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Abstract
Rationale Available neurochemical probes that lower brain
dopamine (DA) levels in man are limited by their tolerabil-
ity and efficacy. For instance, the acute lowering of brain
tyrosine is well tolerated, but only modestly lowers brain
DA levels. Modification of tyrosine depletion to robustly
lower DA levels would provide a superior research probe.
Objectives The objective of this study was to determine
whether the subthreshold stimulation of presynaptic DA
receptors would potentiate tyrosine depletion-induced
effects on extracellular DA levels in the medial prefrontal
cortex (MPFC) and striatum of the rat.
Methods We administered quinpirole, a predominantly DA
type 2 (D2R) receptor agonist, into the MPFC and striatum
by reverse dialysis. A tyrosine- and phenylalanine-free neu-
tral amino acid mixture [NAA(−)] IP was used to lower
brain tyrosine levels. DA levels in the microdialysate were
measured by HPLC with electrochemical detection.
Results Quinpirole dose-dependently lowered DA levels in
MPFC as well as in the striatum. NAA(−) alone transiently
lowered DA levels (80 % baseline) in the striatum, but had
no effect in MPFC. The co-administration of NAA(−) and a
subthreshold concentration of quinpirole (6.25 nM) lowered
DA levels (50 % baseline) in both the MPFC and striatum.

This effect was blocked by the mixed D2R/D3R antagonist
haloperidol at IP doses that on their own did not affect DA
levels (10.0 nmol/kg in the MPFC and 0.10 nmol/kg in the
striatum).
Conclusions Pharmacological stimulation of inhibitory
D2R receptors during tyrosine depletion markedly lowers
the extracellular DA levels in the MPFC and striatum. The
data suggest that combining tyrosine depletion with a low
dose of a DA agonist should robustly lower brain regional
DA levels in man.
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DOPA . Prefrontal cortex

Introduction

The function of brain dopamine (DA) systems in man can be
probed experimentally by transiently lowering brain region-
al DA levels. Each of the currently available methods,
however, is limited by issues of efficacy or tolerability.
The tyrosine hydroxylase (TH) inhibitor α-methyl-para-ty-
rosine robustly lowers catecholamine levels throughout the
body (Engelman et al. 1968), but induces significant seda-
tion, orthostasis, and bradykinesia (Abi-Dargham et al.
2000; Miller et al. 1996). The direct DA agonist apomor-
phine also lowers brain regional DA levels, but the effective
dose (03–0.6 mg/kg SC; de La Fuente-Fernandez et al.
2001) overlaps with the threshold (0.4–0.5 mg/kg SC) for
inducing emesis (Angrist et al. 1980). Such side effects can
confound cognitive and other assessments.

The acute lowering of brain tyrosine (TYR) levels lowers
brain DA turnover and/or efflux in the rat (Biggio et al. 1976;
Fernstrom and Fernstrom 1995; Jaskiw et al. 2005; McTavish
et al. 1999a; Wurtman et al. 1974) as well as in non-human
primates (Palmour et al. 1998). In man, TYR depletion is
generally well tolerated; its central anti-dopaminergic actions
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include the attenuation of manic symptoms, (McTavish et al.
2001), amphetamine antagonism (McTavish et al. 1999b),
elevation of prolactin, and changes in DA-mediated indices
of cognition and emotion (Gijsman et al. 2002; Harmer et al.
2001; Harrison et al. 2004). However, in vivo imaging shows
that TYR depletion produces a rather modest (∼20 %) decline
in extracellular DA levels in man (Montgomery et al. 2003).
This may account for reports in which the lowering of TYR
levels did not produce the expected effects (Ellis et al. 2007;
Lythe et al. 2005; Mehta et al. 2005). The research utility of
TYR depletion would be enhanced if associated changes in
brain DA levels were larger and more consistent. We now
report on one such strategy in the rat.

TYR availability can affect the rate of TYR hydroxylation,
the rate-limiting step in DA synthesis (Ikeda et al. 1966). The
enzyme tyrosine hydroxylase (TH) is normally thought to be
close to full saturation with its TYR substrate (Kaufman and
Kaufman 1985). Hence, an acute lowering of TYR levels
lowers TYR hydroxylation (Bongiovanni et al. 2008, 2012;
Fernstrom and Fernstrom 1995; McTavish et al. 1999a;
Wurtman et al. 1974). This, given the usually rapid and
efficient decarboxylation of DOPA (Neff et al. 2006;Waymire
and Haycock 2002), results in a lower rate of DA synthesis
and a reduction in the size of the releasable vesicular DA pool
(Pothos et al. 1996). Since TYR depletion does not usually
affect baseline extracellular DA levels (Bongiovanni et al.
2008; Jaskiw et al. 2005, 2006, 2008b), however, other ho-
meostatic mechanisms must be involved.

