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Abstract
Mu opioid receptor (MOR) regulation of somatodendritic dopamine neurotransmission in the
ventral tegmental area (VTA) was investigated using conventional microdialysis in freely moving
rats and mice. Reverse dialysis of the MOR agonist, DAMGO (50, 100 μM), into the VTA of rats
produced a concentration-dependent increase in dialysate DA concentrations. Basal dopamine
overflow in the VTA was unaltered in mice lacking the MOR gene. However, basal GABA
overflow in these animals was significantly increased, while glutamate overflow was decreased.
Intra-VTA perfusion of DAMGO to wildtype (WT) mice increased dopamine overflow. GABA
concentrations were decreased whereas glutamate concentrations in the VTA were unaltered.
Consistent with the loss of MOR, no effect of DAMGO was observed in MOR knockout (KO)
mice.

These data provide the first direct demonstration of tonically active MOR systems in the VTA that
regulate basal glutamatergic and GABAergic neurotransmission in this region. We hypothesize
that increased GABAergic neurotransmission following constitutive deletion of MOR is due to the
elimination of a tonic inhibitory influence of MOR on GABA neurons in the VTA, whereas
decreased glutamatergic neurotransmission in MOR KO mice is a consequence of intensified
GABA tone on glutamatergic neurons and/or terminals. As a consequence, somatodendritic
dopamine release is unaltered. Furthermore, MOR KO exhibit no positive correlation between
basal dopamine levels and the glutamate/GABA ratio observed in WT animals.

Together our findings indicate a critical role of VTA MOR in maintaining an intricate balance
between excitatory and inhibitory inputs to dopaminergic neurons.
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Introduction
Mu opioid receptors (MOR) are enriched in the ventral tegmental area (VTA), the site of
origin of the mesocorticolimbic dopamine system (Mansour et al., 1988; Dilts and Kalivas,
1989; Garzon and Pickel, 2001; Svingos et al., 2001). This dopamine system is implicated in
mediating the reinforcing effects of natural rewards and drugs of abuse (Bozarth and Wise,
1986; Schultz, 1997; Wise, 2002).
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Several lines of evidence suggest that the VTA is a critical site mediating the rewarding
effects of MOR agonists. Thus, intra-VTA microinjections of MOPr agonists elicit
conditioned place preference CPP (Phillips and LePiane, 1980; Bals-Kubik et al., 1993) and
animals will work to obtain infusions of MOR agonists into this region (Devine and Wise,
1994; David and Cazala, 1994). Therefore, alteration of MOR function in the VTA can have
a profound effect on drug induced CPP and self-administration.

Microdialysis studies demonstrated that acute intracerebroventricular (Spanagel et al.,
1990a; Spanagel et al., 1990b), intra-VTA (Devine et al., 1993) or systemic (Rada et al.,
1991) administration of MOR agonists increase dopamine overflow in the nucleus
accumbens (NAc). This action is thought to contribute, at least in part, to the reinforcing
effects of these agents. Morphological data suggest that MOR are primarily located on non-
dopaminergic neurons in the VTA (Mansour et al., 1987; Mansour et al., 1988). Intracellular
recordings in slice preparations of the VTA revealed that morphine increases the firing rate
of dopamine neurons but inhibits the firing rate of non-dopaminergic neurons (Johnson and
North, 1992b). Although the identity of the non-dopaminergic neurons was not definitively
determined, these findings led to the hypothesis that activation of MOR on GABA neurons
inhibits their activity, thereby, decreasing GABA release and disinhibiting VTA DA
neurons. As a consequence DA release in the NAc and medial prefrontal cortex (mPFC) is
increased. However, the data upon which this hypothesis is based were obtained in a slice
preparation in which connectivity of functional circuits is not preserved. Fundamental
question exist as to whether MOR activation affects GABA release in awake animals.

