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Abstract

Drug addiction is a chronic disease that is shaped by alterations in neuronal function within the 

cortical-basal ganglia-thalamic circuit. However, our understanding of how this circuit regulates 

drug-seeking remains incomplete, and relapse rates remain high. The midline thalamic nuclei are 

an integral component of the cortical-basal ganglia-thalamic circuit and are poised to mediate 

addiction behaviors, including relapse. It is surprising that little research has examined the 

contribution of midline thalamic nuclei and their efferent projections in relapse. To address this, 

we expressed inhibitory, Gi/o-coupled DREADDs (Designer Receptors Exclusively Activated by 

Designer Drugs) in a subset of the midline thalamic nuclei or in midline thalamic nuclei neurons 

projecting to either the nucleus accumbens or the amygdala. We examined the effect of transiently 

decreasing activity of these neuronal populations on cue-induced and cocaine-primed 

reinstatement of cocaine-seeking. Reducing activity of midline thalamic nuclei neurons attenuated 

both cue-induced and cocaine-primed reinstatement, but had no effect on cue-induced 

reinstatement of sucrose-seeking or locomotor activity. Interestingly, attenuating activity of 

efferent projections from the anterior portion of midline thalamic nuclei to the nucleus accumbens 

blocked cocaine-primed reinstatement but enhanced cue-induced reinstatement. Decreasing 

activity of efferent projections from either the posterior midline thalamic nuclei to the nucleus 

accumbens or the midline thalamic nuclei to amygdala had no effect. These results reveal a novel 

contribution of subsets of midline thalamic nuclei neurons in drug-seeking behaviors, and suggest 
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that modulation of midline thalamic nuclei activity may be a promising therapeutic target for 

preventing relapse.

Graphical Abstract

Chemogenetic inhibition of midline thalamic nuclei (MTN) decreases both cue-induced and 

cocaine-primed reinstatement of cocaine-seeking in rats. Inhibition of efferent projections from 

anterior MTN to the nucleus accumbens (NAc) has similar effects on cocaine-primed 

reinstatement but enhances cue-induced reinstatement. However, this same manipulation in 

efferent projections from posterior MTN to the NAc or in efferent projections to the basolateral 

nucleus of the amygdala (BLA) had no effect. These data suggest that modulation of MTN activity 

may be a promising therapeutic target for preventing relapse.
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INTRODUCTION

Drug addiction is a chronic disease characterized by compulsive drug-taking and high rates 

of relapse during abstinence. Indeed, at least 40–60% of addicts seeking treatment will 

relapse at least once during the progression of their disease (McLellan et al., 2000). 

Although many molecular and cellular adaptations thought to underlie addiction have been 

identified within the cortico-basal ganglia-thalamic system, these findings have yet to 

translate into effective treatment options (Koob & Volkow, 2009; Sesack & Grace, 2009; 

Steketee & Kalivas, 2011).

A key node in the cortico-basal ganglia-thalamic circuit is the midline (e.g., paraventricular 

PVT; intermediodorsal IM; and mediodorsal MD) and intralaminar (e.g., centromedian CM) 

nuclei of the thalamus (MTN). These glutamatergic nuclei are uniquely situated to integrate 

information regarding the sensory and motivational state of an animal in order to guide 

behavioral responses to motivationally salient stimuli (Haight & Flagel 2014; James & 

Dayas 2013; Kelley et al. 2005; Van der Werf et al., 2002). Specifically, MTN afferents 

originate in subcortical regions involved in arousal and visceral sensation, such as the 

hypothalamus, dorsal raphe, locus coeruleus, periaqueductal gray, and reticular activating 

system (Van der Werf et al., 2002). In addition, MTN have reciprocal connections with 

limbic structures involved in the regulation of emotion, motivation, and addiction, such as 

Wunsch et al. Page 2

Eur J Neurosci. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



prefrontal cortex (PFC) and basolateral amygdala (BLA) (Hsu & Price, 2009; Li & Kirouac, 

2007; Li & Kirouac, 2011; Van der Werf et al., 2002; Berendse & Groenewegen, 1990; 

Yager et al., 2015). Lastly, MTN receive information regarding on-going motivated behavior 

via inputs from output structures of the basal ganglia system (O’Donnell et al., 1997). Thus, 

it is surprising that there are not more studies examining the role of MTN, and MTN inputs 

to downstream structures, in relapse. Nonetheless, work to date has found that neuronal 

activity in MTN increases following exposure to drug-associated cues and that lesions 

and/or inactivation of PVT reduces reinstatement of drug-seeking to cues, context or a drug 

prime (Dayas et al., 2008; Hamlin et al., 2009; James et al., 2010; James et al., 2011; Matzeu 

et al., 2015a; Matzeu et al., 2015b; Wedzony et al. 2003).

In addition, persistent, glutamate-dependent morphological, physiological, and 

electrochemical changes occur in the nucleus accumbens (NAc) following drug exposure, 

which leads to an enhancement in glutamatergic signaling that is particularly important for 

mediating relapse (Berke & Hyman, 2000; Everitt, 2014; Lüscher & Malenka, 2011; 

Steketee & Kalivas, 2011; Wolf, 2016). Although glutamatergic inputs from the cortex are 

well-known regulators of NAc neurons, given that MTN are a dense source of striatal 

glutamate, synapse directly onto medium spiny neurons, and regulate dopamine release from 

ventral tegmental area terminals within the NAc, the role of these afferents in relapse 

behaviors also deserves consideration (Berendse & Groenewegen, 1990; Frassoni et al., 

1997; Lei et al., 2013; Parsons et al., 2006; Su & Bentivoglio, 1990; Wall et al., 2013).

To begin to address these issues, we used viral-mediated gene transfer techniques to express 

Gi/o-DREADDs (Designer Receptors Exclusively Activated by Designer Drugs; hM4Di) 

selectively in MTN, MTN projections to nucleus accumbens (MTN-NAc), or MTN 

projections to basolateral amygdala (MTN-BLA). DREADDs are activated by clozapine-N-

oxide (CNO), which leads to a transient increase in Gi/o-signaling cascades in targeted 

neurons (Rogan and Roth, 2011; Roth, 2016; Zhu and Roth, 2014). In addition to a reduction 

in intracellular cAMP levels, activation of hM4Di also decreases neuronal activity in 

glutamatergic neurons via activation of G-protein-coupled inwardly rectifying potassium 

channels and a reduction in neurotransmitter release (Armbruster et al., 2007; Kerstetter et 

al., 2016; Roth, 2016; Zhu et al., 2016). Using these tools, we assessed how transiently 

inhibiting neuronal activity in subsets of midline thalamic nuclei neurons impacts cue-

induced and cocaine-primed reinstatement of drug-seeking in rats.

MATERIALS AND METHODS

Animals

All experiments were approved by the Seattle Children’s Research IACUC and adhered to 

National Institutes of Health (NIH) guidelines. Male Sprague-Dawley rats (n=85, Envigo, 

Livermore, CA, USA) weighing 250–274g upon arrival were pair-housed and maintained on 

a 12 h light/dark cycle. Rats were pair-housed throughout the experiment, except for a group 

of rats (n=5) that were singled-housed following catheter surgeries. Rats were mildly food 

restricted (i.e., fed 16–20 g per day and exhibited steady weight gain over the course of a 

study) starting five days prior to the beginning of each experiment. Food restriction was 

necessary for sucrose self-administration and included on all experiments for consistency. 
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All behavior tests occurred during the light cycle. Twenty-three rats were excluded from 

analysis because of catheter failures (n=9), inability to learn self-administration (n=3), 

resistance to extinction (n=4), and virus localization (n=7).