In the striatum, DA receptors belonging to the type 2
family (D2R) and located on DA terminals as well as on
non-DA neurons participate in the regulation of DA synthe-
sis, release, and uptake (Anzalone et al. 2012; Wolf and
Roth 1990; Wu et al. 2002; Zhang and Sulzer 2012). DA
terminals in the medial prefrontal cortex possess only
release-modulating autoreceptors, also from the D2R family
(Bannon et al. 1982; Fadda et al. 1984; Galloway et al.
1986). We previously postulated that release-modulating
terminal D2R receptors mediate the maintenance of stable
extracellular DA levels in the face of acutely lowered DA
synthesis (Bongiovanni et al. 2008). If this hypothesis were
true, then TYR depletion concomitant with appropriate
stimulation of these D2R receptors should result in a marked
lowering of extracellular DA levels.

(−)-Quinpirole (QUI) is a direct agonist for D2R and
D3R receptors (Flietstra and Levant 1998; Gehlert et al.
1992). The administration of QUI by reverse dialysis lowers
in vivo DA levels in the medial prefrontal cortex (MPFC;
Santiago et al. 1993b) and striatum (Imperato and Di Chiara
1988; Mao et al. 1996; Santiago et al. 1993a; Westerink and
De Vries 2001). At a subthreshold concentration, namely,
the maximal concentration that does not affect extracellular
DA levels, QUI should provide stimulation to inhibitory
D2R receptors comparable to that provided by endogenous

DA. Under continuous pharmacological stimulation, these
inhibitory receptors could no longer mediate compensatory
processes normally triggered by a decline in extracellular
DA levels. Thus, we postulated that TYR depletion during
the administration of QUI by reverse dialysis would result in
a marked lowering of extracellular DA levels in the MPFC
and striatum.

Given the variability in the reported relationship between
perfusate QUI concentrations and the DA response (Devoto
et al. 2001; Freeman and Tallarida 1994; Imperato and Di
Chiara 1988; Kurata and Shibata 1990; Mao et al. 1996;
Santiago et al. 1993a, b; Tanaka et al. 1992; Westerink and
De Vries 2001; You et al. 1994), we first determined a dose–
response curve under our own laboratory conditions. Then,
while perfusing the MPFC or the striatum with a subthresh-
old concentration of QUI, we systemically administered a
TYR- and phenylalanine-free neutral amino acid solution
[NAA(−)] that lowers brain TYR levels (Jaskiw et al. 2005,
2008a; McTavish et al. 1999a). Finally, to confirm that the
action of QUI was DA receptor-mediated, we examined
TYR depletion during the administration of QUI along with
IP administration of the mixed D2R/D3R antagonist halo-
peridol at a dose that on its own does not affect DA levels
(Westerink et al. 2001).

Materials and methods

Procedures were conducted in accordance with the NIH
Guide for the Care and Use of Laboratory Animals (1996)
and were approved by the LSC-VAMC Animal Care Com-
mittee. Male Sprague–Dawley rats (Harlan, 250–330 g)
were housed three to a plastic cage (61×30 cm.) with
sawdust bedding and maintained on a standard 12-h on/off
light cycle with food and water ad libitum in an AALAC-
accredited facility.

There were several modifications to our previous
(Bongiovanni et al. 2008) microdialysis procedures. Anesthe-
sia was administered in a gas chamber with 4.5 % isoflurane
(Baxter) flushed with 2.0 L/min O2 at 1.0 bar. Anesthetized
rats were removed, weighed, shaved, and placed in a stereo-
taxic frame (Kopf) with the incisor bar set at 7 mm. Anesthesia
was then maintained through a nosecone perfused with 3 %
isoflurane. A guide cannula and a microdialysis probe (PAN.
30 kDa, MWCO, 320-μm OD, 4-mm active membrane; Bio-
analytical Science) were surgically implanted either in the
MPFC (probe terminating: M/L±0.70 mm, A/P+3.20 mm,
V/D−7.00 mm, relative to bregma) or in the striatum (probe
terminating: M/L±3.20 mm, A/P+1.00 mm, D/V−7.00 mm).
Only one probe was implanted in each animal with the side
(i.e., L vs. R) alternating between rats. The probe was
connected to polyethylene tubing (0.965-mm OD, 0.58-mm
ID; length, 2 m) to a swivel and perfusion pump. Each rat was
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then placed singly in a 30×30×35-cm Plexiglas enclosure
with hardwood shavings and food and water ad libitum.

