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Materials and Methods 

 
Human Postmortem Brain Tissues	

Post-mortem human VTA tissues were obtained from the Douglas – Bell Brain Bank 

(IRB approval for tissue banking – Douglas Mental Health University Institute, Montreal, 

Quebec, Canada). Tissue preservation was achieved as previously described (16). Brains 

were placed on wet ice and transported to the Douglas – Bell Brain Bank facilities. 

Tissues were flash frozen in 2-methylbutane at −40 °C, dissected and stored in sections 

conserving anatomical landmarks at −80 °C. VTA tissues were later sectioned from 

frozen slices.	

		
All subjects died suddenly without prolonged medical illness or extended agonal states. 

For each case, the cause of death was determined by the Quebec Coroner Office, and 

toxicological screens were performed to obtain information on medication and illicit 

substance use at their time of death. The subject group consisted of 11 individuals (all 

male Caucasian) who met the Structured Clinical Interview for DSM-IV (Diagnostic and 

Statistical Manual of Mental Disorders-IV) Axis I Disorders: Clinician Version (SCID-I) 

criteria for cocaine dependence. The control group comprised 8 subjects (six male and 

two female Caucasians) with no history of cocaine dependence. Groups were matched for 

subject age, post-mortem interval and pH. For all subjects, psychological autopsies were 

performed giving us access to detailed information on psychiatric and medical histories, 

as well as other relevant clinical and sociodemographic data.	

 
Animals 
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Male Sprague-Dawley rats (Charles River Laboratories; 300-375 g or Envigo; 250-300 g) 

were pair housed and maintained on a 12 h reverse light/dark cycle with food and water 

available ad libitum. Tgm2fl/fl mice were purchased from The Jackson Laboratory (Stock 

#024694) and were bred on a C57BL/6J background. All procedures were done in 

accordance with NIH guidelines and the Institutional Animal Care and Use Committees 

of the Icahn School of Medicine at Mount Sinai and the State University of New York at 

Buffalo.  

 
Jugular Catheterization  

Catheters were comprised of 14 cm long silastic tubing (inner tubing; 0.012 x 0.025 in., 

Dow Corning, Midland, MI, USA) connected to a bent metal cannula (22 gauge) covered 

by 1.5 cm of silastic tubing (outer tubing; 0.025 x 0.047 in., Dow Corning, Midland, MI, 

USA), with a small ball of silicone 3 cm before the bottom of the inner tubing. Briefly, 

animals were anaesthetized by inhalation of ~3% isoflurane in oxygen throughout the 

entire surgical period. Incisions were made in clean-shaven areas on the mid-back, as 

well as on the chest above the jugular vein. Catheters were passed subcutaneously and 

mounted on the rats’ backs. A small incision was made in the jugular vein and catheters 

were inserted until they were flush with the silicone ball and secure to the vein (17). Both 

back and chest incisions were sutured and then treated with topical antibiotics and an 

anti-inflammatory analgesic (meloxicam; 1 mg/kg, s.c.) for 3 days post-surgery. 

Animals were flushed daily with heparin + Baytril (1mg/ml; 0.1 mg/ml) to maintain 

catheter patency and to reduce bacterial infections. Animals were singly housed 

following surgery. 
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Cocaine Self-Administration (SA) 

Prior to jugular catheterization, animals were food restricted (20 g per day; 3-4 days) and 

trained to respond to the ‘active’ lever on a fixed ratio (FR) schedule 1 of reinforcement 

for food pellets (1 hr sessions per day). Following successful learning (~100 pellets per 

session), animals were implanted with jugular catheters and then given 5 days to recover 

before cocaine SA. Catheter patency was tested with 1 mg methohexital sodium 

(Brevital; Sigma-Aldrich, St. Louis, MO) the day prior to cocaine SA. Animals were then 

trained to respond on an ‘active’ lever for cocaine hydrochloride diluted in 0.9% sterile 

saline, 1mg/kg/infusion IV (0.1 ml injection volume delivered over 4 s), with a 20 s 

timeout in between each infusion, which was indicated by a cue light located directly 

above the ‘active’ lever; responding on the lever was recorded but without consequence.   

