at examined time points. It is
known that p-TA is converted via enzymes in neural cells
to several metabolites, such as octopamine [14]. Thus, it
is suggested that p-TA and its metabolites are eliminated
to a degree from the brain across the BBB. However, this
t» as a reference record (178 min), was 62-fold longer
than that of the residual concentration of [*H]p-TA in the
CSF (Fig. 1b). These results show that p-TA elimination
from the CSF makes a major contribution to cerebral p-
TA clearance relative to that from the brain parenchyma
or interstitial fluid. In addition, the CLcg for [*H]p-TA
was 3.5-fold higher than that of [**C]p-mannitol, a
marker compound for bulk flow of CSF [26, 32]. Taking
the inhibitory effect of p-TA elimination from the CSF
by excess unlabeled p-TA (Fig. 1c) into consideration,
this suggests that carrier-mediated transport system(s),
which are distinct from CSF bulk flow, are involved in p-
TA elimination from the CSE.

After intracerebroventricular administration, it is pos-
sible that [®H]p-TA is distributed to the brain paren-
chyma and/or taken up into ependymal cells and choroid
plexus epithelial cells [33]. It is known that transport-
ers at the BCSFB participate in the elimination of sev-
eral compounds from the CSF [15]. We have shown that
PH]p-TA was time-dependently taken up into ex vivo
isolated rat choroid plexus (Fig. 2) and in vitro choroid
plexus epithelial cells, which form the BCSFB (Fig. 3). In
addition, this [*H]p-TA uptake was significantly inhibited
by unlabeled 10 mM p-TA (Tables 1, 2). Since the ini-
tial distribution volume of p-TA was found to be 159 yL
(Fig. 1b), the concentration in rat CSF of unlabeled p-
TA after a 10 pL intracerebroventricular microinjection
of 75 mM unlabeled p-TA was calculated to be 4.7 mM,
which is similar to that in the in vitro self-inhibition stud-
ies. Therefore, it is suggested that some transport systems
at the BCSFB take part in carrier-mediated elimination of
p-TA from the CSE.

Since the apical membrane of the choroid plexus faces
the [*H]p-TA-containing buffer in the uptake study using
isolated choroid plexus, it appears that the character-
istics of [*H]p-TA uptake by rat choroid plexus reflects
the CSF-to-cell transport direction at the BCSFB. In this
study, the choroid plexus from the lateral ventricle was
used in the p-TA transport study. Although there are
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known regional differences in physiological and trans-
port functions between the choroid plexuses from the
lateral, third, and fourth ventricles [34, 35], Ogawa et al.
[26] have reported that the in vivo uptake rate which is
extrapolated from in vitro benzylpenicillin transport in
rat choroid plexus from the lateral ventricle, is in good
agreement with that of saturable in vivo elimination of
benzylpenicillin from the CSF. p-TA transport across the
apical membrane of the isolated rat choroid plexus was
found to be 7.14 pL/(min rat) since the total volume of
rat choroid plexus has been reported to be 6 pL (7.14 pL/
(min rat) = 1.19 pL/pL ChP x 6 pL/rat) [26]. Regarding
the polarity of TR-CSFB3 cells after seeding onto a cul-
ture plate and glass slide, it has been reported that mem-
brane protein localization onto the plasma membrane of
choroid plexus epithelial cells is mostly retained [29]. As
the surface area of TR-CSFB3 cells and rat lateral ven-
tricle choroid plexus epithelium has been reported to
be 20 cm?/mg protein [18] and 75 cm?/rat [36], respec-
tively, the initial p-TA uptake clearance estimated from
the uptake study using TR-CSEB3 cells was calculated
to be 11.0 pL/(min rat) (= 2.93 pL/(min mg protein) =+
20 cm?/mg protein x 75 cm?*/rat). This estimated initial
p-TA uptake clearance from the transport study using
TR-CSFB3 cells is consistent with that using isolated rat
choroid plexus. Taking these findings into consideration,
there is a high possibility that the characteristics of p-
TA uptake by TR-CSFB3 cells reflect the p-TA transport
properties of the apical membrane of the BCSFB.

These BCSFB-mediated [*H]p-TA uptake clearance
values obtained from the uptake studies of isolated rat
choroid plexus (7.14 pL/(min rat) and TR-CSFB3 cells
(11.0 puL/(min rat)) were 18.5 and 28.5% of the in vivo
total [*H]p-TA elimination clearance from rat CSF (38.6
pL/(min rat), Fig. 1b). As the elimination clearance of
[**C]p-mannitol from rat CSF was found to be 10.9 pL
(Fig. 1b), 28.2% of the total [*H]p-TA clearance would
reflect the CSF bulk flow and diffusion to the brain
parenchyma. As the other pathways for p-TA elimination
from the CSF, the remainder of which corresponds to
(43.3-53.5%), the incorporation of p-TA into the neural
cells facing the cerebroventricles, including the ependy-
mal cells, is a possibility. Further analysis to check the
radioactivities in choroid plexus and neural cells sur-
rounding the cerebroventricle could help these cells con-
tribute to p-TA elimination from the CSE. Nevertheless,
it is considered that the BCSFB is involved in the carrier-
mediated p-TA elimination from the CSE, at least in part,
since an inhibitory effect of unlabeled excess p-TA on
[*H]p-TA uptake by isolated rat choroid plexus (Table 1)
and TR-CSFB3 cells (Table 2) was observed.