On the following morning (18–22 h after implantation),
perfusion began with Dulbecco’s phosphate-buffered saline
containing (in milliequivalents): 137 NaCl, 2.7 KCl, 0.5
MgCl2, 1.5 KH2PO4, 8.1 Na2HPO4, 1.2 CaCl2, and 5 %
glucose (final pH 7.4). A perfusion rate of 1 μL/min was
maintained using a syringe pump (Harvard Apparatus). The
perfusate could be changed by switching the perfusion tub-
ing directly at the probe inflow. Given the length of the
probe outflow tubing (13.7 cm), there was a lag time of
36.2 min between a change in perfusate and the time at
which the new perfusate entered the collection vial. Samples
were collected every 30 min until a stable baseline was
reached. At that point (t=0 h), one of the following protocols
was followed. In experiment 1, the vehicle perfusate was
switched to one containing QUI (0–100 nM, free base). In
experiment 2, one group was switched to a perfusate contain-
ing the subthreshold concentration of QUI (6.25 nM) while
two groups continued to receive the standard perfusate vehicle
(VEH). Then, at t=1 h and t=2 h, all animals received two
identical IP injections of either NAA(−) or a saline VEH
(1 ml/280 g). The administration of NAA(−) in two doses at
separate time points 60 min apart has been demonstrated to
induce a greater degree of TYR depletion than a single admin-
istration (McTavish et al. 1999a). The three groups in experi-
ment 2 were: VEH/VEH, VEH/NAA(−), and QUI/NAA(−).
Experiment 3 followed the same sequence as experiment 2,
except that an additional IP injection of haloperidol (2 ml/kg)
was administered at t=1.5 h. The two groups in experiment 3
were: VEH/VEH/HAL and QUI/NAA(−)/HAL. Data were
collected from a single microdialysis session in each rat.

A stock solution of QUI was made by dissolving (−)-
quinpirole hydrochloride (Tocris Biosciences) 1 ng/μL
(hydrochloride) in vehicle, pipetting it into aliquots and
storing at −80 °C. On the morning of use, an aliquot was
thawed and used to make a solution of QUI (6.25–100 nM
as the free base) in PBS. The pH of the PBS was not
significantly affected. The NAA(−) (total, 1 g/kg IP) was
prepared as previously described (Bongiovanni et al. 2008;
McTavish et al. 1999a) and administered in two equal vol-
umes 1 h apart. A stock solution of haloperidol was prepared
by adding 100 μL 1.0 M tartaric acid and 2.0 mg haloper-
idol (Sigma-Aldrich) to 1.73 mL H2O, sonicating until fully
dissolved, and then adding 100 μL of 1 N NaOH. This stock
solution was stored at 4 °C. On the morning of use, the stock
solution was diluted with vehicle and brought to a pH∼7.3.
The dose of administered haloperidol was 10.0 nmol/kg=
3.76 μg/kg for MPFC and 0.10 nmol/kg=0.0376 μg/kg for
the striatum (Westerink et al. 2001).

At the end of the experiment, the animals were euthan-
ized (IP Euthasol, Virbac Animal Health), decapitated, and
their brains removed. Brains were stored at −40 °C until

they were cut on a cryostat at 50-μm intervals for probe
placement verification. Data from rats in which the probe
extended beyond the region of interest were discarded.