Drugs

CNO was obtained from the NIH as part of the Rapid Access to Investigative Drug Program 

funded by the National Institute of Neurological Disorders and Stroke (Bethesda, MD, 

USA). CNO was administered intraperitoneally (ip) in a volume of 1 mL/kg at doses of 5 

mg/kg (in 6% DMSO/sterile water) or 10 mg/kg (in 12% DMSO/sterile water). These doses 

of CNO were based on prior studies which demonstrated that CNO has no off-target effects 

on cue-induced or cocaine-primed reinstatement (Kerstetter et al., 2016; Mahler et al., 

2014). The concentration of DMSO used in the vehicle corresponded to the maximum dose 

of CNO used in an experiment. Injections of vehicle and CNO were performed in a 

counterbalanced manner for all experiments and were administered 30 min prior to behavior 

testing. Cocaine HCl (obtained from National Institute of Drug Addiction, Bethesda, MD, 

USA) was dissolved in sterile 0.9% saline. Gentamycin (1 mg/kg IV), sodium brevital (10 

mg/mL IV), Baytril (20–25 mg/kg SC), meloxicam (0.2 mg/kg SC), beuthanasia, and 

isoflurane (2–4%, inhaled) were dissolved in 0.9% sterile saline (all obtained from Patterson 

Veterinary, Columbus, OH, USA).

Viral vectors

Non-Cre recombinase (Cre-) dependent (AAV5-hSYN-hM4Di-mCherry) and Cre-dependent 

(AAV5-hSYN-DIO-hM4Di-mCherry) hM4Di-DREADD viral vectors were packaged in 

adenoassociated virus (AAV) serotype 5 at the University of North Carolina viral vector core 

(Chapel Hill, NC, USA) with a titer of ~1 × 109 viral genomes/μL. Canine adenovirus 

expressing Cre (CAV2-Cre) had a titer of ~2.5 × 109 viral genomes/μl and was prepared as 

previously described (Kremer et al., 2000).

Surgical techniques

Rats were anesthetized with isoflurane during all surgical procedures, and rats received an 

injection of meloxicam prior to surgery for analgesia. Rats were monitored for at least 3 

days following each surgical procedure. Using standard stereotaxic procedures, viruses were 

injected into MTN, NAc (targeting both core and shell) and/or BLA via 33-gauge needles 

attached to gas-tight syringes (Hamilton Company, Reno, NV, USA) were placed above the 

region of interest. The following stereotaxic coordinates relative to Bregma (in mm) were 

used for virus injections (presented as brain region, anterior/posterior, medial/lateral, dorsal/

ventral, virus, injection volume): MTN, −2.5, ±0.5, −6, hM4Di, 0.5μL; NAc, +1.8, ±1.4, 

−7.5, CAV2-Cre, 0.5μL; BLA, −2.3, ±4.8, −8, CAV2-Cre, 0.3μL. All viruses were infused 

over 1 min, and needles were left for an additional 5 minutes to allow for diffusion. All rats 

received hM4Di injections into MTN to allow for a within-subject experimental design. 

Previous studies in our lab and others have demonstrated no off-target effects of CNO in a 

variety of behaviors and at a range of doses, including those used in these studies (Ferguson 

et al. 2010; Ferguson et al., 2013; Kerstetter et al., 2016; Mahler et al., 2014). Behavioral 

testing with CNO occurred at least 28 days following viral infusion to allow for adequate 

viral expression in cell bodies and terminal regions.
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For cocaine self-administration experiments, chronic indwelling catheters were placed into 

the right jugular vein and attached to a back-mounted port, as previously described 

(Crombag et al., 2000). Stainless steel caps were attached to the back ports to prevent 

damage due to pair-housing. Catheters were flushed daily with gentamycin, and rats 

received prophylactic injections of Baytril for at least 5 days post-surgery.

Cocaine self-administration

Self-administration chambers—Behavioral training and testing was performed in 

standard operant self-administration chambers equipped with retractable levers and stimulus 

lights located on the front wall (Med Associates, Fairfax, VT, USA). The back wall 

contained a white house light. A syringe pump, located outside of the box, delivered cocaine 

via tubing attached to a swivel and the catheter backport. All tubing was attached to a 

suspended swivel, which allowed rats to move freely within the chambers.

Cocaine self-administration: FR training—At least 3 days following catheter 

implantation, rats were trained to lever press for cocaine on an FR1 schedule of 

reinforcement. Rats received at least 5 training sessions and continued training until they 

met criterion (10 active lever presses in less than 2h; training amounts ranged from 5–10 

sessions). The beginning of the session was indicated by insertion of the two levers into the 

chamber. Completion of the FR on the active lever resulted in a single cocaine infusion (0.4 

mg/kg/infusion in 50 μL over 2.8 s) and illumination of the stimulus light above the active 

lever (4 s). Responses on the inactive lever had no programmed consequences (i.e., no 

cocaine and no light). Additional presses on the active lever during the cue light presentation 

were recorded, but did not yield any additional cocaine (i.e., 4 s time-out). The location of 

the active lever was counterbalanced across rats. The session ended after 2 h or when rats 

received 20 cocaine infusions, whichever came first.

Intermittent access to cocaine self-administration—Following completion of FR 

training, rats underwent 14 sessions of intermittent access to cocaine (Zimmer et al., 2012). 

During each session, rats were given periods of 5 min access to cocaine followed by 25 min 

time-out periods where the levers were retracted and cocaine was not available. This pattern 

repeated for a total of 125 min (5 cocaine-available periods and 4 cocaine-unavailable 

periods). Completion of an FR1 during the cocaine-available periods resulted in a single 

cocaine infusion (0.4 mg/kg/infusion in 50 μl over 2.8 s) and illumination of the stimulus 

light above the active lever (4 s).

Extinction—Rats next underwent extinction training. During these 2 h sessions, responses 

on the active lever had no programmed consequences (i.e., no cocaine delivery or 

illumination of the cue light). Extinction training continued for at least 7 sessions and until 

rats pressed the active lever less than 25 times for two consecutive days. The duration of 

extinction training ranged from 7–16 sessions.

Cue-induced reinstatement of cocaine-seeking—After rats reached extinction 

criteria, they underwent multiple tests of cue-induced reinstatement. For each test, rats were 

connected to the infusion line and placed into the chamber. The 2 h session began with the 
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extension of the levers into the chamber and illumination of the cue light previously paired 

with cocaine for 10s. After the initial presentation of the cue light, each active lever press 

yielded in illumination of the cue light for 4 s. Responses on each lever were recorded 

during the cue-light presentation. Rats underwent additional extinction training between the 

reinstatement sessions until they met criteria (2 consecutive days of less than 25 lever 

presses). An initial group of rats (n=5; Figure 1D) underwent 4 reinstatement tests in order 

to determine whether cue-induced reinstatement of cocaine-seeking decreased across 

sessions. In the experiment assessing the effect of decreasing MTN activity, rats underwent 3 

reinstatement tests. Thirty min prior to the test sessions, rats received injections of vehicle 

(VEH) or CNO (5 or 10 mg/kg, ip). The order of drug pre-treatment was counterbalanced 

across rats. For all other DREADD experiments, rats underwent 2 reinstatements tests where 

they received vehicle or CNO (5 mg/kg, ip) counterbalanced across rats 30 min prior to the 

test session.

