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Protracted opiate withdrawal is accompanied by altered responsiveness of midbrain dopaminergic (DA) neurons, including a loss of DA
cell response to morphine, and by behavioral alterations, including affective disorders. GABAergic neurons in the tail of the ventral
tegmental area (tVTA), also called the rostromedial tegmental nucleus, are important for behavioral responses to opiates. We investi-
gated the tVTA–VTA circuit in rats after chronic morphine exposure to determine whether tVTA neurons participate in the loss of
opiate-induced disinhibition of VTA DA neurons observed during protracted withdrawal. In vivo recording revealed that VTA DA
neurons, but not tVTA GABAergic neurons, are tolerant to morphine after 2 weeks of withdrawal. Optogenetic stimulation of tVTA
neurons inhibited VTA DA neurons similarly in opiate-naive and long-term withdrawn rats. However, tVTA inactivation increased VTA
DA activity in opiate-naive rats, but not in withdrawn rats, resembling the opiate tolerance effect in DA cells. Thus, although inhibitory
control of DA neurons by tVTA is maintained during protracted withdrawal, the capacity for disinhibitory control is impaired. In
addition, morphine withdrawal reduced both tVTA neural activity and tonic glutamatergic input to VTA DA neurons. We propose that
these changes in glutamate and GABA inputs underlie the apparent tolerance of VTA DA neurons to opiates after chronic exposure. These
alterations in the tVTA–VTA DA circuit could be an important factor in opiate tolerance and addiction. Moreover, the capacity of the
tVTA to inhibit, but not disinhibit, DA cells after chronic opiate exposure may contribute to long-term negative affective states during
withdrawal.
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Introduction
Dopaminergic (DA) neurons of the ventral tegmental area (VTA)
play a crucial role in motivated behaviors (Wise, 2004; Fields et
al., 2007) and drug addiction (Lüscher and Malenka, 2011;
Volkow et al., 2011). Several results link opiate reward with VTA

DA neurons: opiates activate these cells (Wise, 1989; Georges et
al., 2006), and � opioid receptor agonists are self-administered
directly into the VTA (Devine and Wise, 1994; Zangen et al.,
2002) in which they also produce a conditioned place preference
(Phillips and LePiane, 1980; Bals-Kubik et al., 1993).

Opiates activate VTA DA neurons by inhibiting local GABA in-
terneurons (Gysling and Wang, 1983; Johnson and North, 1992a,b).
Recent results indicate that opiates can also activate VTA DA neu-
rons by inhibiting GABA inputs from outside the VTA (Jalabert et
al., 2011; Matsui and Williams, 2011; Margolis et al., 2012; Hjelm-
stad et al., 2013). Here, we investigated the role of GABA neurons in
the tail of the VTA (tVTA), in morphine effects on VTA DA neural
activity.

The tVTA (also known as the rostromedial tegmental nu-
cleus) is a GABAergic area caudal to the VTA (Kaufling et al.,
2009, Jhou et al., 2009b) that provides strong inhibitory control
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Significance Statement

Dopaminergic (DA) cells of the ventral tegmental area (VTA) are the origin of a brain reward system and are critically involved in
drug abuse. Morphine has long been known to affect VTA DA cells via GABAergic interneurons. Recently, GABAergic neurons
caudal to the VTA were discovered and named the tail of VTA (tVTA). Here, we show that tVTA GABA neurons lose their capacity
to disinhibit, but not to inhibit, VTA DA cells after chronic opiate exposure. The failure of disinhibition was associated with a loss
of glutamatergic input to DA neurons after chronic morphine. These findings reveal mechanisms by which the tVTA may play a
key role in long-term negative affective states during opiate withdrawal.
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of the mesolimbic DA system (for review, see Lavezzi and Zahm,
2011; Bourdy and Barrot, 2012). Both in vivo electrical stimula-
tion (Jalabert et al., 2011; Lecca et al., 2012) and in vitro optoge-
netic stimulation of the tVTA (Matsui and Williams, 2011)
inhibit VTA DA neuron firing, which confirm the inhibitory con-
trol of VTA DA neurons by the tVTA.

The tVTA has been proposed to mediate the acute effects of
morphine on VTA DA neurons. Rats self-administered � recep-
tor agonists directly into the tVTA, showing that the tVTA can
drive reward (Jhou et al., 2012), and inhibition of VTA DA neu-
rons induced by electrical or optogenetic stimulation of the tVTA
is reduced by morphine (Jalabert et al., 2011; Matsui and Wil-
liams, 2011; Lecca et al., 2012). Furthermore, pharmacological
tVTA inhibition blocks VTA DA activation induced by intrave-
nous morphine (Jalabert et al., 2011).

Thus, studies reveal that tVTA is a site of action for acute
morphine, but none investigated the effect of chronic morphine
and morphine withdrawal on tVTA GABA neurons or the role of
the effects of morphine in the tVTA on DA VTA neurons in vivo.
This is important because the VTA is also implicated in motiva-
tional and affective components of opiate withdrawal (Harris and
Aston-Jones, 2003b; Aston-Jones et al., 2010; Richardson and
Aston-Jones, 2012 Lutz and Kieffer, 2013). Here we compared
the effects of acute, chronic opiates, or opiate withdrawal, on
activity of VTA DA and tVTA GABA neurons and on the re-
sponse of VTA DA neurons to tVTA activation. We confirm that
VTA DA neurons express tolerance to morphine after chronic
administration (Georges et al., 2006). Surprisingly, this was not
the case for tVTA neurons, indicating that the regulation of VTA
DA neurons by tVTA was altered by morphine withdrawal. Our
data indicate that this dysregulation is attributable to reduced
activity of tVTA neurons and reduced glutamatergic tone in the
VTA in withdrawn rats.

Materials and Methods
Animals. Male Sprague Dawley rats were used (300 – 450 g; Charles River
Laboratories; n � 153 for electrophysiological procedures, n � 12 for
anatomical procedures, n � 14 for optogenetic procedures). Rats were
singly housed (22–23°C; 12 h light/dark cycle, lights on 7:00 A.M.) with
food and water available ad libitum. All protocols and procedures fol-
lowed National Institute of Health Guidelines for the Care and Use of
Laboratory Animals and were approved by the Medical University of
South Carolina Institutional Animal Care and Use Committee.

Chronic morphine treatment. Two 75 mg morphine pellets (provided
by the National Institute on Drug Abuse, National Institutes of Health)
were implanted subcutaneously under isoflurane anesthesia for chronic
morphine treatment. This procedure has been shown to produce a con-
sistent plasma morphine concentration beginning a few hours after the
implantation of the pellets (Yoburn et al., 1985) and physical depen-
dence, including overt somatic withdrawal signs after an acute injection
of opiate antagonist (Frenois et al., 2002). Full behavioral dependence on
morphine is achieved 24 h after implantation of the morphine pellets and
remains relatively constant for 15 d (Gold et al., 1994). On the basis of
these physiological and behavioral findings, we used the term “morphine
dependent” (MD) to denote rats implanted chronically with two pellets
of morphine for at least 6 d. Pellets remained in this group during record-
ing experiments. The drug-naive rats (naive) received placebo pellets
without morphine (n � 20) or were not implanted (n � 51); there was no
difference in results between animals with placebo pellets or no pellets,
and, therefore, results were pooled. Electrophysiological experiments in
MD rats were performed 6 d after the implantation of morphine pellets
(n � 32). Precipitated withdrawal was induced by intravenous injection
of naltrexone hydrochloride (NAL; 0.1 mg/kg in saline; Sigma), and unit
recordings were obtained during 3 h after NAL administration (n � 23).
Protracted withdrawal (14DW group) was induced by removing mor-

phine pellets after 6 d, and electrophysiological experiments were per-
formed 14 d later (n � 16).