The microdialysate (10 μL) was analyzed by HPLC cou-
pled with electrochemical detection. Separation was achieved
on a 100×4.6-mm reversed-phase C18 column with 3-μm
particles (Agilent Technologies Microsorb-MV). The mobile
phase consisted of 12.5 mM citrate, 20.0 mM acetate, and
0.1 mM EDTA, with 5 % (v/v) methanol adjusted to pH 4.5
with sodium hydroxide and 0–3.0 mM octylsulfonic acid
adjusted as a modifier. The mobile phase was pumped at a rate
of 0.5 mL/min. DA was measured using an electrochemical
detector with a glassy carbon electrode and maintained at a
relative potential of 0.50 V to an Ag/AgCl reference electrode
(model LC-4; Bioanalytical Systems, IN, USA). The detection
limit for DAwas 50 fg/10 μL at a 3:1 signal-to-noise ratio.

Data expressed as the percentage of baseline were ana-
lyzed (GraphPad Prism) using ANOVA with time as the
repeated factor. If the overall ANOVA was significant, it
was followed by Bonferroni’s post hoc t tests. Data are
expressed as the mean±SEM.

Results

Basal levels

The basal values of DA in microdialysate were 0.51±
0.04 nM in the MPFC and 3.66±0.36 nM in striatum.

QUI lowers DA levels

For the MPFC, the two-way ANOVA showed significant
effects of treatment [F(5,233)=46.12, p<0.0001], time
[F(11,233)=18.16, p<0.0001], and a treatment×time interac-
tion [F(55,233)=1.98, p<0.0003] (Fig. 1). Post hoc tests
showed that QUI concentrations ≥25 nM significantly
lowered DA levels relative to vehicle. For the striatum,
the two-way ANOVA showed significant effects of treatment
[F(5,233)=57.40, p<0.0001], time [F(11,233)=16.95, p<
0.0001], and treatment×time interaction [F(55,233)=3.91,
p<0.0001] (Fig. 1). Post hoc tests showed that QUI concen-
trations ≥12.5 nM significantly lowered DA levels relative to
vehicle. QUI 6.25 nM was then selected as the subthreshold
concentration for lowering DA levels in the MPFC and
striatum.

TYR depletion and a subthreshold dose of QUI lower
DA levels

For the MPFC, the two-way ANOVA showed effects of
treatment [F(2,128)=35.75, p<0.0001], time [F(11,128)=3.88,
p<0.0001] and a time×treatment interaction [F(22,128)=
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2.29, p<0.002]. Post hoc tests showed that while there were
no significant differences between the VEH/VEH and the
VEH/NAA(−) groups, after t=3.0 h, the DA levels in the
QUI/NAA(−) group were significantly lower than those in
the VEH/VEH group (p<0.05–0.001; Fig. 2). For the stria-
tum, the two-way ANOVA showed effects of treatment
[F(2,137)=43.64, p<0.0001], time [F(11,137)=5.42,
p<0.0001] and time×treatment interaction [F(22,137)=5.80,
p<0.0001]. Post hoc tests showed that DA levels in the
VEH/NAA(−) compared to the VEH/VEH group were signif-
icantly lower at t=2.5 h (p<0.01) and t=3.0 h (p<0.05). DA
levels in the QUI/NAA(−) group were significantly lower com-
pared to the VEH/VEH group at t≥2.5 h (p<0.001) and com-
pared to the VEH/NAA(−) group at t≥3.5 h (p<0.001; Fig. 2).

Haloperidol blocks the QUI effect

For the MPFC, the two-way ANOVA showed no sig-
nificant effects of treatment [F(1,68)=2.04, p<0.2], time
[F(11,68)=0.72, p<0.7] or treatment×time interaction

[F(11,68)=0.52, p<0.9]. In addition, post hoc tests
showed that there were no significant differences be-
tween the VEH/VEH group (Fig. 2a) and either the
VEH/VEH/ HAL group or the QUI/NAA(−)/HAL group
(Fig. 3a). For the striatum, the two-way ANOVA
showed a significant effect of treatment [F(1,66)=5.94,
p<0.02], but not of time [F(11,66)=1.18, p<0.3] or
treatment×time interaction [F(11,66)=0.72, p<0.7]. In
addition, post hoc tests showed that there were no
significant differences between the VEH/VEH group
(Fig. 2b) and either the VEH/VEH/HAL group or the
QUI/NAA(−)/HAL group (Fig. 3b).

