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Abstract

Rational—Past research has demonstrated that when an animal changes from a previously drug-

naive to an opiate-dependent and withdrawn state, morphine’s motivational effects are switched

from a tegmental pedunculopontine nucleus (TPP)-dependent to a dopamine-dependent pathway.

Interestingly, a corresponding change is observed in ventral tegmental area (VTA) GABAA

receptors, which change from mediating hyperpolarization of VTA GABA neurons to mediating

depolarization.

Objectives—The present study investigated whether pharmacological manipulation of VTA

GABAA receptor activity could directly influence the mechanisms underlying opiate motivation.
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Results—Using an unbiased place conditioning procedure, we demonstrated that in Wistar rats,

intra-VTA administration of furosemide, a Cl− cotransporter inhibitor, was able to promote a

switch in the mechanisms underlying morphine’s motivational properties, one which is normally

observed only after chronic opiate exposure. This behavioral switch was prevented by intra-VTA

administration of acetazolamide, an inhibitor of the bicarbonate ion-producing carbonic anhydrase

enzyme. Electrophysiological recordings of mouse VTA showed that furosemide reduced the

sensitivity of VTA GABA neurons to inhibition by the GABAA receptor agonist muscimol,

instead increasing the firing rate of a significant subset of these GABA neurons.

Conclusion—Our results suggest that the carbonic anhydrase enzyme may constitute part of a

common VTA GABA neuron-based biological pathway responsible for controlling the

mechanisms underlying opiate motivation, supporting the hypothesis that VTA GABAA receptor

hyperpolarization or depolarization is responsible for selecting TPP- or dopamine-dependent

motivational outputs, respectively.
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Introduction

Dopamine neurotransmission has long been proposed to be critical for drug motivation

(Robinson and Berridge 1993; Wise 1982). However, multiple drugs of abuse have been

shown to possess positive motivational properties even in the absence of dopaminergic

signaling (Cunningham et al. 1992; Hnasko et al. 2005; Laviolette and van der Kooy 2003;

Olmstead and Franklin 1993; Pettit et al. 1984). For example, past research suggests that in

previously drugnaive animals, opiate reinforcement requires the brainstem tegmental

pedunculopontine nucleus (TPP), and dopamine is critical only in animals receiving

substantial opiate exposure (Bechara and van der Kooy 1992; Olmstead and Franklin 1993;

Olmstead et al. 1998). This “switch” in substrates is hypothesized to be under the control of

ventral tegmental area (VTA) GABAergic GABAA receptor activity. Specifically, it has

been suggested that GABAA receptor-dependent hyperpo-larization of VTA GABA neurons

is responsible for selecting a TPP-dependent opiate motivational pathway, and conversely,

GABAA receptor-dependent depolarization of VTA GABA neurons is responsible for

selecting a dopamine-dependent pathway (Laviolette et al. 2004; Vargas-Perez et al. 2009).

Considerable evidence suggests that activation of GABAA receptors can produce

depolarization in lieu of its more traditional hyperpolarizing response (Coull et al. 2003;

Hubner et al. 2001; Kaila et al. 1993; Rivera et al. 1999; Staley et al. 1995). One hypothesis

to explain this concerns the neuronal KCC2 cotransporter, which removes intracellular Cl−

and thereby maintains an inward-directed hyperpolarizing Cl− flow (Rivera et al. 2002;

Thompson et al. 1988; Viitanen et al. 2010). Consequently, blockade of KCC2 should result

in a build-up of intracellular Cl− and a reduction in Cl− ion influx after long-term GABAA

receptor activation, allowing other ion flows (such as a depolarizing bicarbonate efflux) to

dominate (Coull et al. 2003; Kaila et al. 1993; Rivera et al. 1999; Staley et al. 1995; Sun et

al. 2012; Sun and Alkon 2001). If VTA GABAA receptor signaling activity is directly
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responsible for controlling the mechanisms underlying opiate motivation, artificial

manipulation of this signaling should allow for the selection of either TPP- or dopamine-

dependent mechanisms of opiate motivation, regardless of past drug history.

To address this question, we used infusions of furosemide (KCC2 inhibitor) and

acetazolamide (inhibitor of the enzyme responsible for generating bicarbonate) in

conjunction with a place conditioning paradigm to investigate whether the mode of VTA

GABAA receptor signaling is directly responsible for determining the substrates underlying

opiate motivation (Fig. 1). Additionally, we performed electrophysiological recordings of

VTA GABA and dopamine neurons to examine the actions of furosemide and

acetazolamide. An ability to artificially induce a switch to a dopamine-dependent system, in

lieu of the normal requirement for extensive drug exposure, would provide compelling

evidence for a VTA GABAA receptor-based switching mechanism.

Materials and methods

Animals

Male Wistar rats (Charles River; 350–450 g at the start of experiments) were utilized for all

behavioral experiments at the University of Toronto. Subjects were singly housed in

Plexiglas cages at 22 °C (lights on 7:00 a.m. to 7:00 p.m.). Access to standard rodent chow

was ad libitum. Water was always freely available. All behavioral experiments were

approved by the University of Toronto Animal Care Committee in accordance with the

Canadian Council on Animal Care guidelines. A total of 296 animals were used for the

behavioral analyses. All electrophysiology experiments were performed at Brigham Young

University.

Surgery

Surgery was performed under isoflurane anesthesia (5 % induction, 1–3 % maintenance).