Intravenous drug injection. During terminal intracranial surgery, the
jugular vein was cannulated for intravenous administration of pharma-
cological agents. NAL (0.1 mg/kg per 0.5 ml) and morphine hydrochlo-
ride (1 mg/kg per 0.5 ml) were prepared in isotonic saline.

Surgery. Animals were anesthetized initially with 3% isoflurane, a tra-
cheotomy was performed, and 1.5% isoflurane was delivered through a
tracheal cannula via spontaneous respiration for surgical procedures.
During recording experiments, the concentration of isoflurane was kept
at 1.0 –1.2%. Animals were placed in a stereotaxic frame, and body tem-
perature was maintained at 36 –38°C with a thermistor-controlled elec-
tric heating pad. The skull was exposed, and holes were drilled above the
tVTA (window: 6.7/7.5 mm caudal to bregma, 0.3/0.7 lateral to bregma,
and 6.0/8.0 ventral to dura) or the VTA (window: 5.2/6.0 mm caudal to
bregma, 0.4/1.0 lateral to bregma, and 7.5/�9.5 ventral to the dura). To
allow VTA recording during tVTA pharmacological manipulation, some
tVTA injection pipettes were angled 6° from vertical (rostrodorsal to
caudoventral).

Electrophysiological methods. A glass micropipette (1–3 �m, 6 –12 M�)
filled with 2.0% pontamine sky blue (BDH Chemicals) in 0.5 M sodium
acetate was used for VTA and tVTA recording. Signals were amplified
and filtered (0.1–5 kHz bandpass) with conventional electronics. Spikes
of single neurons were discriminated, and digital pulses were sent to a
computer for online data collection with a laboratory interface and soft-
ware (CED 1401, Spike2; Cambridge Electronic Design). Only spontane-
ously active neurons were recorded and analyzed. Neurons were
recorded for 2 min to establish a mean baseline firing rate before any
pharmacological manipulation.

Double-barrel micropipettes were custom fabricated as described pre-
viously (Akaoka and Aston-Jones, 1991; Georges and Aston-Jones, 2002)
to allow simultaneous VTA or tVTA neuron recordings with local mi-
croinjection of drugs. The recording micropipette (tip diameter, 1–3 �m;
6 –12 M�) was filled with 2.0% pontamine sky blue in 0.5 M sodium
acetate. The injection pipette (30 – 40 �m tip diameter, offset 150 �m
behind the recording pipette tip) was filled with drugs or vehicles (see
below, Intracranial drug administration). After at least 2 min of stable
recording, drug or vehicle was microinfused via pneumatic pressure (Pi-
cospritzer; General Valve) at a rate of 30 – 60 nl/min for 1–2 min, and
effects on spontaneous impulse activity were recorded. For local tVTA
injection without recording, a single injection pipette was used.

For VTA recordings, electrophysiological criteria used to identify pu-
tative DA neurons were similar to previous studies (Grace and Bunney,
1984a,b; Ungless et al., 2004; Ungless and Grace, 2012). These included
the following: (1) action potential with biphasic or triphasic waveform
�2.5 ms in duration; (2) �1.1 ms from spike onset to negative trough;
and (3) slow spontaneous firing rate �10 spikes/s. It was critical to locate
precisely the tVTA and define its borders to confirm our recordings,
photostimulation, and chemical inhibition in that structure. We used
GAD and � opioid receptor immunochemistry to map and verify the
localization of each tVTA recorded cell. As in previous reports (Jalabert et
al., 2011; Lecca at al., 2011, 2012), we considered tVTA units to be puta-
tive GABA neurons if the early spike duration (peak to initial negative
trough) was �1.1ms (mean � SEM, 0.65 � 0.017 ms in our study). tVTA
GABA cells are reported to have highly variable basal firing rates (ranging
from 1 to 60 Hz in the study by Jalabert et al., 2011), and, therefore, we
did not use this parameter to identify them. In addition, we evaluated the
proportion of GABA neurons throughout the tVTA area using GAD
immunochemistry. With our histological localization of recording sites,
this analysis allowed us to define GABA neuron recordings as originating
from an area in the tVTA in which �75% of neurons are GAD positive
(GAD �; Fig. 1). We also removed from our tVTA analysis any recordings
with parameters of classical DA neurons, accounting for 	12% of tVTA
recorded cells. Although we recognize that it is not possible to absolutely
identify GABA neurons without intracellular or juxtacellular labeling,
together these multiple criteria allowed us to conclude that �87% of the
tVTA neurons we tentatively identified as GABAergic were in fact GABA
cells.
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Intracranial drug administration. Double-barrel micropipettes con-
sisted of a recording micropipette (described above) glued to an injection
micropipette. The injection micropipettes had tip diameters of 30 – 40
�m and were filled with either 100 �M DAMGO in ACSF or with a

mixture of 100 �M AP-5 and 50 �M CNQX in ACSF. The concentrations
of DAMGO and CNQX/AP-5 were based on previous studies of DA
neurons in vivo or in vitro (Georges and Aston-Jones, 2002; Matsui and
Williams, 2011). Drugs or vehicle were ejected by brief pulses of pneu-

Figure 1. Localization of recorded GABA neurons in the tVTA. A, B, Light microscopy photographs showing staining for GAD (Ai, low-power view; Aii, high-power of area in red box in Ai) and �
receptors (Bi, low-power view; Bii, high-power of area in red box in Bi) in coronal slices through the tVTA. Staining for GAD or � receptors highlights the tVTA (outlined with black dashed lines in
A and B). C, Fluorescence microscopy photographs of staining for neurons (revealed by Fox3, green), GAD (red), and merged images in the VTA (top row) and tVTA (bottom row). Arrows indicate
examples of GABA (GAD �) neurons. Note that the tVTA contains more GABA neurons than the VTA. D, Bar graph illustrating the proportion of GABA neurons throughout the rostrocaudal extent of
the VTA–tVTA (plotted as proportion of Fox3 � neurons that are also GAD �; n � 3 rats, 6 hemispheres). The x-axis shows approximate anteroposterior distance from bregma (in millimeters). The
red shaded area denotes tVTA as defined by Kaufling et al. (2009). The red dashed line defines the tVTA recording area used here, in which �75% of the neurons are GABAergic (GAD �). Ei, Typical
example of average spike waveform of putative DA and GABA neurons recorded in the tVTA. Putative GABA-like spike waveforms are shorter than for putative DA neurons. Eii, Scatter plot illustrates
the width of the first part of the action potential (AP) as a function of AP total duration for all tVTA recorded neurons. Two populations are clearly distinguishable. Classical AP waveforms for DA
neurons are shown in blue (first part AP duration �1.1 ms and AP total duration �2.5 ms). Typical GABA-like waveforms are plotted in red and gray (corresponding to cells recorded in naive, PW,
or 14DW rats). Note that chronic morphine treatment did not affect the AP duration of tVTA GABA neurons recorded (F(3,269) � 2.02, ns). F, High-power fluorescence photographs of immunohis-
tochemistry for GAD (green) and � receptors (red) in the tVTA. The merged image (GAD/�) shows that GABA neurons express � receptors (examples at arrows). Scale bars: Ai, Bi, 1 mm; Aii, Bii,
500 �m; C, 15 �m; F, 100 �m.
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matic pressure (60 nl at 30 – 60 nl/min). At least
45 min separated any two drug infusions. For
tVTA inactivation during VTA recording,
single-barrel injection micropipettes were used
to microinfuse muscimol bodipy (MusB; a flu-
orescent GABAA agonist; 500 nl, 0.8 mM in
ACSF) into the tVTA. VTA neurons were re-
corded during 2 h after MusB injection, as in
previous studies (Jalabert et al., 2011).