Cocaine-primed reinstatement of cocaine-seeking—After rats underwent their last 

cue-induced reinstatement test and met extinction criteria, they underwent two drug-primed 

reinstatement tests. We have previously found that cocaine-primed reinstatement of cocaine-

seeking is maintained across two reinstatement sessions (Kerstetter et al., 2015). Thirty min 

prior to each test session, rats received injections of vehicle or CNO (5 mg/kg, ip). The order 

of drug pre-treatment was counterbalanced across rats. Rats then received a single injection 

of cocaine (10 mg/kg, ip) prior to placement into the operant chamber. The rats were 

connected to the infusion line and the 2 h session began with the extension of the levers into 

the chamber. Active and inactive lever presses were recorded, but had no programmed 

consequences (i.e., the cue light associated with the active lever did not illuminate). Rats 

underwent additional extinction training between the reinstatement sessions until they met 

criteria (2 consecutive days of less than 25 lever presses).

Sucrose self-administration, extinction and cue-induced reinstatement of sucrose-seeking

Sucrose self-administration was similar to FR training for cocaine self-administration. At 5 

days following viral infusions, rats were trained, during their light cycle, to lever press for 

sucrose pellets (Bio-Serv, Flemington, NJ, USA) on an FR1 schedule. After 3–4 days of 

training, rats underwent 2 weeks of sucrose self-administration. The beginning of the session 

was indicated by insertion of the two levers into the chamber, which remained extended for 

the duration of the 1 h session. An intermittent access schedule was not used for this 

experiment in order to ensure sufficient acquisition of the operant response. There was no 

limit to the number of sucrose pellets rats could earn during each session. Responses on the 

active lever resulted in delivery of a single pellet and illumination of the stimulus light above 

the active lever for 4 sec. Responses on the inactive lever had no programmed consequences 

(i.e., no sucrose pellet and no light). Additional presses on the active lever during the cue 

light presentation were recorded, but did not yield additional sucrose pellets. The location of 

the active lever was counterbalanced across rats. Rats then underwent extinction training for 

at least 4 days and until rats pressed the active lever less than 25 times for 2 consecutive 

days. The duration of extinction training ranged from 4–8 sessions. Cue-induced 

reinstatement sessions were identical to those described for reinstatement of cocaine-

seeking, except the sessions were 1h.
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Locomotor Activity

Three days after completion of the sucrose experiment, those same rats received an injection 

of VEH or CNO (5 mg/kg, ip). Thirty minutes later, they were placed into locomotor activity 

boxes (San Diego Instruments, San Diego, CA, USA), and behavior was measured for 60 

min. In a separate experiment, naïve rats (n=10) received an injection of VEH or CNO (5 

mg/kg, ip). Thirty minutes later, these rats received an injection of cocaine (15 mg/kg, ip) 

and were placed into locomotor activity boxes for 60 min. The number of crossovers 

(defined as two consecutive beam breaks) was used as an index of locomotor activity.

Immuohistochemistry

Injection accuracy was confirmed by visualization of mCherry immunofluorescence in 

targeted brain regions. Rats were anesthetized with Beuthanasia-D and transcardially 

perfused with PBS (pH 7.4) followed by 4% paraformaldehyde. Brains were removed and 

post-fixed overnight, then sliced into 60 μm sections on a vibrating microtome. 

Immunohistochemical analysis of mCherry-tagged hM4Di was performed as described 

(Kerstetter et al., 2016). Briefly, floating sections were washed in 0.5% Triton-X/PBS for 10 

min, blocked in 0.25% Triton-X/5% normal goat serum (NGS)/PBS for 2 h, and incubated 

in 0.25% Triton-X/2.5% NGS/PBS containing an antibody to mCherry (1:400, rabbit host; 

Takara Bio USA, Mountain View, CA, USA, product #632496) with gentle agitation at room 

temperature overnight. Next, sections were rinsed 4 times in PBS and incubated in anti-

rabbit Alexa 568 (red)-conjugated secondary antibody (1:400; Thermo Fisher Scientific, 

product #A-11036) for 2 h. Sections were then washed 2 times in PBS, mounted on slides, 

and cover-slipped with Vectashield mounting medium with DAPI. Z-stack images (12 steps 

spaced evenly throughout the 60 μm slices at either 10× or 40× magnification) were taken of 

mounted brain sections, captured using a Zeiss LSM 710 Confocal microscope, and 

processed using ImageJ software (NIH). For experiments with non-specific DREADD 

expression throughout MTN (Figures 2–3), mCherry expression had to be detected in at least 

25 cells in each of the MTN (ie. mCherry expression in all 4 regions analyzed: PVT, IMD, 

MD, and CM). Furthermore, for output-specific studies (figures 4–5), rats had to have 

mCherry expression in axons/terminals of the output regions (i.e., NAc or BLA), as well as 

expression of mCherry in at least 25 cell bodies across PVT, IMD, and CM. If expression 

did not meet these criteria for any experiment, rats were excluded from the analysis.

Data Analyses

All statistical analyses were determined a priori and performed with Prism 6 (Graphpad 

Software Inc, La Jolla, CA, USA). Earned infusions or pellets were analyzed with one-way 

repeated measures ANOVA. During self-administration and extinction, active and inactive 

lever presses during each session were analyzed with two-way repeated measures ANOVA 

(lever × session). Multiple two-way repeated measures ANOVA were determined a priori 
and carried out on cue-induced reinstatement of cocaine-seeking, drug-primed reinstatement, 

and cue-induced reinstatement of sucrose seeking data. First, to determine the effects of cue-

exposure or a priming injection of cocaine on lever pressing, active and inactive lever 

presses during extinction and reinstatement (vehicle condition in all DREADD studies and 

session 1 for figure 1; phase) were tested with two-way repeated measures ANOVA (phase × 
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lever). We found no significant differences in active or inactive lever presses during the 

extinction sessions preceding the vehicle compared to CNO injections in either the cue-

induced or cocaine-primed reinstatement experiments (data not shown). Therefore, the active 

and inactive lever presses preceding vehicle and CNO injections were averaged. Second, to 

determine the effects of CNO (or three cue exposures) on lever pressing during 

reinstatement, active and inactive lever presses following vehicle and CNO (treatment) were 

assessed using two-way repeated measures ANOVA (treatment × lever). The effects of 

housing condition (pair- or single-housed) on lever pressing were tested with mixed two-way 

ANOVA (between-subjects housing condition × RM lever ANOVA). Locomotor activity was 

tested with an unpaired t-test. All ANOVA analyses were followed by Dunnett’s or Sidak’s 

multiple comparisons tests, as appropriate. For all comparisons, α ≤ 0.05. Data are graphed 

as mean ± SEM.