Ketoprofen (5 mg/kg) was administered as an analgesic. VTA 22-gauge stainless steel guide

cannulae (Plastics One, Roanoke, VA, USA) were implanted bilaterally at a 10° angle using

the following coordinates relative to bregma: AP, −5.3 mm; ML, ±2.3 mm; and DV, −8.0

mm from the dural surface. Dorsal controls used DV, −7.0. TPP and nucleus accumbens

(NAc) cannulae were implanted at 10° angles (AP, −7.6; ML, ±3.1; DV, −6.6 and AP, +1.8;

ML, ±3.1; DV, −6.8, respectively). Animals were allowed to recover for at least 1 week

prior to conditioning.

Drugs

Furosemide (0.1–1 mM), acetazolamide (50 µM), imidazole (2.5 mM), lidocaine (4 %), and

alpha-flupenthixol (0.01 M; Sigma) were dissolved in Ringer’s solution (pH=7.4) and

infused bilaterally (0.5 µL per side). Doses were chosen based on previous studies

(Laviolette and van der Kooy 2004; Sun and Alkon 2001; Viitanen et al. 2010).

Diamorphine hydrochloride (heroin; 0.5 mg/kg s.c.), morphine sulfate (10 mg/kg i.p.; 500

ng per hemisphere intra-VTA; Almat Pharmachem Inc., Concord, ON, Canada), and alpha-

flupenthixol (0.8 mg/kg i.p.) were dissolved in a 0.9 % saline solution.
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Place conditioning apparatus

Conditioning took place in one of two distinct environments that differed in color, texture,

and smell. One environment (41×41×38 cm) was black with a smooth black Plexiglas floor

and was scented with 0.3 mL of a 10 % acetic acid solution prior to each conditioning

session. The other environment had identical dimensions and was white with a metallic

mesh floor.

Place conditioning procedure

Rats were conditioned using a fully counterbalanced (an equal number of rats were

administered morphine in both conditioning environments, and an equal number of rats

received morphine or saline for the first injection), unbiased place conditioning procedure

(Mucha et al. 1982). All groups underwent one conditioning session (40 min) during the

light cycle each day until a total of eight sessions (four morphine and saline pairings) were

completed. Morphine injections directly preceded exposure to the conditioning

environments. Pretreatments of either saline or alphaflupenthixol occurred 2.5 h prior to

conditioning (15 min prior in the case of intra-NAc alpha-flupenthixol).

Intra-cranial infusions (0.5 µL/hemisphere) occurred over 1 min (plus an additional minute

to allow for drug diffusion from the injector tip) prior to i.p. injections and conditioning, for

all conditioning sessions. For experiments involving both furosemide and acetazolamide, the

drugs were dissolved in the same solution and infused simultaneously.

For studies involving opiate-dependent and withdrawn rats, heroin (0.5 mg/kg, s.c., once per

day) was administered for four consecutive days prior to conditioning to induce a state of

dependence. This treatment regimen produces strong locomotor sensitization and

conditioned place aversions (Laviolette et al. 2004). Conditioning occurred approximately

21 h after a heroin injection, and maintenance doses were administered 3.25 h after

conditioning (to dissociate the heroin from the conditioning process). Eight conditioning

sessions were spaced evenly over 16 days, with rats receiving heroin each day.

In all cases, testing occurred 1 week after conditioning was completed. Rats (in a drug-free

state) were placed in a neutral gray zone (41×10 cm) separating the two conditioning

environments and were allowed to freely explore all three distinct areas for a 10-min period.

The time spent in all three compartments was recorded. This procedure produces robust

place preferences for the morphine-paired environment as compared with the vehicle-paired

or neutral environment (Supplementary Figure 1).

Histology

Animals that underwent surgery were deeply anesthetized with sodium pentobarbital (0.8

mg/ml, i.p.; Animal Resources Centre, Montreal, QC, Canada) and perfused transcardially

with 200 ml each of saline and 4 % formaldehyde. Brains were rapidly removed and stored

for 24 h in a 25 % sucrose/4 % formaldehyde post-fixative, sliced into 30-µm-thick sections,

and mounted on gelatin-coated slides. Correct placements were verified with cresyl violet

staining and light microscopy (Paxinos and Watson 1986). Investigators were blind to the

behavioral performance of the animals during analyses. Subjects were excluded if either of
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their placements were situated outside of the targeted area. There were no observed effects

on brain tissue (e.g., increases in cell death at the injection sites) due to drug infusions.

Preparation of tissue slices for electrophysiological recordings

Experiments were performed in adult (>28 days) male GAD-GFP knock-in mice in order to

positively identify VTA GABA neurons by visual inspection of fluorescence. For brain

extraction, mice were anesthetized with isoflurane (5 %) and by i.p. injection of ketamine

(60 mg/kg) and decapitated. The brain was quickly removed and glued onto a cutting stage.

Slicing was performed using a sapphire blade (Electron Microscopy Sciences, Hatfield, PA,

USA) on a vibratome in an ice-cold cutting solution (in millimolar: 220 sucrose, 3 KCl, 1.25

NaH2PO4, 25 NaHCO3, 12 MgSO4, 10 glucose, 0.2 CaCl2, and 0.4 ketamine) perfused with

95 % O2 and 5 % CO2. Horizontal slices (210-µm-thick) containing the VTA were cut and

transferred into an incubation chamber containing artificial cerebral spinal fluid (ACSF; in

millimolar: 124 NaCl, 2 KCl, 1.25 NaH2PO4, 26 NaHCO3, 12 glucose, 1.2 MgSO4, and 2

CaCl2) perfused with 95 % O2 and 5 % CO2 at 32 °C for at least 30 min. Following

incubation, slices were transferred to a recording chamber with continuous flow of ACSF

maintained at 36 °C throughout the experiment.