Optogenetic methods. Channelrhodopsin2
(ChR2) was expressed in neurons using adeno-
associated virus (AAV) constructs. The
vector AAV2/5–CaMKIIa– hChR2(H134R)–
eYFP (60 nl; 1.28 e 13 viral particles/�l; Univer-
sity of North Carolina Vector Core Facility)
was injected unilaterally by micropressure (Pi-
cospritzer) using a glass micropipette (40 �m
tip diameter) into the tVTA (from bregma,
�6.8 mm posterior, 1.1 mm mediolateral,
�7.8 mm ventral, 6° lateral angle). This virus
injection procedure resulted in injection sites
that were restricted to the tVTA, resulting in
ChR2 prominently in GABA neurons there and
in fibers/terminals in the VTA (see Fig. 6B).
One week after virus injection, animals were
divided in two groups: naive and 14DW (see
above, Chronic morphine treatment). In all ex-
periments, recordings were conducted �4
weeks after virus injections.

To determine the effect of tVTA optogenetic
stimulation on VTA DA activity, a 200 �m op-
tical fiber was inserted stereotaxically 400 �m
above the tVTA virus injection site while VTA
neurons were recorded. To confirm the effect
of tVTA optogenetic stimulation directly on
tVTA neurons, a 200 �m optical fiber was
glued onto the tVTA recording pipette, ending
350 �m above the tip. After baseline recording
of the spontaneous activity of the VTA or tVTA
cells for at least 2 min, a 473 nm blue laser (300
mW; OEM Laser Systems) was used to photo-
stimulate tissue (10 ms light pulse, 1 Hz, 100
repetitions). Light intensity at the optical fiber
tip was 	10 mW.

Histology and immunohistochemistry. At the
end of each recording experiment, electrode

Figure 2. The firing rate of tVTA GABA neurons is lower in MD and PW animals than in naive rats. A, Schematics showing the
localization of each tVTA GABA-like neuron recorded. Landmarks and position from bregma in millimeters

4

(adapted from Paxinos and Watson, 2007). B, Photograph of a
frontal section (neutral red stain) showing pontamine sky blue
deposits made at the top and the bottom of a tVTA recording
electrode track. Scale bar, 1 mm. C, Inset, Typical example of
tVTA GABA-like neuron waveform. The width of the first wave-
form component was measured from the start of the spike to
the negative trough, which was 0.65 ms in this example. Whis-
ker plots show that the width of the first waveform component
for putative GABAergic neurons were similar in all treatment
groups.D, Bar graph showing the basal firing rates of tVTA
GABA-like neurons in different treatment groups. Basal firing
rates in MD and 14DW rats were lower than in naive/placebo
rats. Intravenous NAL (0.1 mg/kg) in dependent rats (PW rats)
normalized the basal firing rate. For all figures: naive/placebo
rats, n � 60 cells, 20 rats; MD rats, n � 91 cells, 32 rats; PW
rats, n � 53 cells, 23 rats; 14DW rats, n � 70 cells, 16 rats).
**p � 0.01; ***p � 0.001. CLi, caudal linear nucleus of the
raphe; cp, cerebral peduncle; IP, interpeduncular nucleus; ml,
medial lemniscus; Pn, pontine nuclei; SNR, substantia nigra
pars reticulata.
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placement was marked with an iontophoretic deposit of pontamine sky
blue dye (�7 �A, pulsed current for 15 min). After the experimental
procedures, the animals were anesthetized deeply with isoflurane (5%)
and decapitated. Brains were removed and snap-frozen in a solution of
methyl butane at �70°C. Coronal, 40-�m-thick sections were cut on a
cryostat and counterstained with neutral red (Thermo Fisher Scientific),
dehydrated with graded alcohol solutions, cleared with xylene, and cov-
erslipped with Permount (Thermo Fisher Scientific). In the case of tVTA
recording, two blue spots (top and bottom of the last track) were made to
precisely localize recorded neurons. Only tVTA or VTA neurons from
rats with histologically confirmed recording sites were analyzed.

To localize MusB injections in the tVTA, animals were perfused with
cold 0.09% NaCl, followed by cold 4% paraformaldehyde in 0.1 M phos-
phate buffer (PB). Brains were postfixed overnight in 4% paraformalde-
hyde and transferred to a 20% solution of sucrose/0.1% sodium azide in
PB at 4°C for at least 3 d. Coronal 40-�m-thick sections of brains were cut
on a cryostat. VTA/tVTA sections were mounted onto slides and cover-
slipped with anti-fade mounting solution. Sections were examined with a
Leica DM-RXA microscope (Leica Microsystems). Photomicrographs
were acquired with a CCD camera (Princeton Instruments) and pro-
cessed using OpenLab imaging software (Improvision; PerkinElmer Life
and Analytical Sciences). Adobe Photoshop CS version 8.0 was used to
adjust contrast, brightness, and sharpness. The color channels were ad-
justed individually for the merged pictures. Abbreviations and structure
limits are based on the frontal diagrams from the atlas of Paxinos and
Watson (2007).

To localize the rostrocaudal extent of the tVTA and to show that tVTA
GABA cells express � opioid receptors, four series of sections through the
VTA and tVTA were processed by immunochemistry, as described in
detail below. GAD67 and � receptors were visualized by 3,3-
diaminobenzidine (DAB; n � 3), and GAD/� receptor and GAD/Fox3
double immunochemistry were revealed by immunofluorescence (n �
3). This last series allowed us to evaluate the proportion of tVTA neurons
(revealed by Fox3) that are GABAergic. To confirm the localization of
tVTA virus expression, dual immunofluorescence for enhanced yellow
fluorescent protein (eYFP; to reveal ChR2-expressing neurons) with ei-
ther GAD (to reveal tVTA borders) or tyrosine hydroxylase (TH; to
localize VTA) were done. Animals were perfused as described above.
Coronal 40-�m-thick sections of the VTA/tVTA were cut on a cryostat;
one in four sections was used for each staining series.