Discussion

QUI effects on DA levels

DA was dose-dependently lowered to 40 % of baseline
levels by QUI ≥25 nM in the MPFC and QUI ≥12.5 nM

Fig. 1 Effect of quinpirole (QUI) or vehicle (VEH) administered by
reverse dialysis into the medial prefrontal cortex or the striatum on
dopamine (DA) levels in a microdialysate. Results are expressed as
percent baseline or percent vehicle, with error bars for ±SEM. The
graph on the left shows the time course of changes. The heavy black

line denotes the duration of QUI perfusion. The graph on the right
shows the maximal change for a given concentration of QUI relative to
vehicle (n=4–6/group). Significant differences for each concentration
relative to vehicle at any time point are denoted: *p<0.05, ***p<0.001
(ANOVA followed by Bonferroni t test)
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in the striatum (Fig. 1). The literature provides limited data
on QUI effects in the MPFC. One group did not find any
effect of QUI 1–100 μM on frontal cortex DA levels, but
used a trans-cerebral probe and collected microdialysate
from regions outside of the MPFC (Devoto et al. 2001).
Another group found that QUI 10 μM lowered MPFC DA
to 65 % of baseline levels when the monoamine uptake
blocker nomifensine was included in the perfusate (Santiago
et al. 1993b). In the striatum, there are several reports that
reverse dialysis of QUI 1–100 μM lowers DA (Freeman and
Tallarida 1994; Imperato and Di Chiara 1988; Kurata and
Shibata 1990; Mao et al. 1996; Santiago et al. 1993a; Sarre
et al. 1996; Tanaka et al. 1992; Westerink and De Vries
2001; You et al. 1994), whereas QUI 100 nM has little, if
any, effect (Imperato and Di Chiara 1988; Westerink and De
Vries 2001). One group did find that QUI ∼50 nM lowered
striatal DA levels (Freeman and Tallarida 1994). While our
effective QUI concentrations are lower than most reported
in the literature, such differences are not unusual given the

sensitivity of microdialysis data to methodological variables
(de Lange et al. 2000).

NAA(−) effects on the DA levels

We used a NAA(−) mixture known to lower brain tissue and
extracellular TYR levels by 40–60 % (Bongiovanni et al.
2008; Jaskiw et al. 2008a; Jaskiw and Bongiovanni 2004;
McTavish et al. 1999a). As in our earlier studies (Jaskiw et al.
2005, 2006), NAA(−) did not significantly affect DA levels in
the MPFC (Fig. 2). We were surprised, however, that NAA(−)
lowered DA levels in the striatum, albeit modestly (Fig. 2).
Another group had not found any NAA(−) effects on in vivo
striatal DA levels in anesthetized rats (McTavish et al. 1999a).
Although we had previously shown that NAA(−) blunts
haloperidol- or high potassium-induced elevations of striatal
DA (Jaskiw et al. 2008b; Jaskiw and Bongiovanni 2004), this
is the first time that we examined the effects of NAA(−) alone
on striatal DA levels.

Fig. 2 Effect of vehicle (VEH) or quinpirole (QUI)±a tyrosine- and
phenylalanine-free neutral amino acid solution [NAA(−)] on dopamine
(DA) levels in a microdialysate. QUI 6.25 nM was administered by
reverse dialysis (heavy black line denotes the duration of perfusion) to
one of three groups. NAA(−) or VEH was administered IP at the times
indicated by the arrows. Results are expressed as percent baseline, with
error bars for ±SEM (n=5/group). Significant differences from vehicle
are denoted: *p<0.05, **p<0.01, ***p<0.001 (ANOVA followed by
Bonferroni t test comparison to VEH)

Fig. 3 Effect of vehicle (VEH) or quinpirole (QUI)±a tyrosine- and
phenylalanine-free neutral amino acid solution [NAA(−)] and haloper-
idol (HAL) on dopamine (DA) levels in a microdialysate. QUI 6.25 nM
was administered by reverse dialysis (heavy black line denotes the
duration of perfusion) to one of two groups. NAA(−) or VEH was
administered IP at the times indicated by the arrows. Haloperidol
(10.0 nmol/kg for MPFC and 0.10 nmol/kg for the striatum; Westerink
et al. 2001) was administered IP at the time denoted by the arrow (n=
4/group). There were no significant differences between the groups
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NAA(−)+QUI

During reverse dialysis with QUI 6.25 nM, TYR depletion
produced a sustained lowering of DA levels in the MPFC to
approximately 50 % the baseline (Fig. 2). In the striatum, the
levels in the NAA(−) and the NAA(−)+QUI groups declined
in parallel to 80 % of the baseline by t=3 h. After that, DA
levels in the NAA(−) group returned to baseline levels, where-
as those in the NAA(−)+QUI continued to decline to 50 % of
the baseline and remained significantly lower than those for
NAA(−) alone for the duration of the experiment (Fig. 2).
Thus, TYR depletion concurrent with local administration of a
subthreshold dose of QUI resulted in a marked and sustained
lowering of extracellular DA levels in both regions.