RESULTS

Intermittent access to cocaine self-administration leads to escalation of cocaine intake

All of the rats for the cocaine self-administration DREADD experiments underwent the 

same intermittent access to self-administration and extinction procedures prior to testing, 

and the data are pooled and shown in Figure 1A–C (n=38). A summary of the experimental 

design is shown in Figure 2A. Two weeks of intermittent access to cocaine leads to a 

significant increase in the total number of earned cocaine infusions (Fig. 1A; F(13,37)=11.25, 

P<0.0001) and total number of active lever presses (Fig. 1B; main effect of session 

F(13,481)=7.37, P<0.0001; main effect of lever F(1,37)=156.4, P<0.0001; lever × session 

interaction F(13,481)=6.45, P<0.0001), suggesting that this schedule is sufficient to produce 

rats that exhibit escalation of intake, which is a major hallmark of addiction-like behavior.

During extinction training, rats that underwent intermittent access to cocaine showed 

decreased responding across sessions (Fig. 1C; main effect of session F(6,222)=90.35, 

P<0.0001; main effect of lever F(1,37)=236.8, P<0.0001; lever × session interaction 

F(6,222)=74.53, P<0.0001). Following extinction, an initial group of rats (n=5) underwent 4 

cue-induced reinstatement tests to assess the ability of a cue to reinstate cocaine-seeking 

across multiple sessions. As expected, rats exhibited robust reinstatement of active lever 

pressing during the first cue-induced reinstatement compared to extinction (Fig. 1D; main 

effect of phase F(1,4)=27.74, P=0.006; main effect of lever F(1,4)=37.87, P<0.004; phase × 

lever interaction F(1,4)=22.5, P=0.009). In addition, although active lever pressing decreased 

over the four cue-induced reinstatement sessions (Fig. 1D; main effect of session 

F(3,12)=3.77, P=0.04; main effect of lever F(1,4)=59.35, P=0.002; session × lever interaction 

F(3,12)=4.71, P=0.02), there were no significant differences in lever pressing across the first 

two reinstatement tests. These results support the use of a within-subjects cue-induced 

reinstatement design for the DREADD experiments. However, because of the trend toward a 

decrease in lever responses across sessions, vehicle and CNO injections were also 

counterbalanced across test sessions.

The majority of cocaine self-administration experiments are conducted in single-housed rats. 

Given that our animals were pair-housed, we compared self-administration behavior of pair-

housed rats to single-housed rats. There were no significant differences between groups in 
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the total number of earned cocaine infusions (Fig. S1A, no main effect of housing 

F(1,42)=1.49, P=0.23 and no session × housing interaction F(13,546)=0.17, P=1.00), total 

number of active lever presses (Fig. S1B; no main effect of housing F(1,42)=1.68, P=0.20 and 

no session × housing interaction F(13,546)=0.18, P=1.00) and total number of inactive lever 

presses (Fig. S1B; no main effect of housing F(1,42)=1.72, P=0.20 and no session × housing 

interaction F(13,546)=0.30, P=0.99).

In addition, there was no effect of housing condition on the total number of active lever 

presses (Fig. S1C; no main effect of housing F(1,42)=0.39, P=0.54 and no session × housing 

interaction F(6,252)=0.34, P=0.92) or inactive lever presses (Fig. S1C; no main effect of 

housing F(1,42)=1.86, P=0.18 and no session × housing interaction F(6,252)=1.8, P=0.1) 

during extinction. Finally, housing condition had no effect on active lever presses (Fig. S1D; 

no main effect of housing F(1,42)=0.28, P=0.60 and no session × housing interaction 

F(1,42)=0.2, P=0.66) or inactive lever presses (Fig. S1D; no main effect of housing 

F(1,42)=1.09, P=0.30 and no session × housing interaction F(1,42)=0.19, P=0.66) during cue-

induced reinstatement. Therefore, pair-housing of rats represents an advantageous alternative 

to individual housing without hindering the ability to compare results to previous studies.

Reducing activity of MTN attenuates drug-seeking

To examine the effect of altering thalamic activity on cue-induced and cocaine-primed 

reinstatement of cocaine seeking, we injected an AAV expressing hM4Di into PVT (Fig. 

2B). However, upon assessing viral spread with immunohistochemistry of the mCherry-tag 

on hM4Di, fluorescence was evident not only in the PVT, but also IMD, CM and MD (Fig. 

2B–E); thus, we refer to our injections as targeted to MTN. In addition, we assessed 

mCherry fluorescence in MTN terminal regions throughout the cortico-basal ganglia-

thalamic circuit. Consistent with anatomical tracing studies (Berendse and Groenewegen, 

1990; Groenewegen et al., 1990; Li and Kirouac, 2011; Pinto et al., 2003; Su and 

Bentivoglio, 1990; Vertes and Hoover, 2008), high levels of mCherry fluorescence were 

observed throughout the rostral-caudal gradient of the NAc core, NAc shell, the BLA and 

lateral nucleus of the amygdala, and the cingulate, infralimbic and prelimbic regions of the 

prefrontal cortex (PFC) (Fig. 2E). Images shown for NAc and PFC in Fig. 2E are 

representative of the fluorescence observed in each sub-region of these areas, although 

expression is only shown for the NAc core and prelimbic region of PFC.

Following cocaine self-administration and extinction (data included in Fig. 1A–C), the role 

of MTN was assessed during cue-induced reinstatement of cocaine-seeking. Rats (n=9) 

received counterbalanced injections of VEH and CNO (5 and 10 mg/kg, ip) 30 min prior to 

three reinstatement tests. CNO-induced activation of hM4Di in PVT neurons has been shown 

to reduce excitatory post-synaptic currents in downstream NAc neurons, confirming that this 

method reduces thalamic activity (Zhu et al., 2016). As expected, rats pressed the active 

lever significantly more during the cue-induced reinstatement session following VEH 

compared to pressing during extinction (Fig. 2F; main effect of phase F(1,8)=37.62, 

P=0.0003; main effect of lever F(1,8)=94.54, P<0.0001; phase × lever interaction 

F(1,8)=33.48, P=0.0004). Reducing activity of MTN following either dose of CNO 

significantly attenuated lever pressing (Fig. 2F; main effect of treatment F(2,16)=4.11, 
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P=0.04; main effect of lever F(1,8)=103.4, P<0.0001; no treatment × lever interaction 

F(2, 16)=2.70, P=0.097). This effect was due to a reduction in pressing on the active lever 

(Fig. 2F; 5 mg/kg CNO, P=0.003; 10 mg/kg CNO, P=0.04) and not the inactive lever (5 

mg/kg CNO, P=0.83; 10 mg/kg CNO, P=0.80), suggesting the manipulation was effective at 

reducing cue-induced reinstatement of cocaine-seeking. Because we observed a similar 

reduction in active lever pressing following 5 and 10 mg/kg CNO, only the 5 mg/kg dose 

was used for subsequent experiments.

We then tested whether MTN also regulate drug-primed reinstatement of cocaine-seeking. 