For immunohistochemical processing, sections were washed in PBS
(three times for 10 min), incubated 15 min in a 1% H2O2/50% ethanol
solution if used for a DAB reaction, washed in PBS (three times for 10
min), and incubated in PBS containing Triton X-100 and 5% donkey
serum for 45 min. Sections were then incubated overnight at room tem-
perature in PBS with 0.5% Triton X-100, 1% donkey serum, and primary
antibodies. Five primary antibodies were used, as follows: (1) mouse
anti-GAD 67 kDa monoclonal antibody (1:10,000 for DAB and for im-
munofluorescent staining; catalog #MAB5406; Millipore Bioscience Re-
search Reagents), which is raised against a recombinant fusion protein
containing N-terminal regions of GAD67 kDa not shared by GAD65 kDa
(Millipore Bioscience Research Reagents data sheet); (2) guinea pig
anti-� receptor polyclonal antibody (1:5000 for DAB reaction, 1:2500 for
immunofluorescent staining; catalog #AB5509; Millipore Bioscience Re-
search Reagents); (3) rabbit anti-Fox3 polyclonal antibody (1:1000 for
immunofluorescent staining; catalog #ab104225; Abcam); (4) chicken
anti-eYFP polyclonal antibody (1:2000; catalog #ab13970; Abcam); and
(5) rabbit anti-TH polyclonal antibody (1:1000; catalog #AB152; Milli-
pore Bioscience Research Reagents).

Sections for immunofluorescence were washed in PBS (three times for
10 min), incubated with a donkey Alexa Fluor 594 (red) or Alexa Fluor
488 (green) fluorophore-labeled secondary antibody (1:400; Invitrogen)
for 1 h 30 min, and washed in PBS (three times for 10 min) before being
mounted in an anti-fade mounting solution (Invitrogen). Sections for
the DAB reaction were washed in PBS (three times for 10 min), incubated
with a biotinylated donkey anti-rabbit secondary antibody (1:400 in PBS
containing Triton X-100, 1% donkey serum; Invitrogen) for 1 h 30 min,
washed in PBS (three times for 10 min), and incubated with PBS con-
taining the avidin– biotin–peroxidase complex (ABC Elite, 0.2% A and

0.2% B; Vector Laboratories) for 1 h 30 min. After being washed in
Tris-HCl buffer (0.05 M, pH 7.5; three times for 10 min), bound peroxi-
dase was revealed by incubation in 0.025% DAB and 0.0006% H2O2 in
Tris-HCl buffer. Sections were incubated for 	5 min and washed again.
Sections were serially mounted, and photomicrographs (bright-field and
epifluorescence) were acquired as described above. Confocal photomi-
crographs were acquired with a confocal microscope (Leica TCS SP5 MP;
Leica Microsystems). Alexa Fluor 488 was excited with an argon 543 nm
laser, and Alexa Fluor 594 was excited with a helium/neon laser. Images
were scanned along the z-axis with a frame size of 1024 
 1024 pixels for
illustration or 512 
 512 for cell counting (Fox3/GAD).

tVTA cell counting. Sections (40-�m-thick) at 160 �m intervals
throughout the VTA/tVTA (�5.6 to �7.6 mm from posterior to
bregma) were processed for Fox3 and GAD double-immunofluorescence
staining (three rats). A 20
 objective was used to acquire two z stacks per
section (one per hemisphere) in the VTA/tVTA area. After acquisition, NIH
ImageJ was used to manually quantify the proportion of tVTA neurons
(Fox3�) that were GABAergic (GAD�). After confocal acquisition, sections
were counterstained with neutral red (Thermo Fisher Scientific) to accu-
rately evaluate distance from bregma. The mean proportion of VTA/tVTA
neurons that were GABAergic was plotted as a function of their position
posterior to bregma (Fig. 1A). This quantification allowed us to define the
appropriate area in the tVTA to target in electrophysiological recordings.

Figure 3. The firing of VTA DA neurons is the same in naive and PW rats. A, Photograph
showing a pontamine sky blue deposit that marks a recording site in the VTA. Scale bar, 1 mm.
B, Bar graph showing that the mean basal firing rate of VTA DA neurons in naive and 14DW rats
is similar. C, Analyses of VTA DA neuron busting activity. Bars graphs show that bursting activity
is similar between VTA DA neurons in naive and 14DW rats. For all figures: naive/placebo rats,
n � 141 cells, 39 rats; 14DW rats, n � 114 cells, 25 rats. cp, cerebral peduncle; fr, fasciculus
retroflexus; ml, medial lemniscus; mp, mammillary peduncle; %SIB, percentage of spikes in
bursts; SNC, substantia nigra pars compacta; SNR, substantia nigra pars reticulata.
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Data analysis. To compare basal firing rates of tVTA GABA neurons
and VTA DA neurons, each cell was recorded for at least 120 s. In addi-
tion, burst analysis was performed on putative DA VTA neurons. The
onset of a burst was defined as the occurrence of two spikes with an
interspike interval �80 ms (Grace and Bunney, 1984a). The percentage
of spikes in bursts was calculated by dividing the number of spikes oc-
curring in bursts (first spike of the burst not included) by the total num-
ber of spikes occurring in the same period of time. Drug-induced changes
in burst firing are reported as the percentage of spikes in bursts before the
drug minus the percentage after the drug. We also evaluated the amount
of bursting activity by calculating the burst-event frequency (number of
burst events over time), the burst size (number of spikes within each
burst), and the duration of each burst.

To analyze the effect of intravenous morphine injection on putative
DA VTA and GABA tVTA neurons, basal activity 60 s before versus
after injection were compared. For local drug microinjections, basal
neuronal activity in the 30 s epochs before versus after injections was
compared.

During photostimulation of the tVTA,
cumulative peristimulus time histograms
(PSTHs; 5 ms bin width) of VTA/tVTA activity
were generated for each recorded neuron.
PSTHs were analyzed to determine inhibitory
and excitatory epochs as described previously
(Georges and Aston-Jones, 2002; Moorman
and Aston-Jones, 2010). The mean and SD of
counts per bin were determined for a baseline
period (500 ms epoch preceding stimulation).
Inhibition was defined as an epoch of at least
three bins in which the mean count per bin was
at least 35% less than that during baseline. The
onset of significant excitation was defined as
the first bin for which the mean value exceeded
mean baseline activity by 2 SDs, and response
offset was determined as the time at which ac-
tivity had returned to be consistently within 2
SDs of baseline. During tVTA stimulation with
VTA recording, only inhibition was observed,
and latency and duration of inhibitory re-
sponses were compared between naive and
14DW rats.

In all cases, results are expressed throughout as
mean � SEM. When two means were compared,
the statistical significance of their difference was
assessed by two-tailed paired Student’s t tests. For
multiple comparisons, values were subjected to a
one-way ANOVA, followed by post hoc New-
man–Keuls tests. All measurements and analyses
were performed in Spike2 (Cambridge Electronic
Design), SPSS (IBM), or Excel (Microsoft).