Reversal of effects by haloperidol

As reported by others (Westerink et al. 2001), haloperidol
10 and 0.01 nmol/kg IP alone did not affect DA levels in
the MPFC or striatum, respectively (Fig. 3). However,
haloperidol pretreatment completely prevented the effects
of QUI+NAA(−) in the MPFC as well as striatum (Fig. 3).

Receptor specificity

QUI shows greater affinity for D2R than for D3R (Gehlert et
al. 1992; Levant et al. 1995; Stanwood et al. 2000). Halo-
peridol has comparable antagonist potency at D2R and D3R
(Levant et al. 1995). While we did not pharmacologically
distinguish these receptor subtypes, the relative paucity of
D3R in the MPFC and the dorsal striatum (Diaz et al. 2000;
Levesque et al. 1992; Stanwood et al. 2000) suggests that
D2R stimulation accounted for the lowering of the DA
levels in the QUI+NAA(−) group. This is also in keeping
with the functional nature of the QUI effects.

Receptors inhibiting DA efflux

Observations that opposite responses could be elicited by
low doses as opposed to high doses of DA agonists led to
the pharmacological characterization of inhibitory D2R
receptors that were present on neuronal soma as well as on
terminals, had a higher affinity for DA than conventional
receptors, and were involved in the presynaptic modulation
of DA release (Favard et al. 1990; Meller et al. 1987; Roth
1984; Starke et al. 1989). Autoreceptors tonically inhibiting
both DA synthesis and release were identified on mesolim-
bic and nigrostriatal DA neurons; DA terminals innervating
the MPFC possessed only release-modulating autoreceptors
(Bannon et al. 1981b; Chiodo et al. 1984; Galloway et al.
1986; Wolf and Roth 1990). Later studies demonstrated
D2R autoreceptors involved in the regulation of both DA
uptake and release (Wu et al. 2002). D2R that tonically

inhibit local DA efflux have also been identified on non-
DAergic neurons of the dorsal striatum (Anzalone et al.
2012). Thus, the actions of QUI (Figs. 1 and 2) were likely
D2R-mediated.

We were able to block QUI effects in the striatum at a
dose of haloperidol (0.01 nmol/kg) well below the threshold
(90 nmol/kg) for affecting striatal DA synthesis (Bardo et al.
1990). Compared to the striatum, DA synthesis in the MPFC
is less responsive to D2R antagonism (Bannon et al. 1981b).
These data suggest that QUI-induced subthreshold stimula-
tion of tonically inhibitory release-modulating D2R recep-
tors in the MPFC and striatum permitted DA levels to fall
after TYR depletion.

NAA(−) and TYR hydroxylation

NAA(−)-induced TYR depletion lowers tissue DOPA accu-
mulation across multiple brain regions, including the striatum
and the frontal cortex (Fernstrom and Fernstrom 1995;
McTavish et al. 1999a). While we did not measure DOPA
levels in the current study, we previously found that NAA(−)
lowersMPFCDOPA levels in vivo (Bongiovanni et al. 2008).
Under the heuristic assumption that TYR is homogeneously
distributed in the intracellular water of all cell types, cytosolic
TYR levels in the brain have been estimated to be in the range
110–150 μM, well above the affinity of TH for TYR (∼10–
20 μM; Kaufman and Kaufman 1985). This has suggested
that TH is usually close to full saturation (Kaufman and Kauf-
man 1985) or perhaps even under the inhibitory influence of
TYR (Best et al. 2009). Experimentally, a lowering of brain
TYR availability lowers the rate of brain regional TYR hy-
droxylation (Bongiovanni et al. 2012; Fernstrom and
Fernstrom 1995; Jaskiw et al. 2005, 2008a; McTavish et al.
1999a; Tam et al. 1990). On the other hand, the assumption
that TYR is homogeneously distributed within a given cell is
violated in at least some models (Menniti and Diliberto 1989).
Several studies suggest partial compartmentalization of the
TYR destined for monoamine synthesis (Delanoy et al.
1982; Kapatos and Zigmond 1977). In addition, brain cytosol
contains both soluble and membrane-bound forms of TH that
may have different regulatory properties (Cartier et al. 2010;
Kuczenski and Mandell 1972). A mitochondrial form of TH
has also been identified (Wang et al. 2009). Thus, the ultra-
structural localization and kinetics of the TH that accounts for
our current results remain to be fully characterized.