Characterization of VTA neurons in vitro

In GAD-GFP knock-in mice (Tamamaki et al. 2003), GABA neurons were studied in

horizontal brain slices with the aid of fluorescence microscopy. The VTA was visualized by

first locating the substantia nigra reticulata (SNr) in the horizontal slice preparation under

low power (×4) with fluorescence illumination. The SNr has a characteristic glow under low

magnification with GFP fluorescence optics, likely due to dense GABA terminal

innervation. Substantia nigra compacta (SNc) was then identified medial to SNr. GABA

neurons in the VTA were studied by visualizing GAD+ neurons in an area medial to the

glowing SNr, posterior to the fasciculus retroflexus and mammillothalamic tract, anterior to

the decussation of the superior cerebellar peduncle, and dorsal to the interpeduncular

nucleus (Allison et al. 2011; Steffensen et al. 2011). Neurons in the VTA of GAD-GFP mice

that did not fluoresce (i.e., GAD−) but exhibited a non-cation specific inward rectifying

current (Ih) in whole-cell mode following cell-attached mode recordings of firing rate (see

below), and had relatively low input resistance and regular, slow spike activity were

assumed to be dopamine neurons (Allison et al. 2006, 2011; Johnson and North 1992b;

Margolis et al. 2006; Steffensen et al. 2011).

Cell-attached, voltage-clamp recording of spike activity in brain slices

Electrodes were pulled from borosilicate glass capillaries and then filled with 150 mM NaCl

(3–5 MΩ). Positive pressure was applied to the electrode when approaching the neuron. By

applying suction to the electrode, a seal (10 MΩ−1 GΩ) was created between the cell

membrane and the recording pipette. Spontaneous GABA spike activity was recorded in

voltage-clamp mode with an Axon Instruments Multiclamp 700B amplifier and sampled at

10 kHz using an Axon 1440A digitizer, and collected and analyzed using pClamp10

software. Neurons were voltage-clamped at 0 mV throughout the experiment. A stable

baseline recording of firing activity was obtained for 5–10 min. Two methods were used to
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assess the effects of muscimol on VTA GABA neuron firing rate. In some slices, only one

dose of muscimol (Sigma-Aldrich, St. Louis, MO, USA; 0.01–10 µM) was studied on one

cell in each slice. In other slices, a wash was performed between superfusions of different

concentrations of muscimol on the same cell (5–10 min at each dose with 10 min between

doses). Regardless, no more than one cell was studied/slice, and no more than three slices

were studied/animal.

Statistical analyses

Data were analysed using two-tailed Student’s t tests or analysis of variance (ANOVA)

where appropriate (alpha= 0.05), followed by post hoc Tukey’s HSD or Dunnett’s method

tests as required. Where appropriate, results are expressed as means ± standard error of the

mean (SEM).

Results

Intra-VTA furosemide switches systemic opiate motivation from dopamine-independent to
dopamine-dependent in non-deprived animals

In drug-naive, non-deprived rats receiving intra-VTA vehicle and pretreated with either

saline or alpha-flupenthixol (a broad-spectrum dopamine receptor antagonist; N=6–7), a 2×2

ANOVA (pretreatment × drug conditioning) revealed a significant effect of drug

conditioning (morphine vs. saline) [F(1, 22)=21.5, p<0.05], suggesting that non-deprived

rats demonstrated morphine place preferences irrespective of alpha-flupenthixol

pretreatment (Fig. 2a).

We next examined the effect of intra-VTA furosemide on systemic morphine’s motivational

properties in non-deprived rats. If an excitatory mode of VTA GABAA receptor signaling

activity is responsible for selecting a dopamine-dependent mechanism of opiate motivation,

we hypothesized that intra-VTA infusion of furosemide would promote such a switch. Rats

were pretreated with either saline or alpha-flupenthixol (N=6–7). A 2×2 ANOVA

(pretreatment × drug conditioning) revealed a significant effect of drug conditioning

(morphine vs. saline) [F(1, 22)=18.4, p<0.05] and a significant interaction [F(1, 22)=9.0,

p<0.05]. This suggested that after intra-VTA furosemide, non-deprived rats demonstrated

systemic morphine place preferences that were now sensitive to alpha-flupenthixol

pretreatment (Fig. 2b, left). A similar effect was observed for intra-VTA as opposed to

systemic morphine place preferences, and a similar effect also was seen at a tenfold lower

dose of furosemide (Supplementary Figure 2).

To confirm the VTA as furosemide’s site of action, the previous experiment was repeated

with cannulae targeted 1 mm dorsal to the VTA. A t test indicated a significant effect of

morphine [t(1, 10)=13.8, p<0.05], suggesting that furosemide was acting in the VTA and not

via diffusion up the cannula tract (Fig. 2b, right; N=6).

Past work has demonstrated that the positive motivational effects of morphine in non-

deprived animals are blocked by intra-TPP infusions of lidocaine (Vargas-Perez et al. 2009).

According to our hypothesis, intra-VTA furosemide should allow for the expression of a

morphine place preference even in the presence of intra-TPP lidocaine, as opiate motivation
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will be switched to a dopamine-dependent system. Therefore, we examined the effects of

either intra-VTA vehicle or furosemide (N=7–9) on morphine’s motivational properties in

non-deprived rats receiving intra-TPP lidocaine. A 2×2 ANOVA (VTA treatment × drug)

revealed a significant effect of drug conditioning (morphine vs. saline) [F(1, 28)=10.2,

p<0.05] and a significant interaction [F(1, 28)=8.8, p<0.05]. This suggested that after intra-

VTA furosemide (but not vehicle), non-deprived rats were in fact capable of demonstrating

morphine place preferences even after intra-TPP lidocaine (Fig. 2c).