Results
Identification and localization of
putative GABA neurons in the tVTA
Our immunohistochemical results con-
firmed previous findings that the tVTA is
rich in GABA (GAD�) neurons and �
opioid receptors (Jhou et al., 2009b;
Kaufling et al., 2009; Fig. 1F). We also per-
formed double immunostaining for Fox3
(to identify neurons) and GAD through
the VTA and tVTA (Fig. 1C) to evaluate
the proportion of tVTA neurons that are
GABAergic. These experiments revealed
that �75% of tVTA neurons are GABAe-
rgic (Fig. 1D). We additionally used sec-
tions stained for GAD and � receptors in
coronal sections throughout the rostro-

caudal extent of the VTA and tVTA to confirm neuronal record-
ing sites (Figs. 1A,B, 2).

Differential basal firing rates for VTA DA versus tVTA GABA
neurons during protracted morphine withdrawal
We obtained single-unit recordings from the region of the
tVTA in 91 rats under isoflurane anesthesia. We identified
putative DA neurons (denoted hereafter as DA neurons; but
see Materials and Methods for limitations) based on waveform
duration (�1.1 ms to negative trough, �2.5 ms for full wave-
form) and basal firing rate (�10 spikes/s; Fig. 1D), as reported
previously (Grace and Bunney, 1984b; Ungless et al., 2004,
Luo et al., 2008). This revealed that 	12% of neurons from
our tVTA recordings were putatively DA. We identified puta-
tive GABAergic neurons (denoted hereafter as GABA neu-
rons) in tVTA by their narrow waveforms (�1.1 ms to

Figure 4. Intravenous morphine modulates tVTA GABA neurons in naive, MD, and acute withdrawal rats but has no effect
on VTA DA neurons during withdrawal. A, Bar graph and schematics illustrating the effect of intravenous morphine (MOR;
1 mg/kg) on VTA DA and tVTA GABA neuronal activity during morphine treatment. Morphine activates DA VTA neurons in
naive but not in 14DW rats (blue bars). Conversely, morphine inhibits tVTA GABA neurons in naive as well as in MD and
14DW rats, with no differences between these groups. VTA DA recording: naive rats, n � 7; 14DW rats, n � 6; tVTA GABA
recording: naive rats, n � 6; MD rats, n � 6; 14DW rats, n � 6. B, Example traces (in blue) and firing rate histograms (in
dark gray) from a naive VTA DA neuron (left) and a 14DW VTA DA neuron (right). The examples show the typical increased
firing activity after morphine injection in naive but not in 14DW rat neurons. C, Example traces (in blue) and firing rate
histogram (in dark gray) from tVTA GABA neurons recorded in a naive rat (left) or a 14DW tVTA rat (right) showing
decreased firing activity after morphine injection in both cases. *p � 0.05.
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negative trough) and lack of spontane-
ous burst firing. Based on this, 274 of
the 312 (88%) neurons we recorded in
tVTA were putatively GABAergic (Fig.
1E); this is consistent with the high per-
centage of GAD � neurons we identified
in this same region (above).

The position of each tVTA neuron re-
corded was plotted on drawings of coronal
sections through the tVTA (Fig. 2A). The ap-
plicationof twobluespots(Fig.2B)allowedus
to accurately determine the position of re-
corded cells. This analysis confirmed similar
locations of recorded neurons in each experi-
mentalgroupofourstudy.Thecomparisonof
the action potential durations between groups
alsodidnotdiffer(F(3,269)�2.02,p�0.1)and
confirmed that our treatments did not alter
thewaveformsof tVTAneurons(Fig.2C).We
compared the basal firing rates of putative
tVTA GABA neurons between groups of rats
given acute or chronic morphine treatments
or during morphine withdrawal (Fig. 2).

Basal firing rates for tVTA neurons did
not differ between naive rats and animals
given placebo pellets, which allowed us to
pool these control data. However,
ANOVA revealed that the average firing
rates of tVTA GABA neurons differed
among experimental groups (F(3,269) �
9.5, p � 0.001; Fig. 2D), with significantly
lower basal activity of tVTA neurons in
MD rats (2.9 � 0.5 ms) compared with
naive/placebo rats (7.8 � 1.2 ms). NAL-
precipitated withdrawal (7.5 � 1.1 ms) “normalized” the firing of
tVTA neurons, which was then not significantly different from
naive/placebo animals. Interestingly, this “normalization” was
transient: after 14 d of morphine abstinence withdrawal (14DW,
PW), the basal firing rate of tVTA GABA neurons (4.1 � 0.6 ms)
was similar to that in MD rats and significantly lower than in
naive/placebo subjects. This last result was unexpected, because
tVTA GABA neurons regulate VTA DA neural activity in naive
animals (Bourdy and Barrot, 2012), and Georges et al. (2006)
found increased firing in VTA DA neurons in MD rats but a
normalization of this firing in both PW and 14DW rats. Together
with our results above, these findings indicate that the control of
VTA DA neurons by tVTA GABA neurons is altered in 14DW
animals. We recorded VTA DA cells in naive and 14DW rats to
verify this altered tVTA–VTA relationship (Fig. 3). In contrast to
the above results for tVTA GABA neurons, we confirmed that
there was no significant difference between DA neurons in naive
versus 14DW rats in terms of mean basal firing rate (t(253) �
0.075, p � 0.001; Fig. 3B) or bursting parameters (burst event
frequency: t(253) � 0.136, p � 0.1; bursting activity: t(253) �
0.225, p � 0.1; burst size: t(253) � 0.243, p � 0.1; burst dura-
tion: t(253) � 0.463, p � 0.1; Fig. 3C).

Acute opiate administration reveals tolerance in VTA DA
neurons but not in tVTA GABA neurons
We next sought to determine whether tVTA GABA and VTA DA
neurons express apparent morphine tolerance after chronic mor-
phine treatment and morphine withdrawal. For this, we acutely
administered morphine (1 mg/kg, i.v.) during recordings from

VTA or tVTA neurons (Fig. 4). As shown previously (Georges et
al., 2006), acute morphine increased impulse activity of DA neu-
rons in VTA in naive rats (36.8 � 12.3%) but not in 14DW rats
(2.6 �3.4%, t(11) � 2.49, p � 0.03; Fig. 4A,B), revealing apparent
tolerance in these cells. In contrast, GABAergic neurons in the
tVTA were similarly inhibited by acute morphine in naive, MD,
and 14DW rats (by �46.3 � 13.8, �55.4 � 14.2, and �67.4 �
10.4%, respectively, F(2,15) � 0.67, p � 0.1; Fig. 4A,C), revealing
that these neurons do not exhibit apparent tolerance.