Rats received counterbalanced injections of VEH or CNO (5 mg/kg, ip) 30 min prior to a 

cocaine injection (10 mg/kg, ip). When rats received VEH injections prior to the cocaine 

prime, they showed significantly higher levels of lever pressing on the active lever compared 

to extinction (Fig. 2G; main effect of phase F(1,8)=14.6, P=0.005; main effect of lever 

F(1,8)=20.84, P=0.002; phase × lever interaction F(1,8)=14.55, P=0.01;), which verifies that 

cocaine induces reinstatement following intermittent access to cocaine during self-

administration and extinction in pair-housed rats. As with cue-induced reinstatement, 

activation of hM4Di in MTN significantly attenuated active lever pressing following a 

priming injection of cocaine (Fig. 2G; main effect of treatment F(1,8)=10.14, P=0.01; main 

effect of lever F(1,8)=18.8, P=0.003; no lever × treatment interaction F(1,8)=2.85, P=0.13) 

without altering inactive lever pressing (P>0.05), suggesting that reducing activity of MTN 

decreases cocaine-seeking to a drug prime.

It is possible that MTN regulate motivation for cues previously paired with any type of 

reward. To test this, a separate cohort of rats was trained to self-administer sucrose; a 

summary of the experimental design is show in Fig. 3A. Viral expression patterns were the 

same as in Fig. 2B–E. Rats (n=9) readily learned to self-administer sucrose pellets (Fig. 

3B,C; pellets: F(13,8)=4.56, P<0.02; lever pressing: main effect of lever F(1,8)=145.8, 

P<0.0001; main effect of session F(13,104)=3.77, P<0.001; lever × session interaction 

F(13,104)=3.83, P<0.0001). Following completion of sucrose self-administration, rats 

underwent extinction training. Rats rapidly extinguished responding across sessions (Fig. 

3D; main effect of session F(3,24)=31.34, P<0.0001; main effect of lever F(1,8)=81.46, 

P<0.0001; lever × session interaction F(3,24)=32.43, P<0.0001). Rats were then given 

injections of VEH or CNO (5 mg/kg, ip) in a counterbalanced order 30 min prior to tests for 

cue-induced reinstatement of sucrose-seeking. Following VEH, there was a significant 

increase in active lever pressing compared to pressing during extinction (Fig. 3E; main effect 

of phase F(1,8)=16.3, P=0.004; main effect of lever F(1,8)=73.77, P<0.0001; phase × lever 

interaction, F(1,8)=27.03, P=0.0008). However, decreasing activity of MTN had no effect on 

lever pressing (Fig. 3D; main effect of lever F(1,8)=82.02, P<0.0001, no main effect of 

treatment, F(1,8)=0.10, P=0.76, no lever × treatment interaction, F(1,8)=0.73, P=0.42), 

suggesting that MTN do not modulate cue-induced seeking to all palatable rewards.

Finally, in order to determine whether the decrease in active lever pressing following 

reinstatement of drug-seeking could be due to alterations in motor behavior, three days 

following reinstatement of sucrose-seeking, the rats were given either VEH (n=6) or CNO (5 

mg/kg, ip; n=5) prior to placement in locomotor activity boxes. Decreasing activity of MTN 

had no effect on the number of crossovers made during a 1 h test session (Fig. 3F; t(9)=1.01, 
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P=0.34). In addition, given a recent report that CNO can have locomotor effects in control 

animals that do not express DREADDs (MacLaren et al., 2016), the effect of CNO (5mg/kg, 

ip) was assessed on cocaine (15 mg/kg, ip)-induced locomotor activity in a naïve group of 

animals. CNO administration had no effect the number of crossovers induced by cocaine in a 

1 h test session (Fig. 3G; t(8)=0.54, P=0.60). Taken together, these results suggest that MTN 

regulate drug-seeking responses to cocaine and associated cues, without altering general 

motivation or locomotor activity.

Reducing activity of anterior MTN-NAc enhances cue-induced reinstatement and blocks 
cocaine-primed reinstatement

Given that glutamatergic signaling within the NAc regulates both cue-induced and drug-

primed reinstatement, and MTN are a dense source of NAc glutamate, we examined whether 

MTN-NAc projections were responsible for the attenuation in cocaine-seeking observed 

with the non-selective approach (Frassoni et al., 1997; Lei et al. 2013; McFarland et al., 

2003; Park et al. 2002). The experimental design was the same as for the MTN manipulation 

(Fig. 2A) except rats were only tested for one dose of CNO on the cue-induced reinstatement 

test. Rats (n=14) received injections of a retrograde virus CAV2-Cre into NAc and a Cre-

dependent AAV expressing hM4Di into MTN (Fig. 4A). This combinatorial technique 

resulted in robust expression of mCherry fluorescence in cell bodies of PVT, CM, and IMD 

as well as in axons/terminals in NAc (Fig. 4A). The pattern of fluorescence expression was 

more restricted than that seen with the non-selective approach (Fig. 2B–E), and we did not 

observe fluorescence in axons/terminals within the BLA, PFC, or dorsal striatum (data not 

shown). For behavioral analysis, rats were split into two groups based on whether mCherry 

fluorescence occurred in anterior (Fig. 4B) or posterior (Fig. 4E) MTN.

Following cocaine self-administration and extinction (data included in Fig. 1A–C), the effect 

of transiently decreasing activity of anterior MTN-NAc projections was examined in 

reinstatement of cocaine-seeking. Although cue-induced reinstatement was observed 

following VEH (Fig. 4C; main effect of phase F(1,5)=9.43, P=0.03; main effect of lever 

F(1,5)=26.08, P=0.004; phase × lever interaction F(1,5)=10.60, P=0.02), decreasing activity of 

anterior MTN-NAc significantly enhanced active lever pressing for cocaine-associated cues 

without affecting inactive lever pressing (Fig. 4C; main effect of lever F(1,5)=21.16, 

P=0.006; main effect of treatment not quite significant, F(1,5)=5.53, P=0.065; treatment × 

lever interaction F(1,5)=7.46, P=0.04). In addition, active lever pressing was significantly 

increased when VEH preceded a priming injection of cocaine (Fig. 4D; main effect of phase 

F(1,5)=8.98, P=0.03; main effect of lever F(1,5)=37.95, P=0.002; no phase × lever interaction, 

F(1,5)=3.62, P=0.12), but attenuating activity of anterior MTN-NAc significantly decreased 

active lever pressing without altering inactive lever pressing (Fig. 4D; main effect of 

treatment F(1,5)=12.56, P=0.02; main effect of lever F(1,5)=35.42, P=0.002; no treatment × 

lever interaction F(1,5)=2.88, P=0.15), suggesting that cocaine-primed reinstatement was 

blocked.

In contrast to the bidirectional effects of hM4Di activation in anterior MTN-NAc on relapse 

behaviors, dampening activity of posterior MTN-NAc (Fig. 4E) had no effect on either cue-

induced (Fig. 4F; no main effect of treatment F(1,7)=0.90, P=0.37; main effect of lever, 
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F(1,7)=79.27, P<0.0001; no treatment × lever interaction F(1,7)=1.55, P=0.25) or cocaine-

primed reinstatement (Fig. 4G; no main effect of treatment F(1,7)=0.27, P=0.62; main effect 

of lever, F(1,7)=8.62, P=0.02; no treatment × lever interaction F(1,7)=0.15, P=0.71).