In opiate-dependent and withdrawn animals, intra-VTA acetazolamide switches systemic
opiate motivation from dopamine-dependent to dopamine-independent

We first examined whether intra-VTA saline vehicle had any effect on systemic morphine’s

motivational properties in opiate-dependent and withdrawn (deprived) rats. Rats were

pretreated with either saline or alpha-flupenthixol (N=13–16). A 2×2 ANOVA (pretreatment

× drug conditioning) revealed a significant effect of drug conditioning (morphine vs. saline)

[F(1, 54) = 6.09, p< 0.05] and a significant interaction [F(1, 54) =5.04, p< 0.05], indicating

that morphine’s motivational effects in opiate-deprived rats were blocked by alpha-

flupenthixol (Fig. 3a).

According to our hypothesis, bicarbonate ions are crucial for the shift to an excitatory/

depolarizing mode of GABAA receptor signaling and, therefore, a shift to a dopamine-

dependent mechanism of opiate motivation. Consequently, we examined the effect of intra-

VTA acetazolamide on systemic morphine’s motivational properties in opiate-dependent

and withdrawn rats. Rats were pretreated with either saline or alpha-flupenthixol (N=8–13).

A 2×2 ANOVA (pretreatment × drug conditioning) revealed a significant effect of drug

conditioning (morphine vs. saline) [F(1, 38)=16.3, p<0.05] only. This suggested that after

intra-VTA acetazolamide, opiate-deprived rats demonstrated morphine place preferences

irrespective of alpha-flupenthixol pretreatment (Fig. 3b, left).

To determine whether dopaminergic signaling within the NAc was critical for the

motivational properties of morphine in opiate-deprived rats, we repeated the above

experiment using intra-NAc infusions of alpha-flupenthixol (N=6–10). A 2×2 ANOVA

(VTA treatment × drug conditioning) revealed a significant effect of drug conditioning

(morphine vs. saline) [F(1, 28)=13.2, p>0.05] and a significant interaction [F(1, 28)=7.02,

p<0.05]. This suggested that opiate-deprived morphine place preferences were blocked by

intra-NAc alpha-flupenthixol, but this was reversed by intra-VTA acetazolamide (Fig. 3b,

right). Intra-VTA acetazolamide had no effect in drug-naive animals (Supplementary Figure

3).

Intra-VTA acetazolamide reverses the effects of intra-VTA furosemide

Since acetazolamide is able to prevent the switch to a dopamine-dependent opiate

motivational system in opiate-dependent and withdrawn animals (Fig. 3), we tested whether

acetazolamide also would reverse the effect of furosemide. In non-deprived animals

pretreated with alpha-flupenthixol, we co-infused furosemide and acetazolamide into the

VTA of animals conditioned with systemic morphine (N=7). A t test revealed a significant

effect of morphine [t(1, 12)=11.3, p<0.05] (Fig. 2b, right), indicating that acetazolamide was
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able to fully reverse the effect of furosemide (in non-deprived rats) and prevent a switch to a

dopamine-dependent motivational system.

In opiate-dependent and withdrawn animals receiving intra-VTA acetazolamide, morphine
place preferences are blocked by intra-TPP lidocaine

We next examined whether intra-TPP lidocaine would block systemic morphine place

preferences in opiate-dependent and withdrawn rats that also received intra-VTA

acetazolamide. All rats received acetazolamide and either intra-TPP vehicle or lidocaine

(N=6–12). A 2×2 ANOVA (TPP treatment × drug conditioning) revealed a significant effect

of drug conditioning (morphine vs. saline) [F(1, 32)= 16.6, p< 0.05] and a significant

interaction [F(1, 32)= 9.4, p<0.05]. This suggested that opiate-deprived subjects receiving

acetazolamide were switched to a TPP-dependent pathway, and therefore, intra-TPP

lidocaine was now capable of blocking this morphine place preference (Fig. 4).

Histological analysis

Representative intra-VTA morphine infusion cannulae placements are shown (N=12–13)

(Fig. 5). A one-way ANOVA revealed no differences between morphine infusions into the

rostral, middle, or caudal VTA over all experiments [F(2, 34)=0.76, p>0.05] (inset).

Similarly, no behavioral variation was observed with NAc placements (N=16). There were

no consistent rostral-caudal effects observed for acetazolamide, furosemide, imidazole, or

TPP lidocaine infusions, and infusion misses behaved no differently from controls.

Furosemide reduces muscimol inhibition of VTA GABA neurons

VTA GABA neurons in GAD GFP mice were positively identified by fluorescence imaging.

The average firing rate of VTA GABA neurons recorded in control mice in vitro was

12.7±1.7 Hz (N=18), and in the presence of 100 µM furosemide was 12.2±2.2 Hz (N=13).