We also tested the sensitivity of tVTA neurons to direct �
receptor stimulation using a double-barrel micropipette to
locally apply the specific � opioid agonist DAMGO (100 �M,
60 nl) on recorded cells (Fig. 5). These microinjections re-
duced tVTA impulse activity to a similar extent in naive
(�62.1 � 15.1%, 10 neurons), MD (�54.1 � 14.1%, nine
neurons) and 14DW (�77.9 � 11.2%, 11 neurons) rats. Sim-
ilar microinjection of vehicle (ACSF) did not significantly
modify tVTA GABA neuron activity (�1.1 � 9.2%, F(3,35) �
6.8, p � 0.001; Fig. 5B). These experiments confirmed the
presence of � receptors on tVTA GABA neurons and the lack
of morphine tolerance in these cells after chronic treatment
and withdrawal or abstinence. This lack of tolerance of tVTA
GABA neurons compared with the apparent tolerance in VTA
DA neurons confirmed decreased regulation of VTA DA neu-
rons by tVTA inputs after protracted morphine withdrawal.

tVTA optogenetic stimulation reduced VTA DA activity
similarly in naive and 14DW rats
Several studies showed that tVTA stimulation inhibits VTA DA
neurons in naive animals (Jalabert et al., 2011; Matsui and Wil-

Figure 5. Local � receptor agonist inhibits tVTA GABA neurons in naive, MD, and PW rats. A, Bar graph reveals that local
microinjections of DAMGO inhibit tVTA GABA neurons in naive, MD, and 14DW rats. Note that vehicle injections (ACSF) do not
modify neuronal activity. ACSF injections: n � 9 cells, 4 rats (3 naive, 1 MD); DAMGO injection: naive rats, n � 10 cells, 7 rats; MD
rats, n � 9 cells, 4 rats; 14DW rats, n � 11 cells, 5 rats. B, Examples of raw spike traces (in red) and firing rate histograms (in black)
from two tVTA GABA neurons recorded in MD rats showing decreased firing activity after DAMGO injection (left) and the lack of
effect after vehicle injection (right). *p � 0.05.
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Figure 6. tVTA optogenetic activation inhibits VTA DA-like neurons in naive and PW rats. A, Schematics illustrate the virus injection protocol (left) and the photostimulation recording protocol
(right). VTA DA neurons recorded during tVTA optogenetic stimulation. B, Fluorescence photographs of VTA sagittal sections showing immunofluorescent staining for eYFP (tag to mark ChR2
expression; i), TH (ii), and merge (TH/eYFP; iii), showing ChR2 � tVTA afferent fibers around VTA DA neurons after a tVTA virus injection. Scale bar, 1 mm. C, Fluorescence photographs of
photomontaged sagittal sections showing the tVTA and VTA. Immunofluorescent staining for TH (i), eYFP (ii), and merge (iii). Note that the virus-infected area (green) is restricted to the tVTA region.
There is no contamination of VTA DA neurons. Scale bar, 500 �m. D, Fluorescence photomicrographs of tVTA sagittal sections showing immunofluorescent staining for eYFP (i), GAD (ii), and merge
(iii), showing tVTA GABA neurons that express ChR2 (white arrows). Scale bar, 1 mm. E, Pie charts represent the fraction of VTA DA recorded neurons responding to tVTA photostimulation in naive
and 14DW rats that express ChR2 in tVTA. Note that the proportion of DA VTA responding neurons,	60%, is similar in the two groups. Naive rats, 23 of 41 inhibited cells; 14DW rats, 29 of 49 inhibited
cells. F, Bar graphs illustrating latencies (i) and durations (ii) for VTA DA neurons in naive and 14DW rats inhibited at least 35% after photostimulation of ChR2-expressing tVTA neurons. There were
no significant differences between groups. iii, PSTH illustrating a typical example from a naive rat of a VTA DA neuron inhibited by tVTA photostimulation (at time 0).
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liams 2011; Lecca et al., 2012). To com-
pare the effect of tVTA stimulation on
putative VTA DA neurons in naive and
14DW rats, we expressed the cation chan-
nel ChR2 in tVTA neurons by injecting an
AAV that encoded ChR2 fused to eYFP
reporter (ChR2– eYFP) into the tVTA in
vivo (Fig. 6). This virus construct was
driven by a CaMKII promoter, which we
used because recent work obtained strong
ChR2 expression in subcortical GABA
neurons using a similar promoter (Sohal
et al., 2009; Stuber et al., 2011; Tye et al., 2011). To validate viral
expression selectively in tVTA GABA neurons, we performed
eYFP/TH and eYFP/GAD immunohistochemistry in VTA and
tVTA regions of injected animals (Fig. 6B–D). Small-volume vi-
rus injections (60 nl) allowed us to contain ChR2 expression to
tVTA and to avoid substantial VTA DA contamination (Figs.
6B–D, 7).

We observed that a large population of tVTA cells expressed ChR2
and were GAD� and that ChR2� efferent processes were located in the
vicinity of VTA DA neurons (Fig. 6B). We photostimulated the tVTA
with a blue laser (473 nm laser, 10 ms pulse, 10 mW, 1 Hz, 100 repeti-
tions) during VTA DA recording at least 4 weeks after virus injection
using an optical fiber placed 400 �m above the site of virus injection in
the tVTA. In an additional group of animals, a recording pipette glued
500 �m below the optic fiber tip allowed us to record tVTA GABA
neurons during photostimulation and confirmed that our protocol
stimulated tVTA GABA neurons (Fig. 8).

In naive animals, 56.1% of VTA DA neurons were inhibited
during tVTA photostimulation (Fig. 6E,F). There was no differ-

ence in the effects of tVTA photostimulation on activity of VTA
DA neurons between naive and 14DW rats: a similar proportion
of neurons were inhibited (56.1 vs 59.2%), the latencies of inhi-
bition were similar (4.3 � 1.2 vs 5.5 � 0.7 ms; t(50) � 0.386, p �
0.1), as were the durations of inhibition (132.6 � 15.5 vs 144.1 �
22.7 ms; t(50) � 0.585, p � 0.1; Fig. 6F). These results showed that
protracted morphine withdrawal did not alter the influence of
tVTA input to VTA DA neurons, because tVTA stimulation sim-
ilarly inhibited VTA DA neurons in both naive and 14DW rats.

tVTA inactivation enhanced VTA DA activity in naive but not
in 14DW rats
As described above, protracted morphine withdrawal decreased
activity in tVTA neurons without affecting VTA DA neuron fir-
ing, and the VTA DA inhibition induced by tVTA stimulation
was not altered after protracted morphine withdrawal. To better
understand these results, we pharmacologically inhibited tVTA
neurons by microinjecting the fluorescently labeled GABAA ago-
nist MusB into the tVTA (0.8 mM/0.5 �l; Jalabert et al., 2011). We

Figure 7. Expression of ChR2 in the tVTA for optogenetic experiments. A, Virus expression sites are plotted on four frontal sections from a rat brain atlas (Paxinos and Watson, 2007). Each viral
site (n � 18) is presented at the level of its maximal extent. Approximate anteroposterior distance to bregma (in millimeters) is indicated on each drawing. B, Four examples of ChR2 expression in
the tVTA. ChR2 expression was revealed using eYFP histochemistry. TH staining was added as a counterstain. CLi, caudal linear nucleus of the raphe; cp, cerebral peduncle; IP, interpeduncular nucleus;
ml, medial lemniscus; SNR, substantia nigra pars reticulata.