Rodents were trained on this paradigm at a FR 1 (2 days), FR3 (1 day) and then FR5 (2 

days; 1 hr sessions). Following completion of successful learning at FR5 (~15 rewards 

total), rodents were equally divided into restricted access (1 hr session) or extended 

access (6 hr sessions) groups for 10 days, with each cocaine infusion resulting in delivery 

of 0.5mg/kg/infusion of cocaine. Additionally, a separate group of rodents were put 

through the same paradigm but were only allowed to respond for saline (0.9%) (non-

reinforcement controls). For molecular analyses, cocaine vs. saline animals were 

euthanized immediately, 24 hr or 30 days after the last infusion. 

 
For yoked experiments, animals were catheterized and then matched to individual rats in 

the extended access groups to receive the same amount and frequency of infusions. For 

food SA, animals were trained similarly to that of cocaine rats to respond to an ‘active’ 

lever at a FR5 for food pellets before being switched to an extended access paradigm. 
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Rats in the food SA group were kept at ~80% body weight throughout the experiment. To 

investigate molecular changes following experimenter-administered (EA) cocaine, rats 

were given 10 days of cocaine (10 mg/kg) via intraperitoneal (i.p.) injections. For all 

molecular analyses using these groups, rats were euthanized 30 days post the last 

infusion/reward/injection. 

 
Preparation of Dopaminylated Peptides for Antibody Generation & Dot Blots 

Peptide immunogens corresponding to H3 (1-10, Q5dop or K4me3Q5dop) were prepared 

using standard Fmoc-strategy solid phase chemistry on a 2-Cl Trityl resin incorporating a 

C-terminal Cys residue for conjugation to maleimide-activated KLH. Orthogonally 

protected Fmoc-Glu(OAll)-OH was incorporated at position 5 for on-resin 

dopaminylation, and Fmoc-Lys(me3)-OH was coupled at position 4 to generate the dual 

modified immunogen. Following assembly of the peptide backbones, resin-bound 

peptides were allyl deprotected by treatment with Pd(0)(PPh3)4 (0.2 equiv.), N,N-

dimethylbarbituric acid (10 equiv.) in DCM for 30 min (two treatments). The resins were 

then washed extensively with DCM and DMF to remove residual Pd. The Glu5 sidechain 

carboxylate was dopaminylated by two treatments with PyAOP (1.1 equiv.) and DIEA 

(4.0 equiv.) in DMF, followed by direct addition of dopamine acetonide (2.0 equiv.) and 

agitation for 30 min. Dopamine acetonide was prepared in an identical fashion as 

previously reported (18) in three steps from dopamine hydrochloride involving N-

trifluoroacetamide protection, acetonide formation and N-trifluoroacetamide 

deprotection. The crude dopaminylated peptides were cleaved from the resin with 

concomitant global deprotection (including acetonide removal) via treatment with 5% 

ethanedithiol (EDT), 2.5% iPr3SiH, 2.5% H2O in TFA for 2 hr at RT. Peptides were 
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purified by preparative C-18 RP-HPLC, and final products were characterized by 

analytical C-18 RP-HPLC and ESI-MS. The purified peptides were then provided to 

EMD Millipore for generation of rabbit polyclonal antibodies, as described below. 

Similar procedures were also employed to generate H3 (1-15) dopaminylated peptides for 

dot blot analyses. 

 
Western Blotting and Antibodies 

VTA tissues were collected from rats (2 mm punches) and immediately frozen. To purify 

nuclear fractions from VTA, punches were homogenized in Buffer A containing 10 mM 

HEPES (pH 7.9), 10 mM KCl, 1.5 mM MgCl2, 0.34 M sucrose, 10% glycerol, 1 mM 

EDTA, 1X protease inhibitor cocktail and 1X phosphostop inhibitor. Following 

homogenization, 0.1% TritonX-100 was added to each homogenate, incubated on ice for 

30 min and then centrifuged for 5 min at 1300g at 4° C. Supernatants containing 

cytosolic fractions were discarded, and nuclear pellets were resuspended in Buffer A to 

remove any remaining cytosolic contamination, followed by centrifugation for 5 min at 

1300g at 4° C. After centrifugation, supernatants were discarded and pellets were 

resuspended and sonicated in sample buffer containing 0.3 M sucrose, 5 mM HEPES, 1% 