Furosemide did not significantly affect the firing rate of VTA GABA neurons [F(1, 34)=

0.03, p>0.05]. Muscimol (0.01–10.0 µM) briskly and markedly inhibited VTA GABA

neuron firing rates in control mice (Fig. 6 (A)), with an approximate IC50 of 60 nM, but

enhanced firing rates in furosemide-treated slices (Fig. 6 (B)). Figure 6 (C) summarizes the

effects of muscimol (0.01–10.0 µM) on VTA GABA neurons in control vs. furosemide. A

two-way ANOVA (treatment vs. muscimol concentration) revealed significant main effects

of treatment (control vs. furosemide) [F(1, 68)=8.45, p<0.05] and muscimol concentration

[F(3, 68)=11.4, p<0.05], as well as a significant treatment × concentration interaction [F(3,

68)=5.9, p<0.05]. Post-hoc Tukey’s HSD test revealed that the furosemide treatment was

significantly different from the control treatment only at the 0.1- and 1-µM concentrations of

muscimol (p<0.05). On the other hand, furosemide had no significant effect on muscimol-

induced inhibition of putative VTA dopamine neurons, which were much less sensitive to

muscimol than VTA GABA neurons (Supplementary Figures 4 and 5).

While 7/7 (100 %) VTA GABA neurons were significantly inhibited after application of

muscimol (0.1 and 1 µM) in control subjects (as compared to their baseline responses at 10

nM), fewer than 50 % of VTA GABA neurons were inhibited in response to muscimol after

furosemide treatment (Fig. 6 (D)). Instead, 4/8 (50 %) (0.1 µM) and 3/9 (33 %) (1 µM)

GABA neurons increased their firing rates (>25 %). Additionally, approximately 25 % of
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the GABAergic cells showed no significant hyperpolarization in response to mus-cimol after

the furosemide treatment, while another 25 % showed a similar degree of inhibition in

response to muscimol as in controls (Fig. 6 (D)). Furthermore, co-administration of

acetazolamide (50 µM) and furosemide partially attenuated the effect of furosemide (100

nM muscimol firing rate, 68.9±21.1; 1 µM firing rate, 75.2±41.9), resulting in the inhibition

of 4/6 (66 %) GABA neurons in response to muscimol application. At both concentrations

of muscimol, one-way ANOVAs (control vs. furosemide vs. furosemide + acetazolamide)

revealed significant main effects of treatment{100 nM [F(2, 22)=4.04, p<0.05] and 1 µM

[F(2, 28)=4.52, p<0.05]}. In both cases, Dunnett’s method revealed a significant difference

between control and furosemide, and not between control and furosemide + acetazolamide

treatments.

Discussion

The mechanisms underlying the transformation from a drug-naive animal to one consumed

by drug-seeking and drug-taking behavior are crucial for our understanding of addiction.

Our work supports the hypothesis that during this transformation, a change in VTA GABAA

receptor signaling activity produces a corresponding change in the mechanisms responsible

for opiate motivation (Laviolette et al. 2004; Vargas-Perez et al. 2009). Our work indicates a

novel significance for depolarizing VTA GABAA receptor activity, adding to their growing

number of reported functions (Auger et al. 2001; Ben-Ari 2002; Cherubini et al. 1991;

Wagner et al. 1997).

The carbonic anhydrase enzyme is necessary for the switch to a dopamine-dependent
motivational system in opiate-deprived animals

In the VTA, the majority of GABAA receptors reside on GABA cells (Churchill et al. 1992;

Kalivas 1993), although some also are found on dopamine cells (Schwarzer et al. 2001).

Functionally, it has been suggested that those located on the GABA cells are most

behaviorally relevant (Laviolette and van der Kooy 2004). Although they are generally

regarded as Cl− ion channels, GABAA receptors are also permeable to bicarbonate ions.

Indeed, the efflux of negatively charged bicarbonate ions is one proposed mechanism behind

GABAA receptor depolarization (Kaila 1994; Staley et al. 1995; Sun and Alkon 2001).

Consistent with this idea, intra-VTA infusion of acetazolamide, an inhibitor of the carbonic

anhydrase enzyme responsible for the generation of bicarbonate, was able to prevent a

switch to a dopamine-dependent mechanism of opiate motivation. As this was true for

systemic injections of morphine, even though opiates elicit motivational effects in areas

other than the VTA (Goeders et al. 1984; Olds 1982; Wise 1989), our work suggests that

VTA GABAA receptors mediate a “global” switching mechanism capable of gating the

motivational properties of opiates towards either TPP- or dopamine-dependent pathways.

Intra-VTA furosemide switches the substrates mediating opiate motivation

Furosemide blocks the activity of KCC2 cotransporters that remove intracellular Cl−

(Martina et al. 2001; Viitanen et al. 2010), an effect that should reduce the influx of Cl− ions

and magnify the importance of the corresponding flow of bicarbonate out of the cell (Fig. 1).

Therefore, we hypothesized that intra-VTA infusion of furosemide should precipitate a
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change in GABAA receptor activity and a corresponding switch in the mechanisms

underlying opiate motivation, even in non-deprived animals with limited exposure to

morphine. We observed precisely this result, supporting a VTA GABAA receptor switch

model. Intra-VTA infusion of imidazole, a drug which is proposed to shift VTA GABAA

receptor activity from hyperpolarizing to depolarizing via a different mechanism of action to

furosemide (i.e., increased production of bicarbonate ions through carbonic anhydrase

enzyme activation), produced a similar effect, further supporting our interpretation

(Supplementary Figure 6).

However, while furosemide and acetazolamide were effective, we cannot rule out the

possibility that they acted via alternative mechanisms of action or in a non-specific manner.

For example, although this concentration of furosemide has been reported to have negligible

effects on other Cl− cotransporters, or presumably, on the carbonic anhydrase enzyme itself

(Viitanen et al. 2010), its potential actions on GABAA receptor subunit compositions

(Fritschy et al. 1994) or on other VTA cell types (e.g., dopamine or glial cells) cannot be

ruled out and warrant further investigation. It should be noted, however, that neither an

infusion of furosemide dorsal to the VTA (Fig. 2b) nor an infusion of acetazolamide into

drug-naive rats (Supplementary Figure 3) had any other observable effects.