MTN-BLA do not regulate reinstatement of cocaine-seeking

Given that the amygdala has been shown to regulate both cue-induced and cocaine plus cue-

primed reinstatement, and we observed bright labeling of mCherry fluorescence in both the 

BLA following the non-selective MTN manipulation (Fig. 2E), we next wanted to determine 

whether MTN-BLA efferents also regulate relapse behavior (Kantak et al., 2002; Bossert et 

al. 2013; Lee et al., 2013; Stefanik & Kalivas, 2013; Yager et al., 2015). Using the same 

combinatorial approach as with MTN-NAc (except the CAV2-Cre was injected into BLA 

rather than NAc), we expressed mCherry-tagged hM4Di selectively in MTN-BLA neurons 

(n=10) (Fig. 5A,B). We observed expression of mCherry fluorescence in PVT, CM, and IM, 

as well as in axons/terminals in the BLA (Fig. 5B). We did not detect expression of mCherry 

fluorescence in axons/terminals in central amygdala (data not shown, but pattern similar to 

Figure 2E). Following cocaine self-administration and extinction (data included in Fig. 1A–

C), the effect of transiently decreasing activity of MTN-BLA projections was examined in 

reinstatement of cocaine-seeking. We found that reducing activity of these projections had 

no effect on either cue-induced (Fig. 5C; significant main effect of lever, F(1,9)=55.17, 

P<0.0001, no main effect of treatment, F(1,9)=1.49, P<0.25, no treatment × lever interaction, 

F(1,9)=2.19, P=0.17) or cocaine-primed (Fig. 5D; significant main effect of lever, F(1,9)=6.86, 

P=0.03, no main effect of treatment, F(1,9)=0.27, P=0.62, no treatment × lever interaction, 

F(1,9)=0.97, P=0.35) reinstatement of cocaine-seeking. Together, these data suggest that 

MTN regulate cocaine-seeking behaviors via their projections to NAc but not BLA.

DISCUSSION

We utilized an intermittent access to cocaine self-administration paradigm for these studies, 

which regulates the temporal dynamics of drug intake to produce a spiking pattern of brain 

cocaine concentration, rather than the stable levels of cocaine that occur during continuous 

access models (Allain et al. 2015; Kawa et al., 2016; Zimmer et al., 2012a; Zimmer et al., 

2012b). Interestingly, we found that intermittent access leads to an escalation of cocaine 

intake after limited self-administration experience (<14 sessions). To our knowledge, this 

phenomenon has previously been reported in this timeframe only following extended access 

(ie. 6 h) to cocaine or in 1 h sessions if preceded by several shorter training sessions, and is 

consistent with a recent report of escalation after prolonged (36 sessions) intermittent access 

to cocaine (Ahmed and Koob, 1998; Beckmann et al., 2012; Edwards and Koob, 2013; 

Kawa et al., 2016). Escalation is thought to be an early indicator of increased vulnerability to 

relapse and is associated with enhanced reinstatement behavior (Deroche et al., 1999; Kippin 

et al., 2006; Mantsch et al., 2004; Vanderschuren and Everitt, 2004). Furthermore, 

intermittent access increases motivation for cocaine intake relative to continuous access 

paradigms (Zimmer et al., 2012a). Thus, intermittent access to cocaine self-administration 

not only mimics the temporal pattern of drug intake seen in addicts but offers a powerful 

preclinical model for inducing addiction-like behaviors in a relatively short period of time.

Wunsch et al. Page 12

Eur J Neurosci. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Studies have previously used lesions and pharmacological inactivation to examine the role of 

the PVT in relapse to drugs, so we first combined the intermittent access paradigm with 

chemogenetic and viral-mediated gene transfer techniques to see if similar results could be 

observed with DREADD-induced dampening of thalamic activity. Gi/o-coupled DREADDs 

were initially targeted toward the PVT, but viral expression was more diffuse than expected, 

extending into MD, IM, and CM nuclei. We found that transiently reducing activity of MTN 

during reinstatement attenuated both cue-induced and drug-primed cocaine-seeking. These 

results are consistent with studies that found that temporary inactivation of PVT decreased 

both cue-induced and cocaine-primed reinstatement of cocaine-seeking, and lesions of PVT 

reduced context-induced reinstatement of alcohol-seeking (Hamlin et al., 2009; James et al., 

2010; Matzeu et al., 2015a). Furthermore, increases in markers of neuronal activation (i.e., 

cFos) in MD, IM, and PVT have been reported following exposure to visual, olfactory, or 

contextual cues paired with either cocaine or alcohol self-administration (Dayas et al., 2008; 

Hamlin et al., 2009; James et al., 2011; Marchant et al., 2010; Barson et al., 2014; Matzeu et 

al. 2015; Wedzony et al. 2003). Although studies have not examined the effect of altering 

activity of IM or CM in relapse behaviors, lesions of MD do not alter cocaine-primed or 

stress-induced reinstatement of drug-seeking (McFarland and Kalivas, 2001; James et al., 

2011). Thus, we cannot rule out the contribution of IM and CM, in addition to the PVT, in 

the observed behavioral effects.

We next aimed to determine whether DREADD-mediated inhibition of MTN also attenuates 

seeking for natural rewards and found that this manipulation had no effect on cue-induced 

reinstatement of sucrose-seeking. Although these results are consistent with studies that have 

found no increase in neuronal activation in PVT following exposure to sucrose-paired 

stimuli nor an effect of PVT lesions on sucrose-seeking, other studies have shown that PVT, 

CM, and MD can regulate responses to cues associated with palatable food rewards 

(Wedzony et al., 2003; Kelley et al., 2005; Matzeu et al., 2015a; Schiltz et al., 2007; 

Igelstrom et al., 2010). The differences in results are likely due to methodological 

differences, including type of reward and operant paradigm, as well as the manipulations 

that were used.

While previous work, together with our study, supports a clear role for MTN in 

reinstatement of drug-seeking induced by cues, context and drugs, it does not resolve which 

set(s) of MTN efferents are critical for regulating relapse behaviors since all outputs were 

equally affected by the manipulations. Indeed, consistent with prior tracing studies, we 

examined fluorescence in regions throughout the cortico-basal ganglia circuit following 

hM4Di injections into MTN and found that the MTN project densely to NAc and BLA, as 

well as to PFC (Berendse and Groenewegen, 1990; Frassoni et al., 1997; Groenewegen et 

al., 1990; Li and Kirouac, 2007; Pinto et al., 2003; Su and Bentivoglio, 1990; Van der Werf 

et al., 2002; Vertes and Hoover, 2008). In addition, we have previously shown that activating 

hM4Di in PFC decreases neuronal activity in efferent projections to the NAc, and others 

have demonstrated hM4Di can attenuate neurotransmitter release of neurons expressing 

hM4Di and reduce activity of downstream neurons (Kerstetter et al., 2016; Stachniak et al., 

2014; Zhu et al., 2016).
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To begin to identify which target regions integrate information from the MTN during 

reinstatement, we used a combinatorial viral vector approach to express Gi/o-coupled 

DREADDs selectively in MTN-NAc. These neurons were targeted because glutamatergic 

signaling in NAc regulates relapse, and MTN neurons send a dense glutamatergic projection 

to NAc (Berendse and Groenewegen, 1990; Frassoni et al., 1997; Groenewegen et al., 1990; 