SDS and 1X protease inhibitor cocktail. Protein concentrations were measured using the 

DC protein assay kit (BioRad), and 10-15 ug of protein was loaded onto 4-12% NuPage 

BisTris gels (Invitrogen) for electrophoresis. Proteins were then transferred to 

nitrocellulose membranes and blocked for 1 hr in 5% milk in PBS + 0.1% Tween 20 

(PBST), followed by incubation with primary antibodies overnight at 4° C, with the 

exception of anti-H3Q5dop, which was incubated for two days at 4° C. For competition 

assays, antibodies were pre-incubated with indicated peptides at a 5:1 ratio for 1 hr at RT 
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before being incubated with the membrane. The following antibodies were used: rabbit 

anti-H3Q5dop (1:200, ABE2588; MilliporeSigma), rabbit anti-H3K4me3Q5dop (1:500, 

ABE2590; MilliporeSigma), rabbit anti-H3K4me3 (1:1000, lot #: GR273043-6, Abcam 

ab8580), mouse anti-Tgm2 (1:500, lot #: Gr3188112-4, Abcam ab2386), rabbit anti-

Tgm2 (1:500, lot #: 3, Cell Signaling D11A6), rabbit anti-H3Q5ser (1:500, ABE1791; 

MilliporeSigma) and rabbit anti-H3 (1:50000, lot #: GR293151-1, Abcam ab1791). The 

next day, membranes were washed 3X in PBST (10 min) and incubated for 1 hr with 

horseradish peroxidase conjugated anti-rabbit (BioRad 170-6515, lot #: 64033820) or 

anti-mouse (GE Healthcare UK Limited NA931V, lot #: 9814763) secondary antibodies 

(1:10000; 1:50000 for anti-H3 antibody, BioRad) in 5% milk/PBST at RT. After three 

final washes with PBST, bands were detected using enhanced chemiluminescence (ECL; 

Millipore). Densitometry was used to quantify protein bands using Image J Software 

(NIH), and proteins were normalized to total H3. Direct blue staining was sometimes 

used as a loading control. 

 
For peptide dot blots, peptides were dotted as progressive protein concentrations (0.25, 

0.5, 1, 2ug) on a nitrocellulose membrane. Membranes were left to dry at RT for 1 hr and 

then blocked in 5% milk/PBST for 1 hr. Membranes were treated similar to that 

described above.   

 
Enzymatic Assays 

For assessments of TGM2-mediated transamidation of dopamine or serotonin to 

recombinant H3.2 protein [as previously described in (1)], 0.25 ug guinea pig Tgm2 

(Zedira, T006), 5 mM dopamine or serotonin (Sigma) and 10 ug of recombinant H3.2 
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were combined with enzymatic buffer containing 250 mM tris-acetate (pH 7.5), 8.75mM 

CaCl2 and 1X protease inhibitor cocktail, followed by incubation for 3 hr at RT. 

Following incubation, enzymatic reactions were boiled with laemmli buffer and then run 

on 4-12% NuPage BisTris gels (Invitrogen). Nitrocellulose membranes were blocked in 

5% milk/PBST for 1 hr and then incubated with primary antibody (anti-H3Q5dop or 

H3Q5ser) overnight. Enzymatic assays were also performed using serotonin and 

norepinephrine to confirm the specificity of our in-house anti-H3Q5dop antibody. 

Enzymatic assays were additionally performed using reconstituted unmodified vs. K4me3 

mononucleosomes from Active Motif.  

 
LC-MS/MS validation of dopaminylayted H3 (1-15) 

Samples were analyzed by LC-MS/MS (Dionex 3000 coupled to Q-Exactive, Thermo 

Fisher). Peptides were separated by C-18 chromatography (inner diameter of 75 µm/3µm 

particles, Nikkyo Technologies, Japan) using a gradient increasing from 1% B to 35% B 

in 16 minutes (A: 0.1% formic acid, B: acetonitrile in 0.1% formic acid). The mass 

spectrometer was operated in PRM mode41 (Resolution 35,000, AGC target, 5e5, max. 

inject time of 60ms and an isolation window of m/z of 2.0). MS was acquired from m/z 

300-1650 while m/z = 100 was set as lowest mass for MS/MS. Charge states  2+ to 5+ of 

the modified and non-modified peptides were targeted. An energy of 25 NCE was used 

for the quadruply charged peptide: ARTKQTARKSTGGKA-NH2, with and without 

modification. Supplemental fig. 1d represents a high resolution, high accuracy tandem 

mass spectra (sample +DA/+TGM2) of the quadruply charged peptide 

ARTKQTARKSTGGKA-NH2 modified by DA at Gln 5 (m/z 424.7466 [-0.42 ppm]). 