p-TA uptake by TR-CSFB3 cells exhibited saturable
and non-saturable kinetics (Fig. 3b). The clearance of the
saturable process of p-TA transport (V,,,,/K,,) was found
to be 2.09 pL/(min mg protein), which is 2.1-fold higher
than that of the non-saturable process [Kj, 0.978 uL/
(min mg protein)]. This result indicates that the trans-
porter-mediated process makes a major contribution to
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apical p-TA transport at the BCSFB. It has been reported
that human OCT3 and PMAT accept p-TA as a substrate
with a K, of 0.281 and 283 uM, respectively [21, 22].
However, the K, value of p-TA uptake by TR-CSFB3 cells
(3.48 mM) was inconsistent with these values. mRNA
expression of OCT1-2, OCTN1-2, and MATE in addi-
tion to OCT3 and PMAT as typical organic cation trans-
porters has been reported [18] but no attenuation of
[*H]p-TA transport into TR-CSFB3 cells and/or isolated
rat choroid plexus was observed in the presence of these
transporter inhibitors, such as MPP*, TEA, L-carnitine,
pyrimethamine, and cimetidine (Tables 1, 2). In sum-
mary, these lines of evidence suggest that typical organic
cation transporters which are expressed in the BCSFB are
not involved in p-TA transport across the BCSFB. Other
plasma membrane transporters for p-TA are known: i.e.
several Na*-, Cl™-dependent Slc molecules, such as DAT
and SERT. However, in the uptake study using isolated
rat choroid plexus and TR-CSFB3 cells, [°H]p-TA uptake
was not attenuated in the absence of extracellular Na™
and CI™ (Tables 1, 2). The K, value of human DAT- and
SERT-mediated p-TA transport has been reported to
be 1.7 and 52.7 pM, respectively [23, 24], which is dif-
ferent from the K value obtained for p-TA uptake by
TR-CSFB3 cells. In addition, [*H]p-TA uptake by both
isolated rat choroid plexus and TR-CSFB3 cells was not
significantly changed in the presence of serotonin, a sub-
strate of SERT (Tables 1, 2). Consequently, we conclude
that typical organic cation transporters and the Na*- and
Cl™-dependent Slc family do not play a role in apical p-
TA transport at the BCSFB.

We showed that p-TA transport into TR-CSFB3 cells
exhibited an oppositely-directed H'-gradient (Fig. 4).
Cationic drug transport system(s) in several tissues and
blood-central nervous system barriers have been pro-
posed [37-43]. It has been reported that human intesti-
nal epithelial cells transport several cationic drugs, such
as bisoprolol and metoprolol, in an extracellular pH-
dependent manner [37, 38]. Our previous reports have
shown that nicotine is taken up into rat hepatocytes and
lung via unidentified transport system(s) which recognize
several cationic drugs and exhibit a H*/substrate antiport
behavior [39, 40]. Moreover, it has been shown that H"/
substrate antiport system(s) involve blood-to-brain trans-
port across the BBB of cationic compounds and drugs,
such as pyrilamine, oxycodone, and nicotine, although
the molecular identification of the system(s) has not been
reported [41-43]. p-TA uptake by isolated rat choroid
plexus (Table 1) and TR-CSFB3 cells (Table 2) was sig-
nificantly inhibited by cationic drugs which also inhibited
the uptake of pyrilamine, oxycodone, and nicotine by an
in vitro BBB model cell line [41, 42]. Thus, it is suggested
that cationic drug-sensitive transport system(s), similar
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to the systems in the BBB, are present on the apical mem-
brane of the BCSFB and are involved in p-TA elimination
across the BCSFB from the CSE.

In patients with Parkinson’s disease and depression,
monoamine oxidase inhibitors, such as selegiline, are
regularly prescribed. It is widely known that patients who
take p-TA-enriched foods exhibit neural side-effects such
as migraine when receiving pharmacotherapy with mon-
oamine oxidase inhibitors [44, 45]. As one reason for the
above side-effects, the activation of noradrenergic signal
transduction has been proposed by monoamine oxidase
inhibition and, thus, an increase in the neural p-TA con-
centration. Many monoamine oxidase inhibitors, includ-
ing selegiline, are cationic and lipophilic drugs. This
study has demonstrated that p-TA elimination across the
BCSFB from the CSF is inhibited by cationic and lipo-
philic compounds (Tables 1, 2). Thus, it is possible that
the administration of cationic drugs causes an increase
in p-TA in the brain via the inhibition of BCSFB-medi-
ated p-TA elimination and exacerbates neuronal actions
induced by excess p-TA. Further studies on the identifica-
tion of p-TA transport molecule(s) which also recognize
cationic drugs are needed, since this could help improve
the pharmacotherapy of these patients in addition to
increasing our understanding of the role of the BCSFB
in homeostasis of p-TA levels in the brain. Moreover, it
is considered that our findings about the in vitro char-
acteristics of tyramine transport at the BCSFB (Tables 1,
2), such as inhibition by cationic drugs and promotion by
the presence of several compounds (i.e., tyrosine, choline,
MPP™, and TEA), are helpful for identifying the responsi-
ble molecule(s) for tyramine transport at the BCSFB.

Conclusion

Our study demonstrates the greater contribution of p-TA
elimination from the CSF to the clearance of p-TA from
the brain parenchyma in vivo. From the transport studies
using isolated choroid plexus and TR-CSFB3 cells, p-TA
efflux transport at the BCSFB was shown to involve cati-
onic drug-sensitive transport systems. These are distinct
from typical plasma membrane organic cation transport-
ers in the BCSFB. This study provides a new view of the
role of the BCSFB in homeostasis of trace amines in the
brain, including p-TA.
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