
Accepted manuscripts are peer-reviewed but have not been through the copyediting, formatting, or proofreading
process.

Copyright © 2018 the authors

This Accepted Manuscript has not been copyedited and formatted. The final version may differ from
this version. A link to any extended data will be provided when the final version is posted online.

Research Articles: Systems/Circuits

Role of anterior intralaminar nuclei of thalamus projections to dorsomedial
striatum in incubation of methamphetamine craving
Xuan Li, Kailyn Witonsky, Olivia M. Lofaro, Felicia Surjono, Jianjun Zhang, Jennifer M. Bossert and
Yavin Shaham

Behavioral Neuroscience Research Branch, Intramural Research Program, NIDA-NIH, Baltimore, MD

DOI: 10.1523/JNEUROSCI.2873-17.2018

Received: 4 October 2017

Revised: 10 January 2018

Accepted: 15 January 2018

Published: 25 January 2018

Author contributions: X.L., J.M.B., and Y.S. designed research; X.L., K.F.W., O.M.L., F.S., J.Z., and J.M.B.
performed research; X.L., K.F.W., O.M.L., F.S., and Y.S. analyzed data; X.L. and Y.S. wrote the paper.

Conflict of Interest: The authors declare no competing financial interests.

This research was supported by intramural funds of NIDA-NIH (YS). The authors declare that they do not have
any conflicts of interest (financial or otherwise) related to the data presented in this manuscript. JZ received
support from China Scholarship Council (No. 201604910135) and his current address is CAS Key Laboratory of
Mental Health, Institute of Psychology, Beijing, China. We thank Tamara Zeric and Angelica Minier-Toribio for
technical support. We also thank NIDA Intramural Genetic Engineering and Viral Vector Core for providing the
scAAV2-retro-eGFP virus.

Corresponding Authors: X. (Anna) Li (anna.li@nih.gov) or Y. Shaham (yavin.shaham@nih.gov)

Cite as: J. Neurosci ; 10.1523/JNEUROSCI.2873-17.2018

Alerts: Sign up at www.jneurosci.org/cgi/alerts to receive customized email alerts when the fully formatted
version of this article is published.



 

1 
 

1-10-2018  1 
JN-RM-2873-17R2 2 
Systems/Circuits  3 
  4 
 5 
Role of anterior intralaminar nuclei of thalamus projections to dorsomedial striatum in incubation of 6 

methamphetamine craving 7 

 8 

Xuan Li, Kailyn Witonsky, Olivia M. Lofaro, Felicia Surjono, Jianjun Zhang, Jennifer M. 9 

Bossert, Yavin Shaham 10 
 11 

Behavioral Neuroscience Research Branch, Intramural Research Program, NIDA-NIH, Baltimore, MD 12 
 13 
 14 
Abbreviated title: AIT-to-DMS projections and incubation of craving  15 

Corresponding Authors: X. (Anna) Li (anna.li@nih.gov) or Y. Shaham (yavin.shaham@nih.gov)  16 

Acknowledgments: This research was supported by intramural funds of NIDA-NIH (YS). The authors declare 17 
that they do not have any conflicts of interest (financial or otherwise) related to the data presented in this 18 
manuscript. JZ received support from China Scholarship Council (No. 201604910135) and his current 19 
address is CAS Key Laboratory of Mental Health, Institute of Psychology, Beijing, China. We thank 20 
Tamara Zeric and Angelica Minier-Toribio for technical support. We also thank NIDA Intramural Genetic 21 
Engineering and Viral Vector Core for providing the scAAV2-retro-eGFP virus.  22 
  23 
 24 
Text information 25 
Number of figures: 5 26 
Abstract: 249 words  27 
Significance statement: 95 words  28 
Introduction: 663 words  29 
Discussion: 1644 words  30 
  31 
Key words: methamphetamine, self-administration, relapse, Fos, cholera toxin B, retrograde tracing, 32 
dorsomedial striatum, anterior intralaminar nuclei of thalamus, dopamine, glutamate 33 
  34 



 

2 
 

Abstract 35 

Relapse to methamphetamine (Meth) seeking progressively increases after withdrawal from drug self-36 
administration (incubation of Meth craving). We previously demonstrated a role of dorsomedial striatum 37 
(DMS) dopamine D1 receptors (D1Rs) in this incubation. Here, we studied the role of afferent glutamatergic 38 
projections into DMS and local D1R-glutamate interaction in this incubation in male rats.   39 

We first measured projection-specific activation on day 30 relapse test by using CTb (retrograde tracer) + 40 
Fos (activity marker) double-labeling in projection areas. Next, we determined the effect of pharmacological 41 
reversible inactivation of lateral or medial anterior intralaminar nuclei of thalamus (AIT-L or AIT-M) on 42 
incubated Meth seeking on withdrawal day 30. We then used an anatomical asymmetrical disconnection 43 
procedure to determine whether an interaction between AIT-L→DMS glutamatergic projections and post-44 
synaptic DMS D1Rs contributes to incubated Meth seeking. We also determined the effect of unilateral 45 
inactivation of AIT-L and D1Rs blockade of DMS on incubated Meth seeking, and the effect of contralateral 46 
disconnection of AIT-L→DMS projections on non-incubated Meth seeking on withdrawal day 1.  47 

Incubated Meth seeking was associated with selective activation of AIT→DMS projections; other 48 
glutamatergic projections to DMS were not activated. AIT-L (but not AIT-M) inactivation or anatomical 49 
disconnection of AIT-L→DMS projections decreased incubated Meth seeking. Unilateral inactivation of AIT-L 50 
or D1Rs blockade of DMS had no effect on incubated Meth craving, and contralateral disconnection of AIT-51 
L→DMS had no effect on non-incubated Meth seeking.  52 

Our results identify a novel role of AIT-L and AIT-L→DMS glutamatergic projections in incubation of drug 53 
craving and drug seeking. 54 
 55 
Significance statement 56 

Methamphetamine seeking progressively increases after withdrawal from drug self-administration, a 57 
phenomenon termed incubation of methamphetamine craving. We previously found that D1R-mediated 58 
dopamine transmission in dorsomedial striatum plays a critical role in this incubation phenomenon. Here, we 59 
used neuroanatomical and neuropharmacological methods in rats to demonstrate that an interaction 60 
between the glutamatergic projection from the lateral anterior intralaminar nuclei of thalamus to dorsomedial 61 
striatum and local dopamine D1Rs plays a critical role in relapse to methamphetamine seeking after 62 
prolonged withdrawal. Our study identified a novel motivation-related thalamostriatal projection that is critical 63 
to relapse to drug seeking. 64 
  65 
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Introduction 66 

High relapse rates during abstinence is a key feature of methamphetamine (Meth) addiction (Elkashef et 67 

al., 2008). In rats given extended access to intravenous Meth self-administration, drug seeking progressively 68 

increases after withdrawal (Shepard et al., 2004; Adhikary et al., 2017). This incubation phenomenon, which 69 

is also observed with other abused drugs (Pickens et al., 2011), generalizes to Meth users who show 70 

increased cue-induced drug craving during the first 3 months of abstinence (Wang et al., 2013). In 71 

mechanistic studies, we showed that the central amygdala nucleus is critical for incubation of Meth craving 72 

(Li et al., 2015a). Scheyer et al. (2016) showed that, as with cocaine (Wolf, 2016), the accumulation of 73 

calcium permeable AMPARs in nucleus accumbens is critical for this incubation.  74 

We also explored the role of dorsomedial striatum (DMS) and dorsolateral striatum (DLS), previously 75 

implicated in relapse to drug seeking and cue-controlled drug seeking in different rodent models 76 

(Vanderschuren et al., 2005; Fuchs et al., 2006; Belin and Everitt, 2008; Rubio et al., 2015), in incubation of 77 

Meth craving. We found that this incubation is associated with activation [assessed by the activity marker 78 

Fos (Cruz et al., 2013)] of both DMS and DLS and that local of injections of the D1-family receptor (D1R) 79 

antagonist, SCH23390, which inhibits striatal Fos induction (Valjent et al., 2000), decreases ‘incubated’ Meth 80 

seeking after 30 withdrawal days (Li et al., 2015b). We also studied the role of DMS in incubation of Meth 81 

craving after choice-based ‘voluntary abstinence’ (Caprioli et al., 2015; Venniro et al., 2017). We used the 82 