Figure 8. ChR2 stimulation excites tVTA GABA neurons. A, Table showing the effect of tVTA optogenetic stimulation on tVTA
GABA neurons. As expected, tVTA putative GABA neurons are stimulated by the tVTA stimulation. n � 6 cells, 2 naive rats. B, PSTH
illustrating a typical example of tVTA short-latency responses to local tVTA photostimulation (at time 0).
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then recorded VTA DA neurons during
2 h post-injection in naive or 14DW rats
(Fig. 9). The fluorescent tag linked to the
MusB allowed us to histologically confirm
the localization of the MusB injection sites
in tVTA (Fig. 9A). Unlike with tVTA stim-
ulation, there were different effects of
tVTA inhibition on VTA DA neural activ-
ity in naive versus 14DW animals: tVTA
inhibition activated VTA DA neurons in
naive rats (as expected) but failed to have
any effect in 14DW rats (Fig. 9B). Mean
basal firing rate and bursting activity of
VTA DA neurons in naive rats were signif-
icantly higher after MusB injection than
in naive rats without MusB injection or
than in 14DW rats with or without MusB
injections (firing rate: F(2,283) � 4.5, p �
0.012; burst event frequency: F(2,283) �
8.1, p � 0.000; bursting activity: F(2,283)

� 4.46, p � 0.012; burst size: F(2,283) �
0.9, p � 0.41, p � 0.1; burst duration:
F(2,283) � 0.7, p � 0.41, p � 0.1; Fig.
9B,D). Thus, during protracted with-
drawal, stimulation of the tVTA GABA
neurons inhibited VTA DA neurons, but
inactivation of tVTA had no effect on DA
cells.

Morphine withdrawal reduced
glutamatergic tone in VTA
The findings above led us to hypothesize
that morphine withdrawal might reduce
resting excitatory (possibly glutamater-
gic) tone in the VTA and that this might
underlie in part the finding that DA neu-
rons fire at a normal rate during PW de-
spite reduced tonic activity of tVTA
neurons (described above). Such a lack of
glutamate tone could also underlie the
lack of excitation of VTA DA neurons by
acute inhibition of tVTA or by acute mor-
phine during withdrawal in our results
above. To test this possibility, we locally
microinjected a mixture of AMPA and
NMDA glutamate antagonists (50 �M

CNQX plus 100 �M AP-5; 60 nl) onto re-
corded VTA DA neurons in naive or
14DW rats. As shown in Figure 10, this
antagonist mixture significantly reduced
the basal firing rate of VTA DA neurons in
naive rats (�31.2 � 5.6%) during the 30 s
after compared with before microinjec-
tion but had no significant effect in 14DW
animals (�9.0 � 2.4% during the same
time period; F(2,44) � 18.3, p � 0.0001).
Similar vehicle microinjection had no sig-
nificant effect in naive rats (ACSF, �0.7 �
2.6%; Fig. 10B,C). These results support
our hypothesis that morphine withdrawal
reduces tonic excitatory glutamate tone
on VTA DA neurons. Together with the
above finding that withdrawal decreases

Figure 9. Inactivation of tVTA neurons activates VTA DA-like neurons in naive but not in withdrawal rats. Ai, Schematic
illustrates local MusB microinjection (0.8 mM, 500 nl) during VTA DA neural recording. Aii, Photograph of a frontal section
through the tVTA showing an example MusB injection. Scale bar, 1 mm. B, Bar graph reveals the increase of activity in VTA
DA-like neurons in naive but not in 14DW rats after tVTA MusB injection. C, Example trace (top) and firing rate histogram
(bottom) from a naive VTA DA neuron showing the typical increased firing activity after tVTA MusB microinjection. D,
Analysis of VTA DA neuron busting activity parameters. Bar graphs show that bursting in VTA DA-like neurons is increased
after tVTA MusB injection in naive but not in 14DW rats. For all graphs: without MusB, n � 255 cells, 64 rats; after MusB:
naive rats, n � 13 cells, 7 rats; 14DW rats, n � 19 cells/5 rats. *p � 0.05. cp, cerebral peduncle; IP, interpeduncular
nucleus; ml, medial lemniscus; Pn, pontine nuclei; tth, trigeminothalamic tract; tVTA, tail of the ventral tegmental area;
xscp, decussation of the superior cerebellar peduncle.
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tVTA-induced inhibitory tone on VTA
DA neurons, this result offers an explana-
tion for why, during protracted with-
drawal, (1) VTA DA neurons fire at the
same rate as in naive rats and (2) acute
morphine does not activate VTA DA neu-
rons despite inhibition of tVTA neurons.

Discussion
VTA DA neurons are indirectly activated
by � opiates via a disinhibitory process, at
least in part, resulting from inhibition of a
resting GABA tone. The tVTA provides a
strong GABA input to DA neurons and
participates in generating such an inhibi-
tory tone (Jalabert et al., 2011; Matsui and
Williams, 2011; Lecca et al., 2012). Mor-
phine directly inhibits tVTA GABA neu-
rons, and opiates administered into the
tVTA produce an indirect activation of
VTA DA neurons (Jalabert et al., 2011;
Matsui and Williams, 2011; Lecca et al.,
2012). However, this picture changes sub-
stantially after opiate withdrawal. We
confirmed the results of Georges et al.
(2006) that VTA DA neurons express
morphine tolerance as they become unre-
sponsive to morphine after withdrawal.
Nevertheless, we did not observe such tol-
erance in tVTA GABA neurons. These dif-
ferent adaptations to morphine led us to
hypothesize a “functional disconnection” between tVTA GABA
and VTA DA neurons during long-term withdrawal. Indeed, we
observed that tVTA photostimulation inhibited VTA DA neu-
rons similarly in naive and 14DW subjects but that tVTA inhibi-
tion failed to activate DA neurons in 14DW rats. This indicates
that inhibitory signaling between tVTA and VTA remains func-
tional but significantly altered during withdrawal. These results
led us to hypothesize that the lack of activation of VTA DA neu-
rons after opiate-induced inhibition of tVTA neurons in with-
drawn animals involves an additional factor. Indeed, we showed
that the resting glutamatergic tone on VTA DA neurons is greatly
reduced in 14DW rats. Based on these findings, we propose that
VTA DA neurons become unresponsive to acute opiates during
withdrawal because of two concomitant factors: (1) decreased
tonic tVTA neuronal activity, which produces less disinhibition
of DA neurons after opiate-induced inhibition of tVTA GABA
neurons; and (2) decreased tonic glutamatergic input to VTA DA
neurons. This offsets the loss of tonic GABAergic input from
tVTA so that baseline DA neuronal firing rate remains normal
and also disallows activation after acutely decreased tVTA GABA
input after additional opiate administration.

It is also possible that GABA inputs to VTA DA neurons other
than from the tVTA (e.g., nucleus accumbens or VTA interneu-
rons) could also participate in altered responses during with-
drawal. For example, Bonci and Williams (1997) described
protracted adaptations of GABAergic function in VTA after mor-
phine withdrawal.

tVTA role in VTA DA morphine tolerance
Although attention has focused on the acute effect of opiates on
tVTA GABA neurons, our study is the first to investigate in vivo
the effect of chronic morphine, precipitated morphine with-

drawal, and protracted morphine withdrawal on tVTA GABA
neurons. Previous dose–response experiments provided evi-
dence that the intravenous dose of 1 mg/kg morphine used here is
submaximal for activation of VTA DA in vivo. (Melis et al., 2000a,
2000b). Those data support our conclusion that, in contrast to
VTA DA neurons, tVTA GABA cells do not express apparent
long-term morphine tolerance. Moreover, we found that the lack
of activation of DA neurons during withdrawal is not attributable
to a disconnection between the VTA and tVTA but rather to
altered tVTA GABA and tonic glutamate inputs to the VTA.