Muscimol inhibition of VTA GABA neurons is significantly reduced by furosemide

We previously have demonstrated, in vivo, that a subpopulation of VTA GABA neurons

switches their response to muscimol from inhibition to excitation in association with chronic

morphine treatment (Laviolette et al. 2004) and with BDNF injections into the VTA

(Vargas-Perez et al. 2009). In the latter study, the baseline firing rates of VTA GABA

neurons were enhanced significantly in BDNF-treated rats. The baseline firing rates of VTA

GABA neurons recorded ex vivo are significantly lower than in vivo. However, it is worth

mentioning that the slice preparation is clearly a different environment from the intact

animal. For example, we have previously demonstrated that the VTA GABA neuron firing

rates in mice average approximately 32 Hz in vivo (Steffensen et al. 2011) compared to

approximately 14 Hz ex vivo. We assume this is due to severing of excitatory synaptic

inputs from the prefrontal cortex in vitro that typically drive VTA GABA neuron excitability

in vivo. Nonetheless, muscimol robustly inhibited the firing rates of VTA GABA neurons at

low concentrations (<1.0 µM) in GAD GFP mice, which was markedly reduced by

superfusion of furosemide. This is consistent with our previous studies demonstrating a

switch in GABA neuron response to muscimol in BDNF-treated rats (Vargas-Perez et al.

2009). Putative dopamine neurons were inhibited by muscimol, but only at the 10-µM

concentration (Supplementary Figure 4). The approximate IC50 for GABA neurons was 60

nM while that for dopamine neurons was 5 µM—nearly a 100× difference in sensitivity—

suggesting that dopamine neuron GABAA receptors are less sensitive to muscimol

activation, or that muscimol’s inhibition of GABA neurons is having a marked disinhibitory

effect on dopamine neurons. The predominant GABAA receptor subunits expressed in the

VTA are α1–6, β1, β3, and γ2 (Okada et al. 2004). While GABA neurons express α1

GABAA receptors, dopamine neurons do not (Tan et al. 2010), which might explain why

GABA neurons in the VTA are more sensitive to muscimol than dopamine neurons. Most

recently, we and others have shown that GABA neurons receive more GABA receptor-
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mediated inhibitory drive than dopamine neurons (Allison et al. 2011; Tan et al. 2010). In

the horizontal slice preparation used in this study, GABA input may be from local circuit

GABA neurons or, possibly, from GABA input from the rostromedial tegmental nucleus

(RMTg, also called the tail of the VTA), an area that contains µ-opioid receptor + GABA

neurons projecting to the VTA (Jhou et al. 2009). However, we have shown that VTA

GABA neurons express µ-opioid receptors and are sensitive to local application of opioids

(Steffensen et al. 2006), suggesting that GABA inhibitory drive to GABA neurons is most

likely from neighboring µ-opioid receptor + VTA GABA neurons.

Inhibition of bicarbonate ion production can reverse the effect of furosemide

The behavioral effect of furosemide was reversed by administration of acetazolamide into

the VTA. This suggests that the inhibitory effect of acetazolamide on the carbonic anhydrase

enzyme is downstream of furosemide’s proposed actions on KCC2 (Fig. 1). Supporting this

interpretation are electrophysiological data showing that co-infusion of acetazolamide is

able to attenuate the increase in GABA excitation induced by furosemide superfusion.

If furosemide blockade of KCC2 results in a decreased inward-directed Cl− ion flow, it is

plausible that the outward-directed bicarbonate ion flow would now take precedence,

leading to a shift in the signaling activity of VTA GABAA receptors. Conversely,

administration of acetazolamide inhibits the activity of the carbonic anhydrase enzyme and

thereby prevents both the generation of bicarbonate and the corresponding switch to an

excitatory (depolarizing) GABAA receptor. In other words, treatment with acetazolamide

returns the mechanisms underlying opiate motivation to a TPP-dependent state, presumably

by returning the activity of VTA GABAA receptors to a hyperpolarizing state—even though

furosemide is still blocking Cl− cotransporter extrusion. While hypothetical, this return to a

hyperpolarizing mode of GABAA receptor activity may be due in part to an increased

inward-directed Cl− ion driving force made possible by an overall decrease in intracellular

negatively charged ions (due to acetazolamide inhibition of bicarbonate production).

Previous work has demonstrated that in food-deprived (but opiate-naive) rats, morphine

motivation is not TPP-dependent but rather dopamine-dependent (Nader and van der Kooy

1994). That is, food deprivation is sufficient to induce a switch in the system underlying

opiate motivation, even though the rats are previously drug-naive. We found that infusion of

intra-VTA acetazolamide was sufficient to prevent this switch, suggesting that food

deprivation may produce a similar effect on VTA GABAA receptors as opiate deprivation

(Supplementary Figure 7). Although speculative, it is possible that both opiate and food

deprivation produce a “highly stressed” state, leading to an increased release of brain-

derived neurotrophic factor (BDNF) which is known to play a role in at least some types of

stress (Berton et al. 2006; Sarkar et al. 2011). Indeed, BDNF levels are increased in opiate-

deprived subjects (Vargas-Perez et al. 2009). The mechanisms underlying BDNF’s actions

are not fully known but may involve inhibition of KCC2, similar to furosemide (Rivera et al.