Li and Kirouac, 2007; McFarland et al., 2003; Park et al., 2002; Su and Bentivoglio, 1990; 

Yager et al. 2015). Notably, this approach led to a more restricted pattern of hM4Di 

expression compared to non-Cre-dependent targeting of the MTN, with fluorescence found 

primarily in PVT, CM, and IMD. In addition, the pattern of fluorescence varied across 

animals such that some had strong expression in anterior regions of MTN whereas others 

had strong expression in posterior regions. Given that the more anterior aspects of these 

nuclei project to NAc shell whereas the more central/posterior aspects project primarily to 

NAc core (Berendse and Groenewegen, 1990; Li and Kirouac, 2007) and that the NAc shell 

and core can differentially regulate reinstatement (Anderson et al., 2002; Fuchs et al., 2004; 

Ma et al., 2014; Schmidt et al., 2006; Schmidt et al., 2005a), we assessed the effects of 

dampening activity in anterior or posterior MTN-NAc independently on both cue- and drug 

primed-reinstatement.

Activation of Gi/o-coupled DREADDs in anterior MTN-NAc blocked reinstatement of 

cocaine-seeking following a priming injection of cocaine, which mirrored the results of the 

non-selective manipulation. Thus, activity in anterior MTN-NAc neurons is necessary to 

drive thalamic-mediated aspects of cocaine-primed reinstatement behavior. MTN projections 

to the NAc not only converge onto dendritic spines of GABAergic medium spiny projection 

neurons but also onto dopamine terminals (Lei et al., 2013; Pinto et al., 2003; Wall et al., 

2013). Given that electrical stimulation of MTN leads to glutamate-dependent increases in 

dopamine release in the NAc (Parsons et al., 2006), it is likely that dampening activity of 

glutamatergic MTN-NAc reduced both glutamatergic and dopaminergic influences onto 

medium spiny neurons following the drug prime, both of which could lead to a decrease in 

the output of these neurons and the observed reduction of drug-primed reinstatement.

In contrast to the effect on drug-prime reinstatement, attenuating activity of anterior MTN-

NAc projections enhanced cue-induced reinstatement of cocaine-seeking. Thus, these data 

suggest that anterior MTN-NAc are likely regulating cue-induced reinstatement via a 

different mechanism than for that of the drug-prime, and future studies are warranted to 

explore this. Nonetheless, because the anterior MTN-NAc manipulation produced a result 

that was opposite to that of the non-projection-specific MTN manipulation on cue-induced 

reinstatement, these findings suggest that the ability of MTN to regulate cue-driven relapse 

is driven by multiple downstream connections. Although the role of posterior MTN-NAc 

and MTN-BLA projections were also assessed in both cue-induced and drug-primed 

reinstatement, transiently decreasing activity in either of these MTN efferent projections had 

no effect.

The lack of effect in posterior MTN-NAc projections is consistent with a recent study that 

used a viral manipulation (which corresponded to the same posterior MTN region targeted in 

the present study to permanently block neurotransmission in PVT neurons projecting to 

NAc, and found no effect of this manipulation on incubation of cocaine craving, a cue-
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dependent form of cocaine-seeking (Neumann et al., 2016). Although it is surprising that 

decreasing anterior but not posterior MTN-NAc projections is sufficient to regulate drug-

seeking, these results are consistent with the emerging view that even within a single 

structure, there are subtle differences in how sub-regions regulate relapse behaviors. For 

example, recent studies have demonstrated dissociable roles of prelimbic and infralimbic 

PFC projections to NAc core and shell, respectively, in regulation of drug-seeking (Ma et al., 

2014). In addition, lesion studies have demonstrated dissociable roles of the anterior and 

posterior regions of BLA in reinstatement behaviors (Kantak et al., 2002).

While it is possible that the combinatorial viral vector approach resulted in an insufficient 

number of infected neurons to produce an effect in the posterior MTN-NAc and MTN-BLA 

experiments, this is unlikely as neuronal infection rates were comparable to those observed 

within the anterior MTN-NAc projection, and behavioral effects were observed following 

manipulation of that region. Thus, one likely target for MTN regulation of drug-seeking is 

the PFC, as the PFC showed moderate fluorescent expression following DREADD 

expression in MTN, and is activated by cues associated with drug use, regulates cue-induced 

and drug prime reinstatement, and projects to both the NAc core and shell (Ciccocioppo et 

al., 2001; Feil et al., 2010; Goldstein and Volkow, 2011; Kufahl et al., 2009; McFarland et 

al., 2003).

It should be noted that 5 mg/kg CNO in the absence of DREADD expression (the primary 

dose used in our experiments) has recently been found to alter acute responses to a single 

dose of amphetamine, suggesting that CNO can have off-target effects on behavior 

(MacLaren et al., 2016). However, our lab and others have demonstrated CNO has no effect 

on cue-induced or drug-primed reinstatement, cocaine self-administration, amphetamine 

sensitization, and operant food-responding in GFP-injected or no virus control rats 

(Ferguson et al., 2010; Ferguson et al., 2013; Kerstetter et al., 2016; Mahler et al., 2014). 

Within this manuscript, the lack of effect of CNO on inactive lever presses, sucrose-seeking, 

basal and cocaine-induced locomotor activity, and in the posterior MTN-NAc and MTN-

BLA manipulations also supports the idea that 5 mg/kg CNO alone does not impact operant 

learning and cocaine-seeking. Thus, off-target effects of CNO are unlikely to account for the 

effects of hM4Di activation in MTN and MTN-NAc during reinstatement described here.

In summary, this research not only confirms that MTN regulate both cue-induced and 

cocaine-primed reinstatement of cocaine-seeking, but extends previous work by beginning to 

define the downstream projections of MTN that are important targets for this modulation. In 

particular, MTN neurons projecting to the NAc shell seem to be especially critical for 

driving reinstatement behaviors. It has recently been argued that MTN should be included in 

maps of the addiction circuit and our findings strongly support that notion (James and 

Dayas, 2013; Martin-Fardon and Boutrel, 2012). Given that relapse can be triggered by 

drug-associated stimuli and relapse rates remain high, this work has important clinical 

implications as it suggests that MTN are a promising, novel therapeutic target.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

AAV adenoassociated virus

AMYG amygdala

BLA basolateral amygdala

CeA central amygdala

CM centromedian nucleus of the thalamus

CNO clozapine-N-oxide

DREADD Designer Receptors Exclusively Activated by Designer Drugs

EXT extinction

hM4Di Gi/o-coupled, inhibitory DREADD

IM intermediodorsal nucleus of the thalamus

LA lateral amygdala

MD mediodorsal nucleus of the thalamus

MTN midline and intralaminar nuclei of the thalamus

MTN-BLA midline thalamic nuclei neurons projecting to basolateral amygdala

MTN-NAc midline thalamic nuclei neurons projecting to nucleus accumbens

NAc nucleus accumbens

NAcCo nucleus accumbens core

PC paracentral nucleus of the thalamus

PFC prefrontal cortex

PrL prelimbic cortex

PVT paraventricular nucleus of the thalamus

VEH vehicle
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Figure 1. Intermittent access to cocaine self-administration leads to escalation of cocaine intake
(A,B) Number of infusions earned (A) and active (black squares) and inactive (white 

squares) lever presses (B) during 14 sessions of intermittent access to cocaine self-

administration (N=38; data is pooled from all of the DREADD cocaine self-administration 

experiments). *P<0.05 compared to session 1, Dunnett’s multiple comparisons test. (C) 
Number of active (black squares) and inactive (white squares) lever presses during the first 7 

days of extinction (EXT). *P<0.05 compared to session 1, Dunnett’s multiple comparisons 

test. (D) Active (bars and dots) and inactive (lower error bars) lever presses during extinction 