Daun02 chemogenetic inactivation procedure (Cruz et al., 2013) and demonstrated a role of DMS neuronal 83 

ensembles (identified by Fos) in incubated Meth seeking after 21 voluntary abstinence days (Caprioli et al., 84 

2017). These studies demonstrate critical roles of D1R-mediated dopamine transmission in DLS and DMS, 85 

and DMS neuronal ensembles in incubation of Meth craving. 86 

Based on the above results, and evidence that striatal neuronal activity is dependent on activation of 87 

glutamate afferents and local D1R-mediated neurotransmission (O'Donnell, 2003; Lovinger, 2010; Shiflett 88 

and Balleine, 2011), our goal in the present study was to identify afferent projections to DMS that interact 89 

with local postsynaptic D1Rs and mediate incubated Meth seeking after prolonged withdrawal (30 days). We 90 

first used the retrograde tracer CTb (cholera toxin b) in combination with Fos (Marchant et al., 2009; 91 

Marchant et al., 2014) to determine whether incubated Meth seeking is associated with activation of 92 

glutamatergic projections into DMS. These include ventral and dorsal medial prefrontal cortex (vmPFC, 93 
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dmPFC), anterior insular cortex (AI), basolateral amygdala (BLA), lateral anterior intralaminar nuclei of 94 

thalamus (AIT-L, central lateral and paracentral thalamus), medial AIT (AIT-M, central medial thalamus), and 95 

parafascicular thalamus (Pf) (Voorn et al., 2004; Guo et al., 2015; Hunnicutt et al., 2016).  96 

We found that incubated Meth seeking was associated with selective activation of AIT-M and AIT-97 

L→DMS projections. Next, we determined the causal role of the AIT nuclei in incubated Meth seeking by 98 

using a muscimol+baclofen reversible inactivation procedure (McFarland and Kalivas, 2001). We found that 99 

inactivation of AIT-L but not AIT-M decreased incubated Meth seeking. Next, we tested the hypothesis that 100 

synergetic activation of AIT-L→DMS glutamatergic projections (Fremeau et al., 2001; Fremeau et al., 2004) 101 

and local D1Rs in DMS control incubated Meth seeking. We used a variation of a reversible asymmetric 102 

pharmacological inactivation procedure in which the glutamatergic cell bodies (e.g., AIT-L) are unilaterally 103 

inhibited by muscimol+baclofen and postsynaptic dopamine receptors in the target projection area are 104 

blocked in either the ipsilateral or contralateral hemisphere by a dopamine receptor antagonist (Bossert et 105 

al., 2012; Jenni et al., 2017). Because both ipsilateral and contralateral inactivation of the AIT-L→DMS 106 

projections decreased incubated Meth craving, we also tested the effect of unilateral inactivation of AIT-L 107 

and unilateral D1Rs blockade in DMS on incubated Meth seeking. Finally, to determine whether the role of 108 

AIT-L→DMS in Meth seeking is specific to incubated Meth seeking, we tested the effect of contralateral 109 

disconnection of AIT-L→DMS projections on non-incubated Meth seeking on withdrawal day 1.  110 

Material and Methods 111 

Subjects  112 

We used male Sprague-Dawley rats (Charles River, total n=284), weighing 300-350 g prior to surgery 113 

and 325-375 g at the start of the drug self-administration procedure; we maintained the rats under a reverse 114 

12:12 h light/dark cycle (lights on at 8 p.m., off at 8 a.m.) with food and water freely available. 115 

We housed two rats per cage prior to surgery and then individually after surgery. We performed the 116 

experiments in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory 117 

Animals (8th edition), under the protocols approved by the Animal Care and Use Committee. We 118 

excluded rats due to failure of catheter patency (Exp. 3, n=1), cannula blockage (Exp. 3, n=1), incorrect 119 

cannula placements (Pilot food study, n=1; Exp. 2, n=24; Exp. 3, n=32; Disconnection food study, n=4, Exp. 120 

4, n=11; Exp. 5: n=10), incorrect CTb injections (Exp. 1, n=11), failure to acquire reliable Meth self-121 
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administration (Exp. 2, n=10; Exp. 3, n=2; Exp. 4, n=3; Exp. 5: n=1), or health-related issues (Exp. 1, n=1; 122 

Pilot food study, n=1; Exp. 2, n=4; Exp. 3, n=12; Exp. 4, n=8; Exp. 5: n=2). 123 

Intravenous surgery  124 

We anesthetized the rats with isoflurane gas (5% induction; 2-3% maintenance) and 125 

inserted silastic catheters into the rats’ jugular vein, as previously described (Lu et al., 2007; Bossert et al., 126 

2009; Theberge et al., 2013). We injected the rats with ketoprofen (2.5 mg/kg, s.c.) after surgery to relieve 127 

pain and inflammation and allowed the rats to recover for 5-7 days before Meth self-administration training. 128 

During the recovery and training phases, we flushed the catheters every 24-48 h with gentamicin (APP 129 

Pharmaceuticals; 4.25 mg/mL) dissolved in sterile saline.   130 

CTb injection into DMS 131 

On withdrawal day 15, we injected CTb (List Biological Laboratories) into DMS. We injected 80 nl of 132 

1% CTb unilaterally into DMS over 4 min with the needle left in place for an additional 2 min (Marchant et al., 133 

2009; Marchant et al., 2014; Marchant et al., 2016). We counterbalanced our injections into either the left or 134 

right hemisphere and used a 1.0 μl, 32-gauge Neuros syringe (Hamilton) attached 135 

to UltraMicroPump (UMP3) with SYS-Micro4 Controller (World Precision Instruments). The 136 

coordinates for DMS were anteroposterior (AP), +1.2 mm; mediolateral (ML), ±2.4 mm (8°angle); 137 

dorsoventral (DV), -5.3 mm. These coordinates are based on our previous studies (Bossert et al., 2009; Li et 138 

al., 2015b).  139 

Intracranial surgery  140 

We implanted guide cannulas (23 gauge; Plastics One) 1.7 mm above the AIT-L and AIT-M, and 1.0 mm 141 

above DMS. We set the nose bar at -3.3 mm and used the following coordinates from Bregma:  AIT-L: AP, -142 

2.7 mm; ML, ±1.8 mm (8°angle); DV, -5.3 mm; AIT-M: AP, -2.7 mm, ML, ±2.4 mm (30°angle); DV, -6.2 mm; 143 

and DMS: AP, +1.2 mm; ML, ±2.4 mm (8°angle); DV, -4.3 mm. We implanted bilateral cannulas into AIT-L 144 

and DMS, and a single cannula into the AIT-M because of its medial location. We anchored the cannulas to 145 

the skull with jeweler’s screws and dental cement. We used the above coordinates based on previous 146 

studies (Porter et al., 2001; Newman and Mair, 2007; Mair and Hembrook, 2008; Bossert et al., 2009; Li et 147 

al., 2015b).  148 

Intracranial injections  149 
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We dissolved muscimol+baclofen (Tocris), or SCH23390 (Tocris) in sterile saline and injected the drugs 150 

15 min before starting the relapse test sessions. The doses of muscimol+baclofen (3+15 ng in 0.3 μl/side) 151 

are based on an initial food self-administration study (see below). The dose of SCH23390 (0.75 μg in 152 

0.5 μl/side) is based on our previous studies (Bossert et al., 2009; Li et al., 2015b). The injectors extended 153 

1.7 mm or 1.0 mm below the tips of the guide cannulas for AIT and DMS, respectively. We injected vehicle 154 

(saline) or drug at a rate of 0.5 μl/min and left the injectors in place for an additional minute to allow 155 

diffusion. We connected the syringe pump (Harvard Apparatus) to 10 μl Hamilton syringes and attached the 156 

Hamilton syringes to the 30-gauge injectors via polyethylene-50 tubing. After testing, we extracted the 157 

rats’ brains and stored them in 10% formalin. We sectioned the rat brains (50 μm sections) using a Leica 158 

cryostat and stained the sections with cresyl violet. Finally, we verified cannula placements under a light 159 

microscope.    160 

Apparatus  161 

We trained the rats in self-administration chambers located inside sound-attenuating cabinets and 162 

controlled by a Med Associates (Georgia, VT) system. Each chamber had two levers located 8-9 cm above 163 

the floor. During self-administration training, presses on the retractable (active) lever activated the infusion 164 

pump (which delivered a Meth infusion, see specific experiments); presses on the stationary (inactive) lever 165 

were not reinforced. For intravenous infusions, we connected each rat’s catheter to a liquid swivel (Instech) 166 

via polyethylene-50 tubing, protected by a metal spring. We then attached the liquid swivel to a 20-ml syringe 167 

via polyethylene-50 tubing and to a 22-gauge modified cannula (Plastics One).   168 

Food self-administration training   169 

We trained the rats to self-administer food pellets (Test Diet; Cat# 1811155) for 1 h per day during either 170 

the beginning (Exp. 2) or the middle (Exp. 3) of their dark cycle, under an FR1 20-s timeout reinforcement 171 

schedule; pellet delivery was paired with a 5-s light cue. To increase rats’ motivation to press for the food 172 

pellets, we restricted their diet in home cage to 20 g/d and fed them after they finished the food self-173 

administration session. Additionally, to facilitate acquisition of food self-administration, we gave 1-h 174 

magazine training before the operant training during the first 2 training days. During magazine training, we 175 

presented the food pellets to the rats every 5 min; pellet delivery was paired with the 5-s light cue.  176 

Meth self-administration training  177 



 

7 
 

We used an extended access training procedure based on our previous studies (Li et al., 2015a; Li et al., 178 

2015b). We trained the rats to self-administer Meth for 6 h per day (two 3-h sessions separated by 30 min or 179 

one 6-h session) under a fixed-ratio-1 (FR-1) 20-s timeout reinforcement schedule. We dissolved Meth in 180 

saline, and the rats self-administered Meth at a dose of 0.1 mg/kg/infusion over 3.5 s (0.1 ml/infusion). We 181 

trained the rats for 10 sessions over a 11-day period (one off-day after the 4th or 5th training day) to prevent 182 

loss of body weight during the training phase. [Note: Meth-trained rats lost about 10-15 g after 4 or 5 days of 183 

training and regained the lost weight during the off day (data not shown)].   184 

The daily training sessions started at the onset of the dark cycle. The sessions began with the extension 185 

of the active lever and the illumination of the red house light, which remained on for the duration of each 186 

session. During training, active lever presses led to the delivery of a Meth infusion and a compound 5-s tone-187 

light cue (the tone and light modules [Med Associates] were located above the active lever). During the 20-s 188 

timeout, we recorded non-reinforced active lever presses. To prevent overdose, we set the maximal number 189 

of daily drug intake to less than 90 infusions. The red house light was turned off and the active lever 190 

retracted after the rats received the maximal infusions or at the end of each session. The training data 191 

from Exp. 1-5 are described in Fig. 1.  192 

Withdrawal phase  193 

During this phase, we housed the rats individually in the animal facility and handled them 3-4 times per 194 

week.  195 

Relapse tests  196 

We conducted all relapse tests immediately after the onset of the dark cycle. The sessions began with 197 

the extension of the active lever and the illumination of the red house light, which remained on for the 198 

duration of the session. Active lever presses during testing [(the operational measure of drug seeking in 199 

incubation of craving and relapse/reinstatement studies (Shalev et al., 2002; Lu et al., 2004; Pickens et al., 200 

2011)] resulted in contingent presentations of the tone-light cue, previously paired with Meth infusions, but 201 

not the drug itself (i.e., under extinction conditions).  202 

Immunohistochemistry  203 

Immediately after the relapse tests on withdrawal day 30, we anesthetized the rats with isoflurane and 204 

perfused them transcardially with ~100 ml of 0.1M sodium phosphate (PBS) followed by 400 ml of 4% 205 

paraformaldehyde (PFA) in PBS. We extracted the brains and postfixed them in 4% PFA for 2 h, then 206 
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transferred them to 30% sucrose in PBS for 48 h at 4 ºC. We froze the brains on dry ice before sectioning. 207 

We cut serial coronal sections (40 μm) using a Leica Microsystems cryostat and preserved the sections 208 

in cryoprotectant (20% glycerol and 2% DMSO in PBS, pH 7.4).  209 

CTb+Fos double-labeling   210 

We processed a 1-in-5 series of sections from PFC (dmPFC and vmPFC), AI, DMS, BLA, AIT-L, AIT-M, 211 

and Pf from each rat for immunochemical detection of CTb and Fos. We repeatedly rinsed free-floating 212 

sections in PBS (3 x 10 min washes) and incubated them for 1 h in 10% normal horse serum (NHS) in PBS 213 

with 0.5% Triton X-100 (PBS-Tx). We then incubated all sections for at least 48 h at 4°C in goat anti-214 

CTb primary antibody (703, 1:5000, List Biological Laboratories, RRID: AB_10013220) and rabbit anti-c-215 

Fos primary antibody (5348, 1:2000, Cell Signaling, MA, RRID: AB_10557109) diluted in 2% NHS in PBS-216 

TX. We washed off unbound primary antibodies with PBS and incubated the sections with donkey anti-goat 217 

Alexa Fluor 488 (705-545-147, 1:2000; Jackson ImmunoResearch, RRID: AB_2336933) and donkey anti-218 

rabbit Alexa Fluor 594 (705-585-147; 1:2000; Jackson ImmunoResearch, RRID: AB_2336933) for 2-4 h in 219 

2% NHS in PBS-TX. We then rinsed sections in PBS, mounted onto gelatin-coated glass slides, air-dried, 220 

and cover-slipped with Mowiol (Millipore). 221 

Image acquisition and neuronal quantification 222 

We digitally captured dark-field images of immunoreactive (IR) cells in the different brain areas using 223 

an EXi Aqua camera (QImaging) attached to a Zeiss Axio Scope 2, Axio Imager M2. We captured and 224 

analyzed the images using iVision (Biovision) at 10X magnification in a blind manner (inter-rater reliability 225 

between X.L. and F.S.: r=0.83, p<0.05). We identified CTb-IR neurons with fluorescent cytoplasm using the 226 

YFP filter and Fos-IR neurons with fluorescent nuclei using the RFP filter. For each rat, we quantified cells in 227 

the same hemisphere as the CTb injection (ipsilateral). We analyzed four sections/brain area using the 228 

following Bregma coordinates: dmPFC and vmPFC (+3.72 to +2.76 mm), AI (+3.72 to +2.76 mm), BLA (-2.04 229 

to -2.52 mm), AIT-L and AIT-M (-2.28 to -3.48 mm). For Pf (-4.08 mm to -4.36 mm), we analyzed 1-2 230 

sections per rat due to technical reasons related to the fact that we did not originally plan to analyze this 231 

brain region and terminated the collection of the brain sections ~1 mm posterior to the AIT.  232 

Experimental design and statistical analysis 233 

Exp. 1: Effect of incubated Meth seeking on Fos protein expression in afferent projections to DMS  234 
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The goal of Exp.1 was to identify critical afferent projections into DMS that are associated 235 

with incubated Meth seeking after prolonged withdrawal. We performed intravenous surgeries on 2 groups of 236 

rats (n=10) and trained them for Meth self-administration for 10 days. To demonstrate that incubation had 237 

occurred under the experimental parameters of Exp. 1-4, we tested one group of rats (n=5) for relapse in a 2-238 

h session on withdrawal day 1, and this group later served as the No-test group on withdrawal day 30 (see 239 

below). Next, we injected CTb unilaterally into the DMS to all rats on withdrawal day 15. On withdrawal 240 

day 30, we tested the rats for relapse (Relapse test; n=5) or did not test them (No test; n=5). We 241 

anesthetized the rats, perfused them, and extracted the brains of the rats from the Relapse-test group 242 

immediately after the 2-h test session. During the same time, we also perfused and extracted the brains of 243 

the rats from the No-test group, which we brought to the perfusion room directly from their home cage. We 244 

measured CTb and Fos protein in the dmPFC, vmPFC, AI, BLA, AIT-L, AIT-M, and Pf. For the analysis 245 

of Fos, CTb, and double-labeling of Fos+CTb, we used an experimental design that included the between-246 

subject factor of Test condition (No test, Relapse test).  247 

Exp. 2: Effect of AIT-L or AIT-M inactivation on incubation of Meth craving 248 

The goal of Exp. 2 was to examine whether AIT-L, AIT-M or both play a causal role in incubation of Meth 249 

craving. In our pilot studies, we found that bilateral AIT-L inactivation by muscimol+baclofen at a dose 250 

of 3+64 ng in 0.3 μl/side [a ‘standard’ dose used in our previous study (Li et al., 2015a) and many other 251 

studies in many brain regions (McFarland and Kalivas, 2001; Peters et al., 2008)] significantly impaired high-252 

rate operant responding for food due to motor deficits (data not shown). Therefore, we first examined the 253 

effect of bilateral AIT-L inactivation with ascending doses of muscimol+baclofen (1+5, 2+10, 3+15 and 3+20 254 

ng /0.3 μl/side) on food self-administration. We implanted the rats with bilateral guide cannulas 1.7 mm 255 

above AIT-L (n=7) and used a within-subject experimental design. We conducted all the training and test 256 

sessions for the food study at the beginning of the dark cycle. Briefly, we trained the rats to lever press 257 

for food pellets for 5 days (1 h/d) before their first test. On the test days, we injected them with either vehicle 258 

or different doses of muscimol+baclofen (as described above) 15 min before the 1-h food self-administration 259 

session. For each dose, we counterbalanced the order of vehicle and muscimol+baclofen injections. We 260 

measured the number of food pellets during the test. We retrained rats to self-administer food pellets for one 261 

or two days (1 h/d) in between test days to ensure their responding was comparable with their pre-test level 262 
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before the next test. Based on the data from this pilot study (see Results), we determined the maximum 263 

dose (3+15 ng /0.3 μl/side) that can be used in Exp. 2 without causing motor deficits.   264 

For Exp. 2, we performed intravenous surgeries on 4 groups of rats (n=32) and implanted them with 265 

bilateral guide cannulas 1.7 mm above AIT-L or a single guide cannula 1.7 mm above AIT-M. We determined 266 

the effect of reversible inactivation of the AIT sub-regions on Meth seeking after 30 withdrawal days. We 267 

performed all intracranial injections 15 min before the 3-h relapse tests. For the AIT-L groups, we injected 268 

vehicle (n=8) or muscimol+baclofen (n=9) bilaterally. For the AIT-M inactivation group, we injected vehicle 269 

(n=7) or muscimol+baclofen (n=8) via a single cannula.   270 

Exp. 3: Effect of ipsilateral and contralateral disconnection of DMS and AIT-L on incubation of Meth craving  271 

The goal of Exp. 3 was to determine whether synergetic activation of the AIT→DMS 272 

glutamatergic projections and DMS D1Rs plays a role in incubation of Meth craving (see Introduction). We 273 

performed intravenous surgeries on 4 groups of rats (total n=39) and implanted each rat with two unilateral 274 

cannulas 1 mm above DMS and 1.7 mm above AIT-L, respectively. These two unilateral cannulas were 275 

either in the same hemisphere (ipsilateral) or in the opposite hemisphere (contralateral). We 276 

counterbalanced the left and right hemisphere for cannula implantation in Exp. 3 (and Exp. 4-5). We then 277 

trained the rats for Meth self-administration in 4 independent runs and used a 2x2 between-subjects factorial 278 

design of drug condition (vehicle versus SCH23390 & muscimol+baclofen) x disconnection condition 279 

(ipsilateral versus contralateral). We determined the effect of ipsilateral and contralateral 280 

disconnection of DMS and AIT-L on Meth seeking after 30 withdrawal days. We performed all intracranial 281 

injections 15 min before the 3-h relapse tests. For the two vehicle groups (n=18), we injected vehicle into 282 

DMS and AIT-L and combined these two groups [ipsilateral (n=9) or contralateral (n=9) injections] for the 283 

statistical analysis. For the ipsilateral group (n=10), we injected SCH23390 unilaterally into DMS of one 284 

hemisphere and muscimol+baclofen unilaterally into AIT-L of the same hemisphere. For the contralateral 285 

disconnection group (n=11), we injected SCH23390 unilaterally into DMS of one hemisphere and 286 

muscimol+baclofen unilaterally into AIT-L of the opposite hemisphere.   287 

To examine whether ipsilateral or contralateral disconnection of AIT→DMS projections causes motor 288 

deficits (assessed by ongoing food self-administration), we implanted cannulas into an independent cohort of 289 

rats (n=6; bilateral cannula 1 mm above DMS and unilateral cannula 1.7 mm above AIT-L) and we used a 290 

within-subject experimental design. We conducted all the training and test sessions for the food study 6 to 8 291 
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h after the onset of the dark cycle. We trained the rats to lever press for food pellets for 5 days (1 h/d) before 292 

their first test. During the first set of tests, we injected them with vehicle or drug (SCH23390 unilaterally into 293 

DMS, muscimol+baclofen unilaterally into contralateral AIT-L) 15 min before the 1-h food self-administration 294 

session. During the second set of tests, we injected them with vehicle or drug (SCH23390 unilaterally into 295 

DMS, muscimol+baclofen unilaterally into ipsilateral AIT-L) 15 min before the 1-h food self-administration 296 

session. We counterbalanced the order of vehicle and muscimol+baclofen injections on two separate test 297 

days. We measured the number of food pellets during the test. We retrained the rats to self-administer food 298 

pellets for one or two days (1 h/d) in between the test days to ensure their responding was comparable with 299 

pre-test level before the next test.     300 

Exp. 4: Effect of unilateral inactivation of DMS or AIT-L on incubation of Meth craving  301 

In Exp. 3, we found that both the ipsilateral and contralateral disconnection manipulations decreased 302 

incubated Meth seeking after 30 withdrawal days. Based on these results, the goal of Exp. 4 was to rule out 303 

the possibility that unilateral inactivation of DMS or AIT-L is sufficient to decrease incubation of Meth craving. 304 

We performed intravenous surgeries on 4 groups of rats (total n=34) and implanted each rat with bilateral 305 

cannulas 1 mm above DMS or 1.7 mm above AIT-L, respectively. We then trained the rats for Meth self-306 

administration and determined the effect of unilateral inactivation of DMS or AIT-L on Meth seeking after 30 307 

withdrawal days. We performed all intracranial injections 15 min before the 3-h relapse tests. For the two 308 

vehicle groups (n=16), we injected vehicle bilaterally into DMS (n=8) or AIT-L (n=8). For the drug group, we 309 

injected either SCH23390 unilaterally into DMS (n=9) or muscimol+baclofen unilaterally into AIT-L (n=9), and 310 

the opposite hemisphere received a vehicle injection. For each brain area, we used an experimental design 311 

that included between-subjects factor of drug condition (vehicle versus SCH23390 or muscimol+baclofen. 312 

Exp. 5: Effect of contralateral disconnection of AIT-L→DMS projections on Meth seeking on withdrawal day 1 313 

The goal of Exp. 5 was to determine whether AIT-L→DMS projections play a specific role in incubated 314 

Meth seeking after prolonged withdrawal (day 30) versus a general time-independent role in Meth seeking. 315 

We performed intravenous surgeries on 2 groups of rats (total n=17) and implanted each rat with two 316 

unilateral cannulas 1 mm above DMS and 1.7 mm above AIT-L, respectively. These two unilateral cannulas 317 

were in the opposite hemisphere (contralateral). Next, we trained the rats for Meth self-administration and 318 

then determined the effect of contralateral disconnection of DMS and AIT-L on Meth seeking on withdrawal 319 

day 1. We performed all intracranial injections 15 min before the 3-h relapse tests. We used a between-320 
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subjects factorial design that included the factor of Drug condition (vehicle versus SCH23390 321 

& muscimol+baclofen). For the vehicle group (n=7), we injected vehicle into DMS and AIT-L. For the 322 

contralateral disconnection group (n=10), we injected SCH23390 unilaterally into DMS of one hemisphere 323 

and muscimol+baclofen unilaterally into AIT-L of the opposite hemisphere.   324 

Statistical analysis  325 

We analyzed the behavioral and anatomical data with SPSS (version 24) using factorial ANOVAs. We 326 

followed significant interaction or main effects (p<0.05) with Fisher PLSD post-hoc tests. We indicate the 327 

between- and within-subject factors of the different analyses in the Results section.  328 

Results 329 

Meth self-administration (Exp. 1-5, Fig. 1A-E)  330 

As in our previous studies (Li et al., 2015a; Li et al., 2015b), during the training phase the rats 331 

demonstrated reliable escalation of Meth self-administration and a strong preference for the Meth-paired 332 

active lever over the inactive lever.  333 

Exp. 1: Effect of incubated Meth seeking on Fos expression in afferent projections to DMS 334 

The goal of Exp. 1 was to identify activated projections into DMS during Meth seeking after prolonged 335 

withdrawal. For this purpose, we measured the double-labeling of retrograde tracer CTb and Fos in several 336 

projection areas after the relapse test on withdrawal day 30.  337 

Relapse tests (Fig. 2C and 2D): Meth seeking in the relapse tests was higher after 30 withdrawal days 338 

than after 1 day, demonstrating “incubation of Meth craving” under our experimental conditions. We analyzed 339 

the data with the between-subjects factor of Withdrawal day (Day 1, Day 30) and within-subjects factor of 340 

Lever (active lever, inactive lever). We observed a significant interaction between the two factors 341 

(F1,8=36.0, p<0.001, Fig. 2C). Analysis of the time course (30 min interval) of lever presses showed a 342 

significant triple interaction between Withdrawal day, Session minutes, and Lever (F3,24=8.4, p=0.001, Fig. 343 

2D).   344 

Fos data (Fig. 2E): Exposure to the relapse test on withdrawal day 30 was associated with a significant 345 

increase in Fos expression in dmPFC, vmPFC, AI, BLA, and AIT-L, but not AIT-M or Pf. The ANOVA of each 346 

brain region showed a significant effect of test condition for dmPFC (F1,9=21.2, p=0.002), vmPFC (F1,9=7.3, 347 
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p=0.027), AI (F1,9=233.8, p<0.001), BLA (F1,9=11.7, p=0.009), and AIT-L (F1,9=25.4, p=0.001). The effect of 348 

test condition for AIT-M (F1,9=4.6, p=0.063) and Pf (F1,9=2.3, p=0.165) was not statistically significant. 349 

CTb and CTb+Fos data (Fig. 2F and 2G): We observed no differences in total number of CTb-IR cells 350 

between the groups across brain regions (p values>0.05, Fig. 2F). Analysis of CTb+Fos-IR double-351 

labeled cells (Fig. 2G) showed a significant test condition effect for AIT-L (F1,9=9.5, p=0.015) and AIT-352 

M (F1,9=5.9, p=0.041), but not for dmPFC (F1,9=4.3, p=0.073), vmPFC (F1,9=2.9, p=0.126), BLA (F1,9=1.0, 353 

p=0.359) or Pf (F1,9=0.6, p=0.817). We did not perform statistical analysis on the AI double-labeling data 354 

because the number of double-labeled neurons was too low (zero in No-test group and 1-2 neurons in 355 

Relapse test group) for a meaningful statistical analysis.  356 

In summary, the data in Exp. 1 demonstrated that all brain regions examined except for AIT-M and Pf 357 

were activated during the test for incubated Meth seeking. More importantly, the CTb+Fos double-labeling 358 

data showed that incubated Meth seeking was associated with selective activation of AIT-L and AIT-M 359 

neurons that project to DMS.   360 

Exp. 2: Effect of AIT-L or AIT-M inactivation on incubation of Meth craving   361 

The goal of Exp. 2 was to determine whether AIT-L, AIT-M, or both play a causal role in incubated Meth 362 

seeking. For this purpose, we first examined the effect of bilateral inactivation of AIT-L of ascending doses 363 

of muscimol+baclofen (1+5, 2+10, 3+15 and 3+20 ng/0.3 μl/side) on food self-administration, and determined 364 

the maximum AIT-L injection dose of muscimol+baclofen that can be used in Exp. 2 without causing motor 365 

deficits. Then, we measured Meth seeking after 30 withdrawal days after injections of vehicle or 366 

muscimol+baclofen into the two AIT sub-regions.   367 

 Effect of AIT-L inactivation on food self-administration (Extended Fig. 3-1): We found that AIT-L 368 

injection doses of muscimol+baclofen up to 3+15 ng/0.3 μl/side had no effect on operant responding for 369 

food. The number of pellets (mean±SEM) during the 1-h test session after vehicle or different doses of 370 

muscimol+baclofen, respectively, were 70±10 and 93±15 (1+5 ng/0.3 μl/side; F1,6=3.3, p=0.118), 92±20 371 

and 112±13 (2+10 ng/0.3 μl/side; F1,6=1.2, p=0.319), and 129±21 and 122±14 (3+15 ng/0.3 μl/side; 372 

F1,6=0.2, p=0.697). However, the dose of muscimol+baclofen at 3+20 ng /0.3 μl/side eliminated the food 373 

self-administration behavior in two rats, due to observed sedative effects. Based on these observations, 374 

we chose the dose of 3+15 ng/0.3 μl/side for Exp. 2.  375 
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Relapse tests (Fig. 3B and 3C): Muscimol+baclofen injections into AIT-L, but not AIT-M, decreased Meth 376 

seeking after 30 withdrawal days. The analysis, which included the between-subjects factor of Drug dose 377 

(muscimol+baclofen: 0, 3+15 ng/side) and the within-subjects factor of Lever (active lever, inactive lever), 378 

showed a main effect of drug dose for AIT-L (F1,15=7.1, p=0.018) but not AIT-M (F1,13=0.3, p=0.571), and a 379 

main effect of Lever for both AIT-L (F1, 15=29.6, p<0.001) and AIT-M (F1, 13=64.1, p<0.001), but no significant 380 

interaction between the two factors (AIT-L: F1,15=4.3, p=0.057; AIT-M: F1,13=0.0, p=0.99). We also analyzed 381 

the time course (1-h interval) of lever presses by using the between-subjects factor of Drug dose, and the 382 

within-subject factors of Lever and Session hour (1 h, 2 h, 3 h). We observed a significant triple interaction 383 

(Drug dose x Lever x Session hour) for AIT-L groups (F2,30=15.9; p<0.001, Fig. 3B) but not AIT-M (F2,26=0.3, 384 

p=0.755, Fig. 3C). The time course analyses also showed a significant interaction between Drug dose x 385 

Session hour for AIT-L (F2,30=14.0; p<0.001) but not AIT-M (p=0.994). We indicate Fisher PLSD post-hoc 386 

group differences in Fig. 3B and 3C. Finally, we analyzed the data of the rats excluded due to cannulas’ 387 

misplacement. There were no significant group differences between the excluded vehicle (n=11) and 388 

excluded muscimol+baclofen (n=13) rats: means±SEM 118±38 versus 172±32 active lever presses/3 h, 389 

respectively.    390 

In summary, the data in Exp. 2 indicate that reversible inactivation of AIT-L, but not AIT-M, decreased 391 

incubated Meth seeking after prolonged withdrawal.  392 

Exp. 3: Effect of ipsilateral and contralateral disconnection of DMS and AIT-L on incubation of Meth craving  393 

The goal of Exp. 3 was to determine whether synergetic activation of the AIT→DMS glutamatergic 394 

projections and DMS D1Rs plays a role in incubation of Meth craving (see Introduction). For this purpose, we 395 

used a variation of a reversible asymmetric pharmacological inactivation procedure in which we inhibited the 396 

glutamatergic cell bodies in AIT-L unilaterally using muscimol+baclofen and simultaneously inhibit 397 

postsynaptic D1Rs in DMS by SCH23390 in either the ipsilateral or contralateral hemisphere.  398 

Relapse tests (Fig. 4B and 4C): Both contralateral and ipsilateral disconnection of AIT-L (unilateral 399 

injection of muscimol+baclofen) and DMS (unilateral injection of SCH23390) decreased Meth seeking after 400 

30 withdrawal days. The analysis, which included the between-subjects factor of Group [vehicle (ipsilateral 401 

and contralateral combined), ipsilateral disconnection, contralateral disconnection] and the within-subjects 402 

factor of Lever, showed a significant interaction between the two factors (F2,36=4.6, p=0.017; Fig. 4B). 403 

We also analyzed the time course (1-h interval) of lever presses by using the between-subjects factor of 404 
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Group, and the within-subject factors of Lever and Session hour. We observed a significant 405 

interaction between the three factors (F4,72=3.2, p=0.017; Fig. 4C) and a significant interaction between 406 

Group and Session hour (F4,72=3.9; p=0.006). We indicated Fisher PLSD post-hoc group differences in 407 

Fig.4C. Finally, we also analyzed the data of the rats excluded due to cannulas’ misplacement. There were 408 

no significant group differences between the excluded vehicle (n=8) and excluded SCH23390 & 409 

muscimol+baclofen (n=24) rats: means±SEM 119±31 versus 130±17 active lever presses/3 h, 410 

respectively.     411 

In summary, the data in Exp. 3 indicate that the AIT-L→DMS projections play a critical role in incubation 412 

of Meth craving. Several factors may contribute to the similar effect of contralateral and ipsilateral AIT-413 

L→DMS disconnection on incubated Meth seeking (see Discussion). One possibility is that contralateral or 414 

ipsilateral AIT-L→DMS disconnection causes motor deficits. However, we found that neither contralateral nor 415 

ipsilateral AIT-L→DMS disconnection impaired food self-administration. The number of food pellets 416 

(means±SEM) during the 1-h test session were 143±5 and 150±9 after vehicle injection, and 126±11 and 417 

147±5 after muscimol+baclofen injections for the contralateral (F1,5=1.9, p=0.226) and ipsilateral (F1,5 =0.1, 418 

p=0.756) inactivation manipulations, respectively (Extended Fig. 4-1). Another possibility is that unilateral 419 

inactivation of DMS or AIT-L is sufficient to decrease incubated Meth seeking. To test this possibility, we 420 

performed Exp. 4.   421 

Exp. 4: Effect of unilateral inactivation of DMS or AIT-L on incubation of Meth craving  422 

The goal of Exp. 4 was to determine whether unilateral inactivation of DMS or AIT-L is sufficient to 423 

decrease incubated Meth seeking after prolonged withdrawal. For this purpose, we measured Meth seeking 424 

during relapse tests after 30 withdrawal days after unilateral injection of vehicle or SCH23390 into DMS 425 

or vehicle or muscimol+baclofen into AIT-L in 4 groups of rats.   426 

Relapse tests (Fig. 5B and 5C): Neither unilateral inactivation of AIT-L or DMS had any effect on 427 

incubated Meth seeking after 30 withdrawal days. The statistical analysis, which included the between-428 

subjects factor of the Drug dose (muscimol+baclofen: 0, 3+15 ng/side; or SCH23390: 0, 0.75 μg/side) and 429 

the within-subjects factor of Lever, showed a significant effect of Lever (AIT-L: F1,15=44.6, p<0.001; DMS: 430 

F1,15=102.8 p<0.001) but no effects of the Drug dose (AIT-L: F1,15=0.0, p=0.88; DMS: F1,15=0.1, p=0.72) or an 431 

interaction between the two factors (p values>0.1). The analysis of the time course data, using the between-432 
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subjects factor of Drug dose, and the within-subjects factors of Lever and Session hour, did not show 433 

significant interactions between the two factors (p values>0.1). 434 

In summary, the data in Exp. 4 showed that unilateral inactivation of AIT-L or D1R blockade of DMS had 435 

no effect on incubated Meth seeking.  436 

Exp. 5: Effect of contralateral disconnection of AIT-L→DMS projections on Meth seeking on withdrawal day 1 437 

The goal of Exp. 5 was to determine whether AIT-L→DMS projections play a specific role in incubated 438 

Meth seeking after prolonged withdrawal (day 30) versus a general time-independent role in Meth seeking. 439 

For this purpose, we used the asymmetric pharmacological inactivation procedure (as described in Exp. 3) 440 

and examined the effect of contralateral disconnection of the AIT-L→DMS projection on non-incubated Meth 441 

seeking on withdrawal day 1 (see Fig. 2B).  442 

Relapse tests (Fig. 6B and 6C): Contralateral disconnection of AIT-L→DMS projections had no effect on 443 

Meth seeking on withdrawal day 1. The statistical analysis, which included the between-subjects factor of the 444 

Drug dose [vehicle versus SCH23390 (0.75 μg/side) & muscimol+baclofen (3+15 ng/side)] and the within-445 

subjects factor of Lever, showed a significant effect of Lever (F1,15=15.4, p<0.001) but no effect of Drug dose 446 

(F1,15=0.7, p=0.789) or an interaction between the two factors (F1,15=0.2, p=0.637). The analysis of the time 447 

course data, using the between-subjects factor of Drug dose, and the within-subjects factors of Lever and 448 

Session hour showed significant main effects of Session hour (F2,30=11.3, p<0.001) and Lever (F1,15=9.4, 449 

p=0.008) but not of Drug dose or interactions between the different factors (p values>0.1). 450 

In summary, the data in Exp. 5 showed that contralateral disconnection of AIT-L→DMS projections had 451 

no effect on non-incubated Meth seeking on withdrawal day 1. Taken together with the results of Exp. 3, 452 

these results demonstrate a specific role of AIT-L→DMS projections on incubated Meth seeking after 453 

prolonged withdrawal.  454 

Discussion 455 

We studied the role of afferent glutamatergic projections into DMS and their interaction with local D1R-456 

mediated neurotransmission in incubation of Meth craving. We report three major findings. First, Meth 457 

seeking after prolonged withdrawal (30 days) was associated with selective activation (assessed by double-458 

labeling of CTb+Fos) of the AIT-L→DMS and AIT-M→DMS projections. Second, muscimol+baclofen 459 

injections into AIT-L but not AIT-M decreased incubated Meth seeking. Third, ipsilateral or contralateral 460 

disconnection of the AIT-L→DMS projection (inhibition of AIT-L cell bodies with muscimol+baclofen in one 461 
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hemisphere plus blockade D1R in DMS with SCH23390 in either the contralateral of ipsilateral hemisphere) 462 

decreased the incubated drug-seeking response. In contrast, unilateral muscimol+baclofen injection into AIT-463 

L or unilateral SCH23390 injection into DMS had no effect on incubated drug seeking. Finally, contralateral 464 

disconnection of AIT-L→DMS projection had no effect on non-incubated Meth seeking on withdrawal day 1. 465 

Based on these findings, we propose that an interaction between AIT-L glutamatergic projections and local 466 

D1R-mediated transmission in DMS is critical to incubation of Meth craving.  467 

Methodological considerations 468 

One issue is that the effect of the pharmacological manipulations was due to motor deficits. This 469 

possibility is unlikely, because neither AIT-L inactivation nor AIT-L→DMS disconnection decreased high-rate 470 

food-reinforced responding (Extended Fig. 3-4); additionally, AIT-L→DMS contralateral disconnection had no 471 

effect on Meth seeking on withdrawal day 1. A second issue is the anatomical specificity of the AIT-L 472 

intracranial injections due to muscimol+baclofen diffusion to adjacent sites (e.g., mediodorsal thalamus). This 473 

possibility cannot be ruled out but we believe that it is relatively unlikely, because we found that 474 

muscimol+baclofen injections that missed the AIT-L or drug mixture injections that selectively targeted the 475 

AIT-M had no effect on incubated Meth seeking. A third issue is the degree to which the role of AIT-L→DMS 476 

projection is selective to incubated Meth seeking after prolonged withdrawal or whether this projection also 477 

plays a role in non-incubated Meth seeking during early withdrawal. The observation that disconnection of 478 

the AIT-L→DMS projection had no effect on Meth seeking on withdrawal day 1 suggests a selective role of 479 

this projection in incubated Meth seeking.  480 

A fourth issue is the role of the AIT-M and AIT-M→DMS projection in incubation of Meth craving. In this 481 

regard, we did not perform a pilot dose-response study to determine the optimal dose for inactivating AIT-M 482 

by muscimol+baclofen without impairing operant responding. Therefore, our negative data on the effect of 483 

bilateral AIT-M inactivation (Fig. 3) do not rule out a potential role of AIT-M in this incubation. Additionally, we 484 

did not test the role of this projection in incubated Meth seeking on withdrawal day 30. Thus, the role of the 485 

AIT-M→DMS projection in incubation of Meth craving is unknown. Another issue is the role of other DMS 486 

afferent projections in this incubation. The Fos-CTb double-labeling data in Exp.2 were negative but negative 487 

data with Fos as the neuronal activity marker do not rule out a critical role of a given brain area and its 488 

projections in behavior. Thus, a question for future studies is whether the other DMS projections, which were 489 

not activated in our anatomical tracing study, would also play a role in incubation of Meth craving.  490 
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Perhaps the main issue in our study is how to interpret the similar inhibitory effect of the contralateral and 491 

ipsilateral disconnection of the AIT-L→DMS projections. The classic asymmetrical disconnection procedure 492 

is based on the premise that neuronal projections are primarily ipsilateral and that learned behaviors can be 493 

maintained by the intact hemisphere (Gaffan et al., 1993; Floresco et al., 1997; Setlow et al., 2002). 494 

Therefore, a role of a putative serial neuronal pathway in learned behaviors is inferred when behavior is 495 

disrupted by the contralateral but not the ipsilateral manipulation (Gaffan et al., 1993; Setlow et al., 2002). 496 

However, we found that ipsilateral manipulations of AIT-L→DMS projections also decreased incubated Meth 497 

seeking, a pattern of results that is in agreement with previous studies showing that contralateral and 498 

ipsilateral disconnections of cortico-striatal, hippocampal-striatal, or cortico-amygdala projections had similar 499 

effects on drug seeking (Fuchs et al., 2007; Peters et al., 2008; Lasseter et al., 2011; Bossert et al., 2012; 500 

Bossert et al., 2016). What might account for the similar effects of the ipsilateral and contralateral 501 

manipulations in our study? 502 

One interpretation is that unilateral AIT-L activity or unilateral D1R-mediated activity in DMS is critical for 503 

incubated Meth seeking. However, this possibility is unlikely because unilateral inactivation of AIT-L or 504 

unilateral inhibition of D1Rs in DMS had no effect on incubated Meth seeking. Another interpretation is that 505 

both contralateral and ipsilateral anatomical projections from AIT-L to DMS are critical for incubated Meth 506 

seeking. This possibility is also unlikely, because we found selective ipsilateral labeling of AIT-L after either 507 

unilateral CTb or the retrograding virus (scAAV2-retro-eGFP) (Tervo et al., 2016) injection into DMS 508 

(Extended Fig. 2).  509 

Another possibility is that both AIT-L and DMS communicates with an additional brain region and 510 

consequently either contralateral or ipsilateral manipulations of AIT-L DMS disrupts these communications. 511 

One such potential brain region is the dmPFC, which receives projections from paracentral thalamus and 512 

also project to DMS (Van der Werf et al., 2002). However, this possibility is unlikely, because we previously 513 

found that reversible inactivation of dmPFC had no effect on incubated Meth seeking (Li et al., 2015a). 514 

A potential interpretation of our results is that coordinated activity of ipsilateral projections from both 515 

hemispheres is critical to drug seeking, and consequently, an intact ipsilateral projection from one 516 

hemisphere is insufficient to maintain some forms of operant drug seeking (Crombag et al., 2008). This 517 

interpretation can account for the present data, as well as results from previous studies on the similar effects 518 
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of different ipsilateral and contralateral disconnection manipulations on drug seeking (Fuchs et al., 2007; 519 

Peters et al., 2008; Lasseter et al., 2011; Bossert et al., 2012; Bossert et al., 2016).   520 

Role of AIT-L and AIT-L→DMS projection in incubated Meth seeking  521 

The main findings in our study are that AIT-L and AIT→DMS projections are critical for incubated Meth 522 

seeking. To our knowledge, this brain region and projection has not been previously studied within the 523 

context of drug reward and relapse. Thus, we can only speculate about how their inactivation might inhibit 524 

Meth seeking. We propose below three ideas, which are of course not mutually exclusive.  525 

First, the AIT has been implicated in arousal and awareness (Groenewegen and Berendse, 1994; Van 526 

der Werf et al., 2002; Schiff, 2008; Pereira de Vasconcelos and Cassel, 2015). Thus, the effect of AIT-L 527 

inactivation or disconnection of AIT-L→DMS projections on Meth seeking might be an indirect consequence 528 

of decreased awareness of the Meth-associated cues and contexts during the relapse tests or inhibition of 529 

cue- and context-induced arousal that promotes drug seeking. Second, the AIT-L has also been implicated in 530 

working memory processes (Porter et al., 2001; Shirvalkar et al., 2006; Mair and Hembrook, 2008; Mair et 531 

al., 2011). Thus, the effect of AIT-L inactivation or disconnection of AIT-L→DMS projections on Meth seeking 532 

might be due to working memory or memory retrieval deficits. We think that this possibility is unlikely, 533 

because if the inactivation or disconnection manipulations strongly affected working memory or memory 534 

retrieval, these manipulations would have also decreased operant food-reinforced responding. Third, we 535 

speculate that the effect of AIT-L inactivation or disconnection of AIT-L→DMS projections on Meth seeking 536 

reflects a more general role of this brain area and its striatal projections in reward seeking for both drugs and 537 

non-drug rewards. Tentative support for this idea is the recent demonstration that optogenetic stimulation of 538 

the AIT→dorsal striatum projection in mice supports operant lever pressing (optical intracranial self-539 

stimulation) and D1R-mediated real-time place preference (Cover et al., 2017). Additionally, Lin et al. (2015) 540 

demonstrated that deep brain stimulation of AIT-L accelerates the acquisition of lever pressing for water in 541 

rats. 542 

Our data from the anatomical disconnection procedure also supports the hypothesis that glutamate-543 

dopamine interaction in DMS contributes to incubated Meth craving. These data support the notion that 544 

striatal function and striatal-dependent learned behaviors depends on an interaction between dopamine and 545 

glutamate transmission (O'Donnell, 2003; Sesack et al., 2003; Lovinger, 2010; Shiflett and Balleine, 2011). 546 

Our data are also in agreement with our studies showing that glutamate-dopamine interaction in ventral 547 
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striatum is critical for context-induced reinstatement of heroin seeking (Bossert et al., 2012; Bossert et al., 548 

2016). What is unknown is how glutamatergic projections from AIT-L interact with D1R-mediated signaling in 549 

DMS to promote Meth seeking. This question is beyond the scope of our paper, but recent findings from 550 

Mathur and colleagues might be relevant. They found that optogenetic stimulation of AIT→dorsal striatum 551 

glutamatergic projections triggers dopamine release in dorsal striatum via activation of striatal cholinergic 552 

interneurons (Cover et al., 2017). A question for future research is whether this mechanism also plays a role 553 

in incubation of Meth craving.  554 

Concluding remarks 555 

We combined reversible inactivation and an asymmetrical disconnection procedure with retrograding 556 

tracer and Fos immunohistochemistry to demonstrate that activation of AIT-L→DMS glutamatergic 557 

projections plays a critical role in incubation of Meth craving via an interaction with local postsynaptic D1Rs. 558 

Within the context of the previous literature, our DMS findings extend previous reports by us and others on 559 

the important role of this brain region in drug-taking behavior (Wang et al., 2010; Logrip et al., 2015; Li et al., 560 

2015b; Ron and Barak, 2016; Even-Chen et al., 2017). Additionally, our AIT-L findings extend previous 561 

reports on the important role of the nearby paraventricular nucleus of the thalamus and its projections to 562 

ventral striatum in drug taking (Neumann et al., 2016) and drug seeking (Hamlin et al., 2009; James and 563 

Dayas, 2013; Matzeu et al., 2014; Khoo et al., 2017). Lastly, as there is evidence for both similarities and 564 

differences in the brain mechanisms of relapse to opioid versus psychostimulant drugs (Badiani et al., 2011; 565 

Bossert et al., 2013), a question for future research is whether the AIT and AIT-L→DMS glutamatergic 566 

projections play a general role in incubation of drug craving across drug classes.  567 

  568 



 

21 
 

Figure legends 569 

Figure 1. Meth self-administration training. Data are mean±SEM number of Meth (0.1 mg/kg/infusion) 570 

infusions during the ten 6-h daily self-administration sessions for Exp. 1 (total n=10), Exp. 2 (total n=32), Exp. 571 

3 (total n=39), Exp. 4 (total n=34), and Exp. 5 (n=17). During training, active lever presses were reinforced on 572 

an FR1 20-s timeout reinforcement schedule, and Meth infusions were paired with a 5-s tone-light cue.  573 

 574 

Figure 2. Incubated Meth seeking is associated with selective activation of AIT-L→ and AIT-M→DMS 575 

projections (Exp. 1). (A) Timeline of the experiment. (B) Representative plots of the spread of CTb injections 576 

in the two groups. (C-D) Relapse tests after 1 or 30 withdrawal days. During testing, lever presses led to 577 

contingent presentations of the tone-light cue previously paired with Meth infusions during training, but not 578 

drug infusions. Data are mean±SEM of lever presses on the previously active lever and on the inactive lever 579 

during the relapse test sessions. * Different from day 1, p<0.01, n=5 per group. (E) Fos-IR neurons: data are 580 

mean±SEM of Fos-IR neurons per mm2 in dmPFC, vmPFC, AI, BLA, AIT-L, AIT-M, and Pf. (F) CTb-IR 581 

neurons: data are mean±SEM of CTb-IR neurons per mm2 in dmPFC, vmPFC, AI, BLA, AIT-L, AIT-M, and 582 

Pf. (G) CTb+Fos-IR neurons: data are mean±SEM of CTb+Fos-IR neurons per mm2 in dmPFC, vmPFC, AI, 583 

BLA, AIT-L, AIT-M, and Pf. * Different from the No-test group, p<0.01. (H) Representative images of CTb and 584 

Fos-IR in each brain region analyzed. Abbreviations: dmPFC: dorsomedial prefrontal cortex; vmPFC: 585 

ventromedial prefrontal cortex; AI: anterior insular cortex; BLA: basolateral amygdala; AIT: anterior 586 

intralaminar nuclei of thalamus; AIT-L: lateral AIT; AIT-M: medial AIT; Pf: parafascicular thalamus. See also 587 

Extended Figure 2-1.  588 

 589 

Figure 3. Inactivation of AIT-L, but not AIT-M, decreased incubated Meth seeking (Exp. 2). (A) Timeline 590 

of the experiment. (B-C) AIT-L: Relapse tests after 30 withdrawal days after vehicle (n=8) or 591 

muscimol+baclofen injection (3+15 ng/0.3 μl/side) injections; n=9). AIT-M: Relapse tests after 30 withdrawal 592 

days after vehicle (n=7) or muscimol+baclofen injection (3+15 ng/0.3 μl/side, n=8) injections. Data are 593 

mean±SEM of responses on the previously active lever or inactive lever during the relapse tests. * Different 594 

from vehicle, p<0.05. (D) Approximate placement [mm from Bregma (Paxinos and Watson, 2005)] of 595 

injection tips (vehicle: open circles; muscimol+baclofen: closed circles), and representative cannula 596 

placements. See also Extended Figure 3-1.  597 
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 598 

 599 

Figure 4. Anatomical disconnection of AIT-L and DMS decreased incubated Meth seeking (Exp. 3). (A) 600 

Timeline of the experiment. (B-C) Relapse tests after 30 withdrawal days after unilateral injection of vehicle 601 

or muscimol+baclofen (3+15 ng/0.3 μl/side) into AIT-L, and contralateral or ipsilateral injection of vehicle or 602 

SCH23390 (0.75 μg/0.5 μl/side) into DMS [vehicle (n=18); ipsilateral inactivation (n=10); contralateral 603 

inactivation (n=11). Data are mean±SEM of responses on the previously active lever or inactive lever during 604 

the relapse tests. * Different from vehicle, p<0.05. (D) Approximate placement [mm from Bregma (Paxinos 605 

and Watson, 2005)] of injection tips (vehicle: open circles; muscimol+baclofen or SCH23390: closed circles), 606 

and representative cannula placements. See also Extended Figure 4-1.  607 

 608 

Figure 5. Unilateral Inactivation of AIT-L of DMS had no effect on incubated Meth seeking (Exp. 4). (A) 609 

Timeline of the experiment. (B-C) DMS: Relapse tests after 30 withdrawal days after unilateral vehicle (n=8) 610 

or SCH23390 injection (0.75 μg/0.5 μl/side), n=9). AIT-L: Relapse tests after 30 withdrawal days after 611 

unilateral vehicle (n=8) or muscimol+baclofen injection (3+15 ng/0.3 μl/side) injections; n=9). Data are 612 

mean±SEM of responses on the previously active lever or inactive lever during the relapse tests. (D) 613 

Approximate placement [mm from Bregma (Paxinos and Watson)] of injection tips (vehicle: open circles; 614 

muscimol+baclofen or SCH23390: closed circles), and representative cannula placements.  615 

 616 

Figure 6. Contralateral disconnection of AIT-L and DMS had no effect on Meth seeking on withdrawal 617 

day 1 (Exp. 5). (A) Timeline of the experiment. (B-C) Relapse test on withdrawal day 1 after unilateral 618 

injection of vehicle or muscimol+baclofen (3+15 ng/0.3 μl/side) into AIT-L, and contralateral injection of 619 

vehicle or SCH23390 (0.75 μg/0.5 μl/side) into DMS [vehicle (n=7); contralateral inactivation (n=10)]. Data 620 

are mean±SEM of responses on the previously active lever or inactive lever during the relapse tests. (D) 621 

Approximate placement [mm from Bregma (Paxinos and Watson)] of injection tips (vehicle: open circles; 622 

muscimol+baclofen or SCH23390: closed circles), and representative cannula placements.  623 

 624 

Extended Figure legends 625 
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Extended Figure 2-1. Ipsilateral and contralateral labeling of CTb or eGFP in AIT-L after unilateral CTb 626 

or scAAV2-retro-eGFP injection into DMS, respectively.  (A-B) Representative images of CTb or scAAV2-627 

retro-eGFP injection in DMS. The CTb image is from Exp. 1 (Fig. 2B). For the rAAV2-retro-eGFP study, we 628 

injected scAAV2-retro-eGFP (constructed and packaged by the NIDA Intramural Genetic Engineering and 629 

Viral Vector Core based on Tervo et al. (2016), 4.12x10e12 viral particles/mL) unilateral into DMS (0.2 630 

μl/injection; n=3). We delivered the AAVs by Hamilton syringes (32 gauge) at a rate of 0.040 μl/min. After 631 

each injection, we left the injection needle in place for an additional 5 min to allow diffusion. After the final 632 

injection, we filled the drilled hole with bone wax. We perfused the rats 3 weeks after AAV injection as 633 

described in Exp. 1. Next, we sectioned the brains (40 μm) using a Leica cryostat and mounted them on 634 

gelatin-coated slides. (C-D) Representative images of ipsilateral and contralateral labeling of CTb or eGFP in 635 

AIT-L.  636 

  637 

Extended Figure 3-1.  Effect of muscimol+baclofen injections into AIT-L on food self-administration. (A) 638 

Food self-administration after bilateral injection of vehicle or muscimol+baclofen (1+5 ng, 2+10 ng, 3+15 ng, 639 

or 3+20 ng/0.3 μl/side) into AIT-L. Data are presented as number of food pellets for each individual rat after 640 

vehicle or muscimol+baclofen injections. Data are also presented as mean±SEM of food pellets after vehicle 641 

or muscimol+baclofen injections. (B) Approximate placement [mm from Bregma (Paxinos and Watson)] of 642 

injection tips (vehicle: open circles; muscimol+baclofen: closed circles; n=7). 643 

 644 

Figure 4-1.  Effect of anatomical disconnection of AIT-L and DMS on food self-administration. (A) Food 645 

self-administration after unilateral injection of vehicle or muscimol+baclofen (3+15 ng/0.3 μl/side) into AIT-L, 646 

and contralateral or ipsilateral injection of vehicle or SCH23390 (0.75 μg/0.5 μl/side) into DMS. Data are 647 

presented as number of food pellets for each individual rat after vehicle or SCH & muscimol+baclofen 648 

injections. Data are also presented as mean±SEM of food pellets after vehicle or SCH & muscimol+baclofen 649 

injections. (B) Approximate placement [mm from Bregma (Paxinos and Watson)] of injection tips (vehicle: 650 

open circles; muscimol+baclofen: closed circles; n=6 per group). 651 

 652 

  653 
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