MPFC vs. striatum

We were surprised to find that NAA(−) lowered extracellu-
lar DA levels, albeit transiently and modestly, in the striatum
but not in the MPFC (Fig. 2). DA terminals in the MPFC are
characterized by a high fraction of activated TH (Iuvone and
Dunn 1986), a greater dependence of DA synthesis on TYR
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levels (Bradberry et al. 1989; Tam et al. 1990), rapid DA
turnover (Bannon et al. 1981a), tight coupling between DA
synthesis and efflux (Galloway et al. 1986), and a high rate
of DA efflux per terminal (Cass and Gerhardt 1995; Garris
and Wightman 1994). These features have been taken to
suggest that of all DA terminal fields, the MPFC should be
the most sensitive to TYR availability (Tam et al. 1990).
There are, however, additional considerations. The stria-
tum/MPFC ratio is ∼10:1 with respect to the rate of tissue
DOPA accumulation (Argiolas et al. 1979; Bradberry et al.
1989; Galloway et al. 1986; Kilts et al. 1987; Tam et al.
1990; Tyler and Galloway 1992), but ∼100:1 for tissue DA
levels (Bannon et al. 1981a; Jaskiw et al. 1990, 2008a; Kilts
et al. 1987). Assuming comparable DA content per DA
terminal, the rate of TYR hydroxylation per DA terminal
would be higher in the MPFC. On the other hand, the
density of DA terminals is greater in the striatum. Further-
more, the regulation of extracellular DA levels in the MPFC
and striatum differs considerably (Budygin et al. 1999;
Ciliax et al. 1995; Kaenmaki et al. 2010; Masana et al.
2011). These differences notwithstanding, QUI+NAA(−)
comparably lowered DA levels in both regions by about
50 % (Fig. 2).

Clinical research implications

The use of an amino acid mixture to lower the indices of
brain DA turnover was originally demonstrated in the rat
(Biggio et al. 1976), confirmed in non-human primates
(Palmour et al. 1998), and then adapted for clinical research.
The ability of NAA(−) to attenuate manic symptoms
(McTavish et al. 2001) counteract certain amphetamine
effects (McTavish et al. 1999b), elevate prolactin levels,
and affect processes involving cognition, emotion, and re-
ward (Gijsman et al. 2002; Harmer et al. 2001; Harrison et
al. 2004) is consistent with anti-dopaminergic actions. In
vivo imaging data confirmed that NAA(−) lowers striatal
DA levels in man by around 20 % (Montgomery et al.
2003). However, a number of negative reports (Ellis et al.
2007; Lythe et al. 2005; Mehta et al. 2005) suggest that the
decline in DA levels may be too modest or transient for
NAA(−) to constitute a reliable probe. We posit that this
shortcoming could be resolved by combining NAA(−) with
a presynaptic DA agonist.

Apomorphine is a clinically available (LeWitt et al. 2009)
direct DA agonist that at low doses stimulates inhibitory
receptors and lowers extracellular brain regional DA levels
in the rat (Adachi et al. 2000; Bean et al. 1990; Rodenhuis et
al. 2000) as well as in man (de La Fuente-Fernandez et al.
2001). However, the dose of apomorphine that effectively
lowers extracellular DA brain levels in man (03–0.6 mg/kg
SC; de La Fuente-Fernandez et al. 2001) overlaps with the
threshold (0.4–0.5 mg/kg SC) for inducing emesis (Angrist

et al. 1980). Our data suggest that administering NAA(−) in
combination with a dose of apomorphine subthreshold both
for lowering the DA levels and inducing emesis would
lower extracellular brain DA levels by about 50 %
(Fig. 2). This level of DA depletion should provide a reli-
able and valuable probe of human brain regional DA sys-
tems without inducing extrapyramidal (Nord and Farde
2011) and other side effects.
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