(Data averaged across extinction sessions before and between the cue tests) and 4 cue-

induced reinstatement tests (N=5). #P<0.05 compared to EXT, Sidak multiple comparisons 

test; *P<0.05 compared to cue test 1, Dunnett’s multiple comparisons test. Data represent 

mean ± SEM.
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Figure 2. Reducing activity of MTN attenuates cue-induced and drug-primed reinstatement of 
cocaine-seeking
(A) Illustration of the experimental design. Injections of vehicle (VEH) or clozapine-N-

oxide (CNO) occurred at least 39 d post viral-infusion. (B) Top: Illustration of the viral 

vector targeting approach. An AAV vector expressing hM4Di (AAV-hM4Di) was injected 

into midline thalamic nuclei (MTN). Bottom: Illustration of viral spread in MTN. Dark red 

indicates robust expression in all rats and pink indicates areas of weaker expression and/or 

expression in a subset of the rats. The numbers next to each section indicate location in 

anterior-posterior plane relative to Bregma. (C,D) Representative sections of mCherry-

tagged hM4Di immunofluorescence in MTN; paraventricular (PVT), centromedian (CM), 

interomediodorsal (IMD), mediodorsal (MD), and paracentral (PC) nuclei of the thalamus. 

(E) Representative sections of mCherry-tagged hM4Di immunofluorescence in MTN 

terminals and/or axons in nucleus accumbens core (NAcCore), lateral (LA) and basolateral 

(BLA) but not central (CeA) subregions of the amygdala (AMYG) and the prelimbic (PrL) 

subregion of the prefrontal cortex (PFC) 8–10 weeks following viral infusions. Scale bars, 

50 μm. (F) Active (bars and dots) and inactive (lower error bars) lever presses during 

extinction (EXT) and cue-induced reinstatement of cocaine-seeking following VEH (0 

mg/kg) or CNO treatment (5 or 10 mg/kg). #P<0.05 compared to EXT, Sidak multiple 

comparisons test; *P<0.05 compared to 0 mg/kg CNO, Dunnett’s multiple comparisons test. 

(G) Active (bars and dots) and inactive (lower error bars) lever presses during EXT and 

cocaine-primed reinstatement of cocaine-seeking following vehicle (0 mg/kg) or CNO 

treatment (5 mg/kg). #P<0.05 compared to EXT, Sidak multiple comparisons test; *P<0.05 

compared to 0 mg/kg CNO, Sidak multiple comparisons test. N=9. Data represent mean ± 

SEM.
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Figure 3. Reducing activity of MTN has no effect on cue-induced reinstatement of sucrose-
seeking
(A) Illustration of the experimental design. CNO testing occurred at least 28 d post viral-

infusion. (B,C) Number of pellets earned (B) and active (black squares) and inactive (white 

squares) lever presses (C) during 14 sessions of sucrose self-administration (N=9). *P<0.05, 

compared to session 1, Dunnett’s multiple comparisons test. (D) Number of active (black 

squares) and inactive (white squares) lever presses during the first 4 days of extinction. 

*P<0.05, compared to session 1, Dunnett’s multiple comparisons test. (E) Active (bars and 

dots) and inactive (lower error bars) lever presses during extinction (EXT) and cue-induced 

reinstatement of sucrose-seeking following vehicle (0 mg/kg) or CNO (5 mg/kg) treatment. 

#P<0.05 compared to EXT, Sidak multiple comparisons test. (F,G) Total number of beam 

breaks during a baseline (F) or cocaine-induced (G; 15mg/kg) locomotor activity test session 

following vehicle or CNO (5 mg/kg) treatment. N=5–6/group. Data represent mean ± SEM.
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Figure 4. Reducing activity of anterior MTN projections to NAc enhances cue-induced 
reinstatement but blocks cocaine-primed reinstatement of cocaine-seeking
(A) Top: Illustration of the intersectional viral vector approach. A retrogradely transported 

CAV2 expressing Cre-recombinase (CAV2-Cre) was injected into the NAc, and a Cre-

dependent AAV expressing hM4Di (AAV-DIO-hM4Di) was injected into MTN. Bottom: 

Representative sections of mCherry-tagged hM4Di immunofluorescence in PVT, CM, IMD 

and NAc core. Scale bars, 50 μm. (B,E) Viral spread in anterior MTN group (B) and 

posterior MTN group (E). Dark red indicates robust expression in all rats and pink indicates 

areas of weaker expression and/or expression in a subset of the rats. The numbers next to 

each section indicate location in anterior-posterior plane relative to Bregma. (C,D) Active 

(bars and dots) and inactive (lower error bars) lever presses during extinction (EXT) and 

cue-induced (C) and cocaine-primed (D) reinstatement of cocaine-seeking following vehicle 

(0 mg/kg) or CNO treatment (5 mg/kg) in rats that had hM4Di expression in anterior MTN. 

#P<0.05 compared to EXT and *P<0.05 compared to 0 mg/kg CNO; Sidak’s multiple 

comparisons test. N=6. (F,G) Active (bars and dots) and inactive (lower error bars) lever 

presses during EXT and cue-induced (F) and cocaine-primed (G) reinstatement of cocaine-

seeking following vehicle (0 mg/kg) or CNO treatment (5 mg/kg) in rats that had hM4Di 

expression in posterior MTN. #P<0.05 compared to EXT, Sidak multiple comparisons test. 

N=8. Data represent mean ± SEM.
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Figure 5. Reducing activity of MTN projections to BLA has no effect on reinstatement of 
cocaine-seeking
(A) Top: Illustration of the intersectional viral vector approach. A retrogradely transported 

CAV2 expressing Cre-recombinase (CAV2-Cre) was injected into the BLA, and a Cre-

dependent AAV expressing hM4Di (AAV-DIO-hM4Di) was injected into MTN. Bottom: 

Viral spread in MTN. Dark red indicates robust expression in all rats and pink indicates 

areas of weaker expression and/or expression in a subset of the rats. The numbers next to 

each section indicate location in anterior-posterior plane relative to Bregma. (B) 

Representative sections of mCherry-tagged hM4Di immunofluorescence in PVT, CM, IMD 

and BLA. Scale bars, 50 μm. (C,D) Active (bars and dots) and inactive (lower error bars) 

lever presses during extinction (EXT) and cue-induced (C) and drug-primed (D) 

reinstatement of cocaine-seeking following vehicle (0 mg/kg) or CNO treatment (5 mg/kg). 
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#P<0.05 compared to EXT, Sidak multiple comparisons test. N=10. Data represent mean ± 

SEM.
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