The full amino acid sequence was accounted for. Fragment ions (y and b) used to validate 

the dopaminylated glutamine are annotated in the tandem MS spectrum.	
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Lentiviral and AAV Constructs 

Lentiviral constructs were generated as previously described (1). Briefly, lenti-H3.3 

constructs [wildtype (WT) vs. (Q5A)-Flag-HA] were cloned into a pCDH-RFP vector 

(empty) by PCR and restriction digestion. Purified plasmids were sent to GENEWIZ for 

sequence validation. pCDH-RFP-H3.3 plasmids were then sent to Cyagen Biosciences 

for lentiviral packaging at high titer. Note that the H3.3 Q5A vector used in these studies, 

which does not affect adjacent H3K4me3, is predicted to inhibit the expression of all 

modifications on Q5. However, appreciable signal for additional monoaminyl marks 

(e.g., H3Q5ser) are not observed in VTA vs. H3Q5dop (fig. S3, E). Adeno-associated 

viral vector particles (AAV-GFP and AAV-Cre-GFP) were provided by Dr. Eric Nestler 

(ISMMS). 

  
Viral Infusion 

24 hr following the last day of cocaine vs. saline SA (day 11), animals were 

anaesthetized with a ketamine/xylazine solution (80/6 mg/kg) i.p., positioned in a 

stereotaxic frame (Kopf instruments) and 1 µl of viral construct was infused bilaterally 

into VTA using the following coordinates; anterior-posterior (AP) -4.9, medial-lateral 

(ML) +2.1, dorsal-ventral (DV) -7.6. Following surgery, rats received meloxicam 

(1 mg/kg) s.c. and topical antibiotic treatments for 3 days. All tissue collections or 

behavioral testing commenced 30 days after surgery to allow for both maximal 

expression of the viral constructs and a significant withdrawal period.  

 
Immunohistochemistry 
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Rats were anaesthetized with ketamine/xylazine (80/6 mg/kg) i.p., and then perfused 

transcardially with cold phosphate buffered saline (PBS 1X) followed by 4% 

paraformaldehyde (PFA) in 1X PBS. Next, brains were post-fixed in 4% PFA overnight 

at 4° C and then transferred into 30% sucrose/PBS 1X for two days. Brains were then cut 

into serial 40 µm coronal slices. Free floating VTA slices were washed 3X in tris 

buffered saline (TBS 1X), incubated for 30 min in 0.2% Triton X/TBS 1X–to 

permablilize tissue–and then incubated for 1 hr at RT in blocking buffer (0.3% Triton X, 

3% donkey serum, 1X TBS). Brain slices were then incubated overnight at RT with 

mouse anti-RFP (1:200; lot#: GR3181906-1, Abcam ab65856) and HA-488 (1:200; lot #: 

K1716, Life Technologies, Alexa Fluor SC-805). The next day, brain slices were washed 

3X in 1X TBS and then incubated for 2 hr at RT with a fluorescent-tagged Alexa Fluor 

568 anti-mouse secondary antibody (1:500, lot #: 1218263, Life Technologies A11004). 

Brain sections were then washed 3X in 1X TBS, incubated with DAPI (1:10000, lot #: 

RK2297251, Thermo Scientific 62248) for 5 min at RT, mounted on Superfrost Plus 

slides (Fischer Scientific) and then coverslipped with Prolong Gold (Invitrogen). 

Immunofluorescence was visualized using a confocal microscope (Zeiss LSM 780).  

 
RNA-sequencing 

Animals were exposed to extended access SA for 10 days and then injected bilaterally 

intra-VTA with lenti-empty, lenti-H3.3 WT or lenti-H3.3 Q5A the following day. 