2002; Wake et al. 2007).
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VTA GABAA receptors form a motivational switching mechanism for opiates

GABAA receptors on VTA GABA neurons are anatomically well positioned to mediate a

switch between TPP- and dopamine-dependent systems (Kalivas 1993; Laviolette et al.

2004; Laviolette and van der Kooy 2004; Swanson 1982). Our work suggests that this

switch is produced by changes in VTA GABAA receptor signaling activity.

According to the model, opiates bind to presynaptic µ-opioid receptors located on GABA

terminals in the VTA, inhibiting activation of GABAA receptors (and have more limited

functional activity at µ-opioid receptors located directly on VTA GABA cells) (Garzon and

Pickel 2001; Laviolette et al. 2004; Omelchenko and Sesack 2009; Svingos et al. 2001; Xia

et al. 2011). Additional research will be needed to clarify which specific populations of

GABAergic inputs are critical, although recent work has suggested the NAc (Xia et al.

2011) and RMTg (Balcita-Pedicino et al. 2011; Jhou et al. 2009) as possibilities. Our work

is more supportive of a NAc input, as GABA terminals from that region appear to synapse

preferentially on VTA GABA cells, as opposed to dopamine cells (Jalabert et al. 2011;

Lecca et al. 2011). In any event, tonic activation of GABAA receptors in opiate-naive

animals hyper-polarizes GABA cells (Laviolette et al. 2004), and therefore, opiate blockade

of this activation will depolarize GABAergic neurons. This results in continued GABAergic

inhibition of VTA dopamine neurons and the generation of a TPP-dependent motivational

signal (Heinmiller et al. 2009; Fig. 7, left).

Conversely, if an opiate-deprived state is synonymous with VTA GABAA receptors that

produce depolarization, opiate administration would have the exact opposite effect:

prevention of VTA GABAA receptor activation would hyperpolarize VTA GABA cells and

therefore disinhibit VTA dopamine cells, producing a dopamine-dependent motivational

signal that is transmitted from the VTA to the NAc (Fig. 7, right). Additionally, it is possible

that morphine binding to µ-opiate receptors located on the VTA GABA neurons themselves

— which also would disinhibit the dopamine cells and produce dopamine-dependent opiate

reward—plays a factor here (Johnson and North 1992a).

While this proposed model is based on local VTA GABA neuron projections to dopamine

cells, it is well established that the anatomy of the VTA is far more complex. It remains

unclear whether the various other subpopulations of VTA GABA and dopamine neurons —

with their diverse cellular inputs and outputs—might fit into this model (Jhou et al. 2009;

Kalivas 1993; Omelchenko and Sesack 2005; Sesack and Pickel 1992; Thierry et al. 1980;

Van Bockstaele and Pickel 1995). Future work is needed to determine whether the

depolarizing actions of glutamate might be related to the VTA GABAA receptor switch

model (Dobi et al. 2010; Kalivas 2009). For example, glutamatergic signaling in rat

hippocampal neurons has been reported to downregulate KCC2 channel activity, resulting in

reduced GABAergic hyperpolarization (Lee et al. 2011). Similarly, it would be interesting to

ascertain how (if at all) the results reported here might fit in with reports of withdrawal-

induced GABA release (Bonci and Williams 1997) and long-term potentiation (Niehaus et

al. 2010) in the VTA, all of which result in an increase in VTA dopamine cell firing after

increased opiate exposure.
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In summary, the current findings are consistent with the hypothesis that GABAA receptors

on VTA GABA neurons form a switching mechanism that controls the substrates underlying

opiate motivation, irrespective of the animal’s previous drug history. As muscimol inhibition

of VTA GABA neurons can be reversed by furosemide, and treatment with acetazolamide is

sufficient to partially attenuate this reversal and prevent the occurrence of a behavioral

switch, our findings suggest that carbonic anhydrase may constitute the downstream portion

of a common VTA GABA neuron-based biological pathway responsible for controlling the

mechanisms underlying opiate motivation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
A proposed (and testable) model for the change of an inhibitory GABAA receptor to an

excitatory GABAA receptor. In the drug-naive state (left), VTA GABAA receptor activation

of GABA neurons produces an inward Cl− ion flow that overshadows the outward-directed

HCO3
− (bicarbonate) ion flow. This gradient is maintained by intracellular Cl− removal via

the KCC2 cotransporter. Drug-dependent animals (right) are hypothesized to have excitatory

VTA GABAA receptors caused by a breakdown of the Cl− gradient. One potential

explanation for this is blockade of the KCC2 cotransporter (for example, as occurs with

furosemide), resulting in a decreased inward-directed Cl− ion flow due to a lack of Cl−

clearance. Now, the flow of bicarbonate ions out of the cell is able to produce a shift in the

signaling properties of VTA GABAA receptors, from inhibitory (hyperpolarizing) to

excitatory (depolarizing). The enzyme carbonic anhydrase catalyzes the formation of

bicarbonate ions; therefore, inhibition of this enzyme using acetazolamide is hypothesized to

decrease the production of bicarbonate and thereby prevent a switch to an excitatory

GABAA receptor
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Fig. 2.
In non-deprived rats, systemic morphine place preferences are attenuated by dopamine

receptor antagonism only after intra-VTA furosemide infusion. a Systemic morphine

induced conditioned place preferences (gray bars) in rats receiving intra-VTA vehicle

irrespective of pretreatment with alpha-flupenthixol. b Conversely, in rats receiving intra-