Alterations in glutamate transmission are recognized to play an important role in shaping the
pattern of DA neuronal activity in the brain. Only two studies have examined opioid
regulation of glutamate transmission in the VTA (Johnson et al., 1992; Manzoni and
Williams, 1999). In these, slice preparations from halothane or isoflurane anesthetized
animals were used. Importantly, however, general anesthetics may affect impulse activity, as
well as basal glutamate (and GABA) transmission (Shiraishi et al., 1997; Liachenko et al.,
1999). To date, studies examining MOR regulation of VTA glutamate transmission in the
awake animal are lacking. Furthermore, no studies have simultaneously evaluated the
influence of MOR agonists on GABA, glutamate and dopamine transmission in the VTA
Similarly, the role of endogenous MOR systems in regulating glutamate and GABA
transmission in the VTA is unknown. The present studies used in-vivo microdialysis in the
awake animal to address these issues.

Materials and methods
Male Sprague-Dawley rats (Charles River Laboratories, USA; 300–350g), wild-type (WT)
and MOPr knockout (KO) mice (CDTA, Orleans, France; 30–35g) were housed in facilities
accredited by the American Association for the Accreditation of Laboratory Animal Care
and experiments conformed to guidelines of the NIH/NIDA Intramural Research Program
Institutional Care and Use Committee. The generation of mice lacking MOPr has been
described previously (Matthes et al., 1996; Filliol et al., 2000). Breeding pairs of
homozygous knockout mice, maintained on a pure C57BL/6 genetic background, were
obtained from hybrid mutant mice (129 SVJ-C57BL/6 backgrounds) by backcrossing over
15 generations.

Rats were anesthetized with Equithesin (sodium pentobarbital, chloral hydrate, and
magnesium sulphate; 9.72 mg/ml; 3 ml/kg, i.p) and stereotaxically implanted with a
unilateral microdialysis guide cannulae (CMA/11, CMA/Microdialysis, Acton, MA, USA)
in the VTA (from Bregma in mm: AP - 5.8–6.0, ML ± 0.6, V - 7.7, according to the atlas of
Paxinos and Watson (1998). Mice were anesthetized with a combination of Ketamine (80
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mg/kg; i.p.) and Xylazine (8 mg/kg, i.p). Standard stereotaxic procedures were used to
implant unilateral microdialysis guide cannulae (CMA/7, CMA Microdialysis, Acton, MA,
USA) in the VTA (from Bregma in mm: AP - 3.0, ML ± 0.4–0.5, V – 4.1, according to the
atlas of Paxinos and Franklin (2001). After surgery animals were single housed in the colony
room and allowed to recover for 5 days prior to commencement of the experiments.

Microdialysis experiments were conducted as previously described (Chefer et al., 2005).
Microdialysis probes (CMA/11, 0.24×1mm membrane for rats and CMA/7, 0.24×1 mm
membrane for mice) were manually inserted into the microdialysis cannulae ~15 hr before
experiments and the animals were placed into a Plexiglas test chamber (26 × 26 × 33 cm).
Prior to measurements, each probe was flushed overnight (0.3 μL/min) with artificial
cerebrospinal fluid (aCSF) containing (in mM): 145 NaCl, 2.8 KCl, 1.2 MgCl2, 1.2 CaCl2,
0.25 ascorbic acid, and 5.4 d-glucose, adjusted to pH 7.2 using NaOH or H3PO4 (HPLC
grade). During the experiment, fresh aCSF was perfused at 1 μL/min. After a 60 min
equilibration period, 10 min dialysate sample collection commenced. All drugs were
administered into the VTA by reverse dialysis. In order to validate the identity of glutamate
and GABA as measured by CE-LF technique in our experiments, two groups of animals
were perfused with the glutamate uptake inhibitor L-trans-pyrrolidine-2,4-dicarboxylic acid
(tPDC, 1 mM) or the GABA uptake inhibitor 1-(2-
(((Diphenylmethylene)imino)oxy)ethyl)-1,2,5,6-tetrahydro-3-pyridine-carboxylic acid
(NO-711, 10 μM). For these experiments 3 × 10 min consecutive samples were collected to
quantify basal neurotransmitter overflow. The aCSF was then changed to that containing the
inhibitors. After a 30 min equilibration period, three consecutive samples were collected.