Animals were then put through WD for 30 days, and then euthanized with their brains 

being flash frozen. Brains were sectioned at 150 µm on a cryostat, and RFP was 

illuminated using a NIGHTSEA BlueStar flashlight to microdissect virally infected 

tissues. VTA tissue punches were homogenized in Trizol (Thermo Fisher), and RNA was 
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isolated on RNeasy Microcolumns (Qiagen) following manufacturer’s instructions. RNA 

concentrations were assessed using a nanodrop spectrophotometer and RNA 260/280 and 

260/230 ratios were confirmed at >1.8. Following RNA purification, RNA-seq libraries 

were prepared according to Illumina protocols and sequenced on an Illumina HiSeq 4000 

(or equivalent) sequencer.  

 
Following sequencing, raw sequencing reads from rat VTA were mapped to rn6 using 

HISAT2v2.1.0. Counts of reads mapping to genes were obtained using featureCounts 

against Ensembl v90 annotation. Differential expression analysis was done using the 

DESeq2 package (v1.6.3) at a p-value cutoff of 0.05. RRHO maps were generated as 

previously described (19). Kegg 2019 (via Enrichr) was performed to assess pathway 

enrichment for differentially expressed genes (20-22). 

	
Electrophysiology 

For stereotaxic delivery of viruses, male Sprague Dawley rats (P20-21 upon arrival; 

Envigo) were injected with syringes set at a 10° angle [measurements on the surface of 

the skull from bregma taken in mm: AP: −4.9, ML: +2.2, DV: −7.6 (23)]. Viruses were 

manually infused at a rate of 0.2 µl/min for a total of 1.0 µl per hemisphere, and the 

injectors were left in place for an additional 10 min to allow for diffusion. When viruses 

were maximally expressed, rats were used for electrophysiology experiments, as 

described below. 

 
Rats were anesthetized with isoflurane for ~30 sec and decapitated quickly. Coronal 

slices (300 µm) containing VTA were cut with a vibratome (Leica VT1000s) in ice-cold 

sucrose solution (in mM: 234 sucrose, 4 MgSO4, 2.5 KCl, 1 NaH2PO4, 0.1 CaCl2, 15 
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HEPES, 11 glucose, pH 7.35) and immediately incubated in artificial cerebrospinal fluid 

(ACSF) (in mM: 128 NaCl, 26 NaHCO3, 3KCl, 5 MgCl2, 1.25 NaH2PO4, 1 CaCl2, 10 

Glucose, pH 7.4, and 300 mOsm) oxygenated with 95% O2+5%CO2) for ~1 hour at 34 

oC. Next, slices were transferred to a low Mg2+, high Ca2+ recording ACSF (in mM: 2 

MgCl2, 2 CaCl2) and incubated for 40 min at RT (22 oC) before recording. 

 
During recording, infected VTA DA neurons were selected based on cell morphology 

(large soma size) (24). Their identity was confirmed by their large hyperpolarization-

activated current (Ih) (>200 pA at -115 mV) and slow pacemaker-like firing rate (<5 Hz) 

(25). 

 
Recording electrodes were pulled from borosilicate glass capillaries (1.5/0.86 mm 

OD/ID) with a micropipette puller (Sutter Instrument Co., model P-97). The resistance of 

patch electrodes was ~4.0 MΩ. Whole-cell patch-clamp experiments were performed 

with a Multiclamp 700A amplifier and Digidata 1322A data acquisition system 

(Molecular Devices). Whole-cell recordings were carried out at 30 oC with the internal 

solution containing (in mM): 125 K-gluconate, 5 KCl, 1 MgCl2, 1 EGTA, 10 HEPES, 10 

Glucose, 2 ATP, 0.5 GTP, and 10 phosphocreatine, pH 7.2-7.3, ~295 mOsm. The whole-

cell patch-clamp configuration was first set up at in voltage-clamp mode (-70 mV), and 

the holding current was required to be smaller than 200 pA. Then, we changed to current-

clamp mode for spontaneous action potential (sAP) recordings. Generally, a small current 

(<50 pA) needed to be injected for holding the membrane potential at -45 mV. After 

completing sAP recordings, it was changed to voltage-clamp mode for Ih-current 
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recordings for validation of DAergic identity. Ih-currents were induced by 

hyperpolarizing voltage steps (-40 to -130 mV, with 15 mV increments). 