In a recent study, Matsui et al. (2014) observed tolerance of
VTA DA neurons to morphine in slice recordings after chronic
morphine. They proposed that this was attributable to partial
morphine tolerance at tVTA terminals on DA neurons. They also
observed a smaller increase in the amplitude of GABA IPSCs
from the tVTA on VTA DA neurons in “precipitated withdrawal”
in slices from chronic morphine rats compared with control an-
imals. Although our experiments support another conclusion,
major differences are present between both studies. We used in
vivo procedures, whereas Matsui et al. (2014) used in vitro prep-
arations. In this latter case, afferents to VTA are sectioned and
some network influences are lost. Moreover, withdrawal was
acutely precipitated in ex vivo slices during patch-clamp experi-
ments by direct infusion of naloxone, whereas we removed the in
vivo source of morphine and waited 2 weeks for protracted with-
drawal. Matsui et al. (2014) examined the direct consequences of
chronic morphine exposure on receptor function, whereas our
study examined long-term in vivo adaptations accompanying
protracted withdrawal. Together, these data would suggest that,
during the history of opiate withdrawal, tolerance at tVTA–VTA
synapses may be initially present whereas deficits in glutamater-

Figure 10. Local glutamate antagonist reveals a reduction of glutamatergic tone in the VTA of withdrawal rats. A, Bar graph
illustrates that activity of VTA DA-like neurons is reduced by local CNQX/AP-5 microinjection in naive rats more than in 14DW rats.
Note that vehicle (acsf) injections did not modify neuronal activity. ACSF, 19 cells, 4 naive rats; CNQX/AP-5 naive rats, n � 12 cells,
3 rats; 14DW rats, n�21 cells, 3 rats. B, Examples of traces (top) and firing rate histograms (bottom) from two VTA DA-like neurons
recorded in naive rats showing the typical decrease in activity after CNQX/AP-5 injection (left) and the lack of effect after vehicle
injection (right). *p � 0.05.
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gic inputs and in tVTA firing might underlie the altered VTA DA
responsiveness during longer-term protracted withdrawal states.

Glutamate regulation of VTA DA neurons
Glutamatergic transmission is a major component in the regula-
tion of DA neuron activity. VTA NMDA receptors mediate a
switch in DA neurons from pacemaker-like to bursting activity
(for review, see Lobb et al., 2011), and glutamate in the VTA plays
an important role in the actions of many drugs of abuse (Harris
and Aston-Jones, 2003a; Bellone and Lüscher, 2006; Mameli et
al., 2011; Morikawa and Paladini, 2011; Henny et al., 2012; Kem-
padoo et al., 2013). Here, we found a reduced glutamatergic tone
onto presumed DA neurons during protracted morphine with-
drawal. This result is consistent with previous findings that a
glutamatergic receptor antagonist applied onto VTA DA neurons
in naive rats blocked activation of these cells by acute morphine,
showing that such activation requires an underlying glutamate
tone (Jalabert et al., 2011). Our findings together with these re-
sults lead us to conclude that two major long-term changes dur-
ing protracted morphine withdrawal prevent DA neurons from
being activated by disinhibition from tVTA GABA inputs after
acute opiates. (1) tVTA neurons fire spontaneously more slowly,
thereby exerting a lower tonic inhibition on VTA DA neurons.
This means that opiate-induced inhibition of these cells has less
ability to disinhibit DA neurons. However, this decreased tVTA
input does not result in higher baseline DA neural activity be-
cause of the second, simultaneous change. (2) Tonic glutamate
tone on VTA DA neurons is also substantially reduced during
protracted withdrawal. This also decreases tonic excitatory drive
on DA neurons, so that a loss of inhibitory input produces less
activation. Thus, tonic glutamate input to VTA DA neurons plays
a significant role in naive rats in DA disinhibition– excitation
following the inhibition of tVTA GABA inputs during opiate
administration, and loss of this tonic excitatory influence is also a
significant factor in the unresponsiveness of DA neurons to acute
opiates during withdrawal.

The mechanism responsible for the tonically reduced activity
of tVTA neurons during withdrawal is unknown but might also
involve reduced glutamate inputs, in parallel with the reduced
glutamate tone in VTA DA neurons. The mechanisms responsi-
ble for reduced glutamate tone during withdrawal are also un-
known but two possibilities seem likely: (1) a postsynaptic effect
mediated by a modification of glutamatergic receptors on DA
neurons (Saal et al., 2003; Bellone and Lüscher, 2006) or (2) a
reduced glutamate tone from afferents to VTA during with-
drawal. VTA DA neurons receive glutamatergic afferents from
local VTA neurons (Yamaguchi et al., 2007) and also from the
prefrontal cortex (Sesack and Pickel, 1992; Murase et al., 1993;
Karreman and Moghaddam, 1996; Harden et al., 1998), the bed
nucleus of the stria terminalis (Georges and Aston-Jones, 2001;
Georges and Aston-Jones, 2002; Jennings et al., 2013), and the
pedunculopontine nucleus (Charara et al., 1996; Floresco et al.,
2003). A reduction of activity in these inputs could underlie
the decreased VTA glutamatergic tone we identified during
withdrawal.

Conclusions and perspectives for opiate addiction
These data indicate that, during protracted withdrawal, tVTA
may no longer drive VTA DA neurons by disinhibition after acute
opiate administration and that the rewarding effects of opiates
during withdrawal are mediated by other brain structures. Recent
studies indicate that NAc is a good candidate (Cui et al., 2014;
Matsui et al., 2014). Interestingly, Cui et al. (2014) showed that

re-expression of � opioid receptors in the NAc in � receptor
knock-out mice is sufficient to partially restore opiate place pref-
erence, self-administration, and sensitization. The neuroanat-
omical substrate for opiate reward is thus not restricted to their
disinhibitory action on DA cells.

Drug addiction is a chronic brain disorder, with deleterious
consequences for individuals and their social environment, in-
cluding the difficulty to remain abstinent after long-term with-
drawal. Relapse can be precipitated by stress, exposure to drug-
associated contexts, or re-exposure to the drug itself (Badiani et
al., 2011). Another participating factor is altered emotional ho-
meostasis resulting from drug abstinence (Koob and Volkow,
2010; Lutz and Kieffer, 2013). In rodent, opiate abstinence is
characterized by anxiety and depressive symptoms, including
lowered mood and anhedonia (Harris and Aston-Jones, 1993;
Grella et al., 2009) and social withdrawal (Lutz et al., 2014), but
also decreased motivation for natural reinforcers (Zhang et al.,
2007) and increased vulnerability to stress (Blatchford et al.,
2007). Recently, the tVTA has been shown to participate in avoid-
ance behaviors and in the detection of reward prediction errors
(Jhou et al., 2009a; Hong et al., 2011; Stamatakis and Stuber,
2012). Our data suggest that, after long-term opiate withdrawal,
the tVTA remains able to inhibit VTA DA neurons but can no
longer activate them. These results may suggest that the tVTA
could maintain its capacity to transmit negative (aversive) infor-
mation through DA neuron inhibition but no longer produce
positive (rewarding) effects through disinhibition, which may
contribute to anhedonic states accompanying protracted opiate
withdrawal.
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