For studies assessing the effects of the MOR agonist DAMGO, 3 consecutive baseline
samples were collected. The aCSF was then changed to that containing 50 or 100 μM of
DAMGO. The concentrations of DAMGO used were based on previous microdialysis
studies of the effects of opioids on extracellular dopamine levels in the rat CNS (Spanagel et
al., 1990b). After a 30 min equilibration period, three consecutive 10 min samples were
collected. The perfusion solution was then changed to regular aCSF and three additional
baseline samples were collected following a 30 min equilibration period.

Importantly, animals were tethered in the microdialysis chambers ca. 16 hrs prior to the
commencement of sample collection. As such, they were fully acclimatized to the chambers
and were in a sedentary state during experiments.

Samples were analyzed for dopamine using HPLC coupled to electrochemical detection
(CMA/200 refrigerated microinjector (CMA microdialysis, North Chelmsford, MA), a BAS
PM-80 pump (BAS, West Lafayette, IN) and a BAS LC-4C amperometric detector). The
mobile phase (0.15 M sodium phosphate, 2.24 mM sodium octanesulfonic acid, 0.94 mM
EDTA and 13% methanol (vol/vol), adjusted to pH 5.0) was filtered through a 0.22 μm
nylon filter and degassed by a BAS on-line degasser and pumped through the system at a
flow rate of 0.47 ml/min. Dopamine was separated on a BAS C18 column (100 mm × 2.0
mm × 3 μm) and detected on a glassy carbon working electrode at an oxidation potential of
+700 mV vs. Ag/AgCl. Dialysate dopamine levels were quantified by external standard
curve calibration, using peak heights for quantification. The retention time for dopamine
was 2.5–3.0 min and the limit of detection was below 0.25 nM.

Amino acid content was quantified using a capillary electrophoresis P/ACE™ MDQ system
(Beckman, USA) coupled to an external ZETALIF laser-induced fluorescence detector
(Picometrics, France). The excitation was performed by a diode laser (Picometrics, France)
at a wavelength of 410 nm. Emission wavelength was 490 nm. Separations were carried out
in a fused-silica capillary (50 μm ID, 350 μm OD, Polymicro Technologies, Phoenix, AZ).
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The capillary was 62 cm long (46 cm from injection to detection window). An automatic
derivatization procedure suitable for unattended derivatization and injection of the samples
by the P/ACE™ MDQ system was developed. Handling of buffers and derivatization
solutions located in the buffer tray of the P/ACE™ MDQ system and hydrodynamic
injections were performed by applying positive or negative pressure at the capillary inlet.
Sample tubes contained 2 μl of dialysate. The capillary was flushed with 0.9 μl of H20
applying pressure in the H20 vial (volume calculated using the Expert software from
Beckman). Next, the capillary was loaded with 0.020 μl of NaCN (300 mM in 0.5 M Borate
buffer, pH 10.5) and 0.040 μl of NDA (15 mM in 75% DMSO). Then, 0.33 μl of the
contents of the capillary (including the NaCN, the NDA and 0.27 μl of water) were
delivered into the dialysate by applying negative pressure in the sample vial. A brief
pressure pulse was delivered into the sample vial in order to push all the solutions to the
bottom of the vial and ensure proper mixing. The capillary was then conditioned by flushing
with 0.1 M NaOH (4 μl) followed by H20 (3 μl) and then filled with running buffer (3 μl).
After approximately 5 minutes of derivatization, 0.015 μl of the mixture were injected into
the capillary. Separation was achieved by applying a 24 kV potential at 33°C. The running
buffer consisted of sodium borate buffer (75 mM, pH 9.2) including 10 mM hydroxypropyl-
β-cyclodextrine and 70 mM sodium dodecyl sulfate; to which 5% methanol was added daily.
Under these conditions, GABA and glutamate were resolved within 11 minutes and the limit
of detection was below 1 nM for both analytes.