 
Behavioral Seeking 

Following the last day of SA (cocaine, saline or food), animals were injected bilaterally 

intra-VTA with one of the following viral constructs: lenti-H3.3WT or lenti-H3.3Q5A 

(vs. empty lentiviral vector alone). Animals were left untouched in home cages for 30 

days before behavioral testing. Following a 30 day withdrawal period, animals were 

reintroduced to the SA box and allowed to respond to the ‘active’ vs. ‘inactive’ lever for 

1 hr. During this period, rats did not receive a reward, only the cue-light that was 

previously paired to the reward.  

 
Fast-Scanning Cyclic Voltammetry (FSCV) 

Animals were allowed to SA for cocaine (6 hr/day) for 10 days followed by bilateral 

injections intra-VTA with lenti-empty, lenti-H3.3WT or lenti-H3.3Q5A. After 30 days of 

WD, animals were placed back into SA boxes and allowed to respond for the ‘active’ 

lever and drug associated cue-light (no cocaine was administered) for 1 hr. Immediately 

following drug-seeking behavior, animals were euthanized and tissues were prepared for 

FSCV.  

 
Ex vivo FSCV was used to characterize dopamine release in nucleus accumbens 

(NAc), as described in detail previously (26). Experimenters were blind to the testing 

conditions. A vibrating tissue slicer was used to prepare 300 µm-thick coronal brain 

sections containing NAc, which were immersed in oxygenated ACSF containing (in 

mM): NaCl (126), KCl (2.5), NaH2PO4 (1.2), CaCl2 (2.4), MgCl2 (1.2), NaHCO3 (25), 
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glucose (11), L-ascorbic acid (0.4), with pH adjusted to 7.4. Slices were transferred to 

testing chambers containing ACSF at 32 °C with a 1 ml min−1 flow rate. A carbon fiber 

microelectrode (100–200 µM length, 7 µM radius) and bipolar stimulating electrode 

were placed into the NAc core region. Dopamine release was evoked by a single 

electrical pulse (300 µA, 4 ms, monophasic) applied to the tissue every 5 min. 

Extracellular dopamine levels were recorded by applying a triangular waveform (−0.4 

to +1.2, to −0.4 V versus Ag/AgCl, 400 µV s−1). Once the peak of evoked dopamine 

release was stabilized (three collections with <10% variability), the amount of evoked 

dopamine release and a maximal rate of uptake (Vmax) were assessed. Subsequently, 

input output curves were conducted by varying the stimulation intensity – 100, 200, 

300, 400, 500, 750, 900uA. The stimulation intensity that evoked the maximum level 

of dopamine release was recorded. For subsequent experiments, the minimum 

stimulation intensity that was capable of evoking the maximum possible dopamine 

release was used within each animal. Tonic and phasic stimulations were applied to 

slices, to determine the responsivity of terminals in NAc to tonic and phasic firing 

parameters. Tonic stimulations consisted of one pulse stimulations. Phasic stimulations 

consisted of five pulses at either 5, 10 or 20 Hertz. These stimulation parameters were 

selected based on the physiological firing properties of VTA dopamine neurons in 

vivo. 

 
Recording electrodes were calibrated by recording responses (in electrical current; nA) 

to a known concentration of dopamine (3 µM) using a flow-injection system. This was 

used to convert an electrical current to a dopamine concentration. 
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Voltammetric data analysis 

 
Demon voltammetry and analysis software was used for all analysis of FSCV data 

(27). Data were modeled using both peak and decay and Michaelis–Menten kinetics to 

determine dopamine release. For statistical comparisons of FSCV experiments, we first 

ran non-linear regression, EC50 analyses with the null hypothesis being that the EC50 

ratios would be the same for all data sets tested. This null hypothesis was rejected, 

favoring the alternative hypothesis that the EC50 ratios are different (p=0.0007). Given 

that the curves were deemed to statistically different from one another, we performed a 

two-way ANOVA, repeated measures analysis on these data, indicating significant main 

effects of stimulation intensity and subject (**p<0.01), and significant Bonferroni post 

hoc comparisons of group means comparing H3.3Q5A vs. H3.3 WT (*p<0.05). 