VTA furosemide, systemic morphine place preferences were attenuated by alpha-

flupenthixol pretreatment (left). In alpha-flupenthixol pre-treated rats infused with

furosemide 1 mm dorsal to the VTA, strong morphine place preferences were observed,

indicating that furosemide is likely producing its effects in the VTA (right). In rats infused

with intra-VTA furosemide, significant systemic morphine-conditioned place preferences

were present even in alpha-flupenthixol pretreated rats after intra-VTA infusion of

acetazolamide (right). c Systemic morphine did not produce conditioned place preferences

in rats receiving intra-TPP lido-caine. Conversely, rats receiving intra-VTA furosemide

demonstrated significant systemic morphine place preferences even after intra-TPP

lidocaine. Data represent means ± SEMs of time spent in the morphine-or saline-paired

environment
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Fig. 3.
Intra-VTA acetazolamide switches systemic morphine motivation from dopamine-dependent

to dopamine-independent in opiate-dependent and withdrawn animals. a In opiate-dependent

and withdrawn rats receiving intra-VTA saline vehicle, systemic morphine-conditioned

place preferences (gray bars) were blocked in rats pretreated with alpha-flupenthixol. b
(Left) This block was reversed by intra-VTA acetazolamide. (Right) Intra-NAc alpha-

flupenthixol also blocked morphine-conditioned place preferences in opiate-dependent and

withdrawn rats, and this also was reversed by intra-VTA acetazolamide. Data represent

means ± SEMs of time spent in the morphine- or saline-paired environment
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Fig. 4.
TPP lidocaine blocks morphine-conditioned place preferences in opiate-dependent and

withdrawn animals that receive intra-VTA acetazolamide. In opiate-dependent and

withdrawn animals receiving intra-VTA acetazolamide, systemic morphine-conditioned

place preferences (gray bars) were blocked by intra-TPP lidocaine. Data represent means ±

SEMs of time spent in the morphine- or saline-paired environment
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Fig. 5.
Histological analysis of intra-VTA bilateral cannulae placements. (Left) Schematic

representation of rostral, middle, and caudal intra-VTA infusion placements (closed circles).

For clarity, only a few bilateral cannulae placements are shown, for experiments involving

acetazolamide, furosemide, or food deprivation, in addition to morphine. Rostral placements

(−4.8 mm from bregma or before) are plotted on a −4.8-mm section, middle placements

(between sections −4.8 and −5.8 mm) are plotted on a −5.3-mm section, and caudal

placements (−5.8 mm or more) are plotted on a −5.8-mm section. Placements that were not

located bilaterally within the VTA were excluded from analyses and are not shown. No

differences were found between bilateral morphine infusions into the rostral, middle, or

caudal VTA. Data represent means ± SEMs of time spent in the morphine-paired minus

vehicle-paired environment. (Right) Histological analysis of intra-NAc bilateral cannulae

placements. Schematic representation of rostral, middle, and caudal intra-NAc infusion

placements. Placements are 2.2, 1.7, or 1.0 mm rostral to bregma. The majority of

placements were located in the nucleus accumbens core. No behavioral variation was

observed in these placements
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Fig. 6.
Furosemide effects on muscimol inhibition of VTA GABA neurons. VTA GABA neurons in

GAD GFP mice were visualized with fluorescent optics and recorded in cell-attached mode

in voltage clamp. A (a, b) These are representative 5-s traces of GABA neuron spike activity

recorded before and after muscimol; (c) this ratemeter shows the firing rate of this neuron

(traces in a, b recorded at times indicated on graph), which was approximately 10 Hz, before

and after application of 0.01–10.0 µM muscimol, which markedly inhibited the firing rate of

this VTA GABA neuron. B (a, b) These are representative 5-s traces of the spike activity of

another VTA GABA neuron spike activity recorded before and after muscimol in the

presence of 100 µM furosemide; (c) this ratemeter shows the firing rate of this neuron

(traces in a, b recorded at times indicated on graph), which was approximately 8 Hz, before

and after application of 0.01–10.0 µM muscimol. Only 10 µM muscimol inhibited the firing

rate of this neuron in the presence of furosemide. C Comparison of muscimol (0.01–10.0

µM) effects on VTA GABA neuron firing rate for control and furosemide treatment

conditions. Muscimol significantly inhibited the firing rate of VTA GABA neurons, which

was significantly reduced by furosemide. D Whereas in control conditions 100 % of VTA

GABA neurons were inhibited in response to muscimol (0.1 µM), furosemide treatment
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produced muscimol-induced excitation in a significant population of cells. A higher dose of

muscimol (1 µM) produced similar results (data not shown)
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Fig. 7.
A hypothetical representation of opiate motivation in the non-deprived and drug-dependent

and withdrawn motivational states. In non-deprived animals (left), activation of VTA

GABAA receptors produces hyperpolarization (inhibition). Opiate binding to presynaptic µ-

opioid receptors reduces GABAA receptor activation. Consequently, VTA GABA cells are

depolarized as a result of the loss of an inhibitory input. In turn, VTA dopamine cells remain

inhibited, and an opiate reinforcement signal is sent to the TPP. Conversely, in opiate-

deprived animals (right), activation of VTA GABAA receptors produces depolarization

(excitation). Opiate binding to presynaptic µ-opioid receptors again reduces VTA GABAA

receptor activation. In turn, VTA GABA cells are hyperpolarized due to the loss of an

excitatory input, and VTA dopamine cells are disinhibited, leading to the production of a

dopamine-dependent opiate motivational signal initiated in the VTA and terminating in the

NAc. The change to a drug-deprived state can be accomplished by extensive opiate exposure

(enough to produce withdrawal), intra-VTA furosemide administration, or food deprivation,

and can be prevented by intra-VTA acetazolamide administration
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