Dialysate dopamine, GABA and glutamate concentrations are expressed as absolute values
(nM) or as a percentage from baseline levels. The effects of tPDC and NO-711 were
analyzed with a repeated-measure ANOVA with two within-subjects factors: drug challenge
and time. The effects of DAMGO were analyzed using a two-factor repeated-measures
ANOVA, with two between-subjects factor (genotype and DAMGO concentration) and two
within-subjects factors (drug challenge: basal vs. drug-evoked; and time). To evaluate the
overall DAMGO-induced response, the area under the curve (AUC) value for the four
samples collected after DAMGO perfusion was calculated for each animal, according to the
standard trapezoid method. The formula used was AUC = [0.5(B + S1) d + 0.5(S1 + S2) d +
0.5 (S2 + S3)d+…+ 0.5 (Sn−1 + Sn)d) − (Bdn)], where B is the average of the samples
collected during baseline, Sx are the values of each fraction collected during drug challenge,
n is the total number of fractions collected during drug challenge, and d is the duration of
each fraction (in min). The AUC values obtained and values for basal neurotransmitter
levels were analyzed using a one-way ANOVA with genotype as the independent factor. A
correlation (Pearson’s r) analysis was used to assess the relationships between basal
dopamine levels and baseline glutamate/GABA ratio. Data are presented as mean ± SEM.
The accepted value of significance was p ≤ 0.05.

Results
Figure 1 shows GABA and glutamate outflow in response to intra-VTA perfusion of the
glutamate and GABA uptake blockers tPDC (A) and NO-711 (B), which were administered
into the rats VTA via reverse microdialysis. Intra-VTA infusion of tPDC (Fig. 1, A)
significantly increased dialysate glutamate and GABA levels (F(1,17) = 6.94; p < 0.01 and
F(1,17) = 3.92; p = 0.03, respectively). The time course of this increase differed. Glutamate
level rose during the first 10 min sample interval following tPDC infusion and a significant
increase was observed during the second 10 min interval. In contrast, a significant increase
in GABA overflow was first apparent during the third sample interval. The delay in the
GABA response suggests that the increase in GABA overflow may be secondary to changes
in glutamate levels. However, there was no neurotransmitter × drug challenge (F(1,8) = 0.98;
p = 0.37) or neurotransmitter × drug challenge × time (F2,8) = 0.76; p = 0.42) interaction for
tPDC. Therefore, we can not conclude that tPDC modify GABA and glutamate overflow
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differently. On the other hand, there was neurotransmitter × drug challenge × time
interaction (F2,8) = 4.98; p = 0.04) for NO-711 (Fig. 1, B), indicating that NO-711 modify
GABA and glutamate overflow in a different way. Intra-VTA infusion of NO-711
significantly increased GABA (F(1,17) = 3.4; p = 0.047), but not glutamate (F(1,17) = 0.75; p
= 0.6) levels. Taken together this data confirmed the identity of glutamate and GABA as
measured by CE-LIF technique in our experiments.

Figure 2 shows the effect of intra-VTA perfusion of the MOR agonist, DAMGO (50 and
100 μM), on dialysate levels of dopamine in rats. DAMGO produced a significant and
concentration-dependent increase in dopamine levels in the VTA (drug challenge effect:
F(1,11) = 112.05; p < 0.01; DAMGO concentration effect: F(1,11) = 6.66; p = 0.026 ).

Figure 3 demonstrates basal and DAMGO-induced dopamine levels in the VTA of WT and
MOR KO mice. There was no difference in basal dopamine levels between genotypes
(F(1,10) = 0.22; p = 0.65; Fig. 3, A and B). Repeated measures ANOVA with one between
factor (genotype) and two within factors ( drug challenge and time) showed that there was a
significant main effect of DAMGO (F(1,16) = 16.13; p < 0.01) and significant genotype ×
drug challenge interaction (F(1,16) = 4.92; p = 0.05). The latter allowed us to probe effects
of DAMGO in WT and KO animals separately. There was a significant effect of DAMGO
(F(1,8) = 13.3; p = 0.02) in WT animals and no effect in KO animals (F(1,8) = 2.99; p =
0.16). KO mice did not show an elevation of dopamine levels in response to intra-VTA
infusion of DAMGO (50 μM) whereas WT animals showed a significant increase in
dopamine levels as compared to baseline (Fig. 3, A and C).

Following quantification of dopamine concentration (Fig. 3), the same microdialysis
samples were analyzed for amino acid content. Basal and DAMGO-induced levels of GABA
in the VTA are shown in Figure 4. Two way repeated measure ANOVA revealed a
significant main effect of genotype (F(1,18) = 8.12; p = 0.010), indicating that GABA
neurotransmission was notably different in WT and MOR KO mice. Thus, basal GABA
levels were significantly elevated in MOR KO mice (F(1,20) = 5.05; p = 0.036 ; Fig. 4, A, B
and C)). There was no change in GABA levels in response to infusion of DAMGO in KO
animals (F(1,9) = 0.01; p = 0.92; Fig. 4, A,B and D). On the contrary, DAMGO decreased
GABA levels in WT mice (F(1,9) = 19.94; p < 0.01; Fig. 4, A, B and D), however this effect
was not concentration-dependent (Fig. 4,D), because there was no drug challenge × drug
concentration (F(1,9) = 1.86; p = 0.21) or drug × drug challenge × time (F(2,18) = 0.6; p =
0.54) interaction.

In contrast to GABA, basal glutamate concentrations were significantly lower in the VTA of
MOR KO mice (F(1,20) = 4.25; p = 0.05; Fig. 5, A, B and C)). Regardless of genotype or
drug concentration there were no significant changes in glutamate concentrations following
intra-VTA perfusion of DAMGO via reverse microdialysis (F(1,8) = 0.49; p = 0.5 and F(1,8)
= 1.97; p = 0.19 for WT and MOR KO mice, respectively; Fig. 5, A, B and D).

Interestingly, a correlation (Pearson’s r) analysis revealed that basal dialysate dopamine
concentrations for each mouse were significantly positively correlated with basal glutamate/
GABA ratio in WT (r = 0.85, P = 0.03; Fig. 6, A), but not in KO animals (r = 0.54, P = 0.29;
Fig. 6, B).

Discussion
The present studies provide the first direct neurochemical evidence that activation of MOR
in the VTA of the freely moving animal produces a concentration-dependent decrease in
local GABA levels and an augmentation of somatodendritic DA levels. Loss of MOR is
associated with an elevation of basal GABA overflow and a reduction of glutamate levels in
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the VTA. No difference between genotypes in basal somatodendritic dopamine overflow
was seen. However, basal dopamine levels in WT were significantly correlated with basal
glutamate/GABA ratio.

There is general agreement that the firing activity of dopamine neurons is controlled by their
intrinsic properties, as well as inhibitory and excitatory inputs from local neurons and from
other brain areas (Johnson and North, 1992b; Kalivas, 1993; White, 1996). MOR
modulation of dopamine neurons also seems to be fairly straight forward: hyperpolarization
of GABA neurons due to activation of MOR located on those neurons (Bergevin et al.,
2002; Garzon and Pickel, 2002) disinhibits DA neurons (Johnson and North, 1992a)
resulting in an increase in their firing rate and increased DA release. However, when
glutamatergic neurotransmission is taken into account this hypothesis becomes more
complicated, because activation of MOR also inhibit glutamatergic inputs to dopamine and
GABA neurons (Bonci and Malenka, 1999; Manzoni and Williams, 1999). Moreover, most
of the data forming the basis of this hypothesis have been obtained in vitro or in anesthetized
animals. The functional connectivity of these preparations differs from that in the intact or
awake animal (Deleuze and Huguenard, 2006; Windels and Kiyatkin, 2006) and some of
GABAergic or glutamatergic influences may not be detected. To our knowledge, no study
has been performed to date to investigate MOR-induced changes in GABA and glutamate
neurotransmission in the VTA of the free moving animals.

The results of the present study, although not unexpected, provide the first definitive
demonstration that the selective activation of MOR in the VTA decreases GABA release in
unanesthetized animals. These responses were not observed in MOR KO animals, indicating
that these effects of DAMGO were MOR-mediated. More over, changes in GABA outflow
were associated with concentration-dependent increases in somatodendritic dopamine levels,
confirming the results of electrophysiological and morphological studies (Bergevin et al.,
2002; Garzon and Pickel, 2002).

Electrophysiological experiments have shown that MOR agonists depress glutamatergic
inputs to both dopamine and GABA neurons in the VTA (Bonci and Malenka, 1999;
Manzoni and Williams, 1999). However, in the present study reverse dialysis of DAMGO
did not change VTA glutamate levels. It is worth to mention that microdialysis may fail to
sample synaptic pools of glutamate due to rapid clearance of this neurotransmitter by its
uptake carrier and relatively high levels of non-neuronal glutamate in extracellular space.
Both these factors can obscure drug-induced alterations in glutamate overflow. Often
increases in dialysate glutamate levels can be seen only when its uptake is blocked. Thus, in
a recent paper Schepers et al. (Schepers et al., 2008) showed that infusion of DAMGO
increased glutamate concentrations in the rostral ventromedial medulla only in the presence
of the selective glutamate transport inhibitor tPDC. In these experiments reversed dialysis of
tPDC increased basal glutamate levels and allowed the detection of depolarization-evoked
glutamate overflow. However, blockade of glutamate uptake with tPDC would not unravel
acute inhibition of glutamate release by MOR agonist expected from electrophysiological
studies, because it will be masked by high glutamate levels in extracellular space.

Constitutive deletion of MOR resulted in elevated basal levels of GABA and reduced
glutamate levels in the VTA. Such changes in basal neurotransmitter levels indicate
increased inhibitory tone in the absence of MOR. This result corroborates the existence of a
tonically active MOR system in the VTA (Spanagel et al., 1992). Furthermore it is in accord
with electrophysiological data showing that the frequency of spontaneous inhibitory post-
synaptic currents (sIPSCs) onto dopaminergic neurons is higher in MOR KO mice as
compared to WT animals (Mathon et al., 2005a). However, the firing activity of dopamine
and GABA neurons was found unaltered in this study. This may be due to lack of some
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functional connectivity and washout of critical intracellular components in brain slice
preparations. Thus, in vivo experiments demonstrated that MOR KO mice have lower firing
activity of dopamine neurons (Mathon et al., 2005b). Decreased impulse activity of
dopamine neurons substantiates reported previously indirect evidence for decreased
dopamine release in the NAc of the MOR KO mice (Chefer et al., 2003).

The results of the present study show that in mice lacking MOR the basal level of dopamine
in the VTA is not significantly different from WT animals. This finding may, at first glance,
appear inconsistent with the low firing activity of dopamine neurons (Mathon et al., 2005b)
and decreased dopamine release in the NAc (Chefer et al., 2003) observed in MOR KO mice
in vivo. However, in the present study somatodendritic rather than terminal dopamine levels
were assessed. Somatodendritic and terminal release of dopamine in the mesocorticolimbic
system are largely dependent on impulse activity in the VTA (Kalivas and Duffy, 1991,
Adell and Artigas, 2004). However, the relationship between somatodendritic dopamine
release and firing of dopaminergic neurons is not simple, and dendritic release may occur
independently of neuronal firing (see Bustos et al., 2004 for review). Basal levels of
dopamine also depend on population activity (i.e. the number of spontaneously active cells;
see Floresco et al., 2003). Interestingly, studies in terminal regions have shown that
stimulation of dopamine fibers/cells activates them synchronously, thereby, increasing
population activity, as well as burst-firing. Whether this is also the case at the level of the
dopamine cell body is unknown and warrants a study.

Overall, the relationship between impulse flow and somatodendritic DA release has not yet
been properly established. Importantly, however, the present findings suggest that during
local application of the MOR agonist DAMGO, the resulting disinhibition of DA neurons is
reflected in augmentation of somatodendritic DA levels. However, in the case of constitutive
deletion of MOR long-term changes in neuronal activity are not mirrored by changes in
somatodendritic dopamine, perhaps due to developmental compensations in KO animals.

An advantage of the present study is the fact that DA, glutamate and GABA were measured
simultaneously in the same animals; thereby allowing assessment of the interrelationship of
these neurotransmitters. Importantly, there was a significant positive correlation between
basal somatodendritic DA levels and glutamate/GABA ratio in WT, but not in KO animals.
This indicates that DA neurotransmission in the VTA is normally maintained by an intricate
balance between glutamatergic and GABAergic neurotransmission. In the absence of MOR,
this balance is disrupted.

In accordance with the involvement of MOR in drug reinforcement, MOR KO mice
demonstrate reduced sensitivity to the reinforcing properties of various drugs of abuse
including morphine, heroin, alcohol, Δ9-tetrahydrocannabinol, nicotine and cocaine (Kieffer
and Gaveriaux-Ruff, 2002). This reduction may be attributed, at least in part, to the
dysregulation of the intricate balance between glutamatergic and GABAergic
neurotransmission in the VTA observed in the present study, the resultant augmentation in
the frequency of sIPSCs (Mathon et al., 2005a), and corresponding decreases in firing
activity of dopamine neurons (Mathon et al., 2005b) and dopamine release in the NAc
(Chefer et al., 2003). Therefore the current findings add new evidence that VTA MOR may
contribute to addiction vulnerability, by modulating GABA and glutamatergic inputs to
dopamine neurons (Mathon et al., 2005a).

In summary, the present studies demonstrate that activation of MOR in the VTA decreases
GABA and increases dopamine overflow in the VTA of unanesthetized animals.
Furthermore, there is a positive correlation between basal dopamine levels and the
glutamate/GABA ratio in the VTA of WT animals. In the absence of MOR, inhibitory tone
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in the VTA is significantly enhanced and excitatory tone is lessened. Importantly, there is no
correlation between dopaminergic and glutamate/GABA neurotransmission in the VTA in
animals lacking MOR, which suggests a lack of balance between excitatory and inhibitory
inputs to dopaminergic neurons under this condition. The modulatory effects of VTA MOR
on GABA and glutamate neurotransmission provide potential new insights as to the
mechanisms by which targeting MOR system can attenuate the rewarding effects of various
drugs of abuse, regardless of their pharmacological class.
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Abbreviations

aCSF artificial cerebrospinal fluid

KO knockout mice

MOR mu opioid receptor

NAc nucleus accumbens

NO-711 -(((Diphenylmethylene)imino)oxy)ethyl)-1,2,5,6-tetrahydro-3-pyridine-
carboxylic acid

tPDC L-trans-pyrrolidine-2,4-dicarboxylic acid

VTA ventral tegmental area

WT wildtype mice
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Figure 1.
Pharmacological validation of the separation of glutamate (A) and GABA (B) by the CE-
LIFD technique employed.
Glutamate and GABA uptake inhibitors (tPDC and NO-711, respectively) were
administered via reverse dialysis in rats. Microdialysis samples were collected every 10
min. Ordinate: GABA and glutamate concentration expressed as percentage (mean ± SEM)
of the baseline values (n = 3 animals per group). Abscissa: time in min. * denotes a
significant difference from baseline for glutamate and + denotes a significant difference
from baseline for GABA (p ≤ 0.05, Tukey test).
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Figure 2.
Concentration-dependent increases in somatodendritic dopamine overflow following reverse
dialysis of the MOR agonist DAMGO into the VTA in rats.
A – Time course of dialysate dopamine levels before and following reverse dialysis of
DAMGO (50 and 100 μM, black circles and black squares, respectively) into the VTA.
Ordinate: dopamine concentration in nM. Data are expressed as the means ± S.E.M., n -
number of animals in each experimental group (6–7 animals per group). Abscissa: time in
min. Microdialysis samples were collected every 10 min. * and ** denote significant
differences between basal and drug-evoked levels for two concentrations of DAMGO
accordingly (p ≤ 0.05, Tukey test). B – Bar graphs of AUC values for the dopamine
response to DAMGO expressed as means ± S.E.M.
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Figure 3.
Somatodendritic dopamine overflow during reverse-dialysis of the MOR agonist DAMGO
into the VTA of WT and MOR KO mice.
A – Time course of dialysate dopamine levels before and following reverse dialysis of
DAMGO (50 μM; black circles – WT, white circles – KO) into the VTA. Data are expressed
as the means ± S.E.M., n - number of animals in each experimental group (5 animals per
group). Other details as in Fig. 2..B – Bar graphs of basal VTA dopamine levels in WT and
MOR KO mice expressed as the means ± S.E.M. C – Bar graphs of AUC values for the
dopamine response to DAMGO in WT and MOR KO mice expressed as the means ± S.E.M.
* denotes a significant difference in DAMGO-induced dopamine responses between WT
and KO animals (p ≤ 0.05).
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Figure 4.
GABA neurotransmission during retro-dialysis of the MOR agonist DAMGO into the VTA
of WT and MOR KO mice.
A and B – Time course of dialysate GABA levels before and following reverse dialysis of
50 and 100 μM DAMGO into the VTA (black circles – WT, white circles – KO). Data are
expressed as the means ± S.E.M., n - number of animals in each experimental group (5
animals per group). Other details as in Fig. 2..C – Bar graphs of basal VTA GABA levels in
WT and MOR KO mice expressed as the means ± S.E.M. D – Bar graphs of AUC values for
the GABA response to DAMGO in WT and MOR KO mice expressed as the means ±
S.E.M. * denotes a significant difference in basal GABA levels between WT and KO
animals (p ≤ 0.05).
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Figure 5.
Glutamate neurotransmission during retro-dialysis of the MOR agonist DAMGO into the
VTA of WT and MOR KO mice.
A and B – Time course of dialysate glutamate levels before and following reverse dialysis of
50 and 100 μM DAMGO (black circles – WT, white circles – KO) into the VTA. Data are
expressed as the means ± S.E.M., n - number of animals in each experimental group (5
animals per group). Other details as in Fig. 2..C – Bar graphs of basal VTA glutamate levels
in WT and MOR KO mice expressed as the means ± S.E.M. D – Bar graphs of AUC values
for the glutamate response to DAMGO in WT and MOR KO mice expressed as the means ±
S.E.M. * denotes a significant difference in basal glutamate levels between WT and KO
animals (p ≤ 0.05).
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Figure 6.
Correlation analysis of the relationship between basal glutamate/GABA ratio and dialysate
dopamine concentrations in the VTA of WT (A) and MOR KO (B) mice. Each graph shows
regression lines, regression equation, and correlation coefficient. Significant positive
correlation between basal glutamate/GABA ratio and dopamine levels was observed only in
WT (n = 6, r = 0.83, P < 0.05) but not in MOR KO animals (n = 5, r = 0.53, P > 0.05).
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