Note that we have shown previously that surgery, saline exposure and cues do not affect 

these measures using the exact same voltammetric procedure (28, 29). 

Cocaine Sensitization 

Rats were bilaterally injected intra-VTA with either lenti-H3.3WT or lenti-H3.3Q5A and 

given 21 days to allow for maximal viral expression. Prior to testing, rats were habituated 

to both i.p. injections and locomotor boxes. For habituation, rats were given two days of 

saline i.p. injections (only second day locomotor responses were recorded), and then 

individually placed into locomotor boxes–plexiglass chambers, which contained infrared 

beams to detect movement–for 30 min. Following 2 days of habituation, animals were 

given cocaine injections i.p. (10 mg/kg) for 5 days, and then tested every other day (i.e. 
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days 1, 3, 5) in the locomotor boxes for 30 min per session. All testing was conducted in 

a dark room during the light phase of the animals’ light/dark cycle.  

 
Statistical Analysis 

For all behavioral testing and molecular experiments involving more than two treatments 

and time points, two-way or one-way ANOVAs were performed with subsequent 

Bonferroni or Tukey’s post hoc analyses, and/or a posteriori t-tests. In molecular 

analyses, all animals used were included as separate ns (i.e., samples were not pooled). 

All of the data presented as being statistically significant were examined for normality 

against a Gaussian distribution, using both Shapiro-Wilk and Kolmogorov-Smirnov tests, 

indicating that all of our data pass normality (alpha=0.05). Significance was determined 

at p<0.05. All data are represented as mean ± SEM. See FSCV Methods for further 

details of statistical comparisons. 

 

Main Text Figure Legends (Full with Statistics) 

 
Fig. 1: Histone H3 dopaminylation in VTA is dysregulated by cocaine 

 (A) Western blot analysis of H3Q5dop in human postmortem VTA tissues from cocaine 

dependent subjects vs. matched controls (n=8-11/group, Student’s t test was used, 

*p≤0.05). Total H3 was used as a normalization control. No changes were observed in 

H3K4me3Q5dop, H3K4me3, H3, or Tgm2 expression (p>0.05; see fig. S5 for 

quantifications). (B) Experimental timeline of cocaine SA (extended access), followed by 

tissue collection time points during WD. (C) Number of infusions earned in daily 6 hr 

(extended access, FR5) test sessions in rats self-administering 0.5 mg/kg/infusion cocaine 
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or saline (n=7-10/group) for 10 days [extended access, cocaine vs. saline: two-way 

repeated measures ANOVA, with Bonferroni post hoc analysis vs. day 1, **p≤0.01, **** 

p≤0.0001). (D) Western blot analysis of H3Q5dop in VTA tissues (0 vs. 1 vs. 30 d WD) 

from extended access cocaine vs. saline SA rats (data shown as a normalized 

saline:cocaine ratio with saline set to 1, as depicted by the dotted line; n=7-11/group, 

two-way ANOVA with Bonferroni post hoc analysis, **p≤0.01, ***p≤0.001, or an a 

posteriori Student’s t test, ##p≤0.01, cocaine vs. saline at 0 d). No changes were observed 

in H3K4me3Q5dop, H3K4me3, H3, or Tgm2 expression (p>0.05; see fig. S5 for 

quantifications). Data presented as average ± SEM. 

 

Fig. 2: H3Q5dop in VTA contributes to cocaine-mediated gene expression 

 (A) Immunofluorescence images of rat VTA transduced with a lentiviral vector 

expressing H3.3Q5A-HA-EF1-RFP overlayed with a nuclear co-stain (DAPI) at either 

20x or 100x objective. (B) Western blot analysis of H3Q5dop in rat VTA tissues infected 

with lentiviral vectors expressing either empty vector or H3.3 WT vs. H3.3Q5A viruses 

(n=4-8/group; one-way ANOVA with Tukey’s post hoc analysis, *p≤0.05 or an a 

posteriori Student’s t test, #p≤0.05). H3K4me3Q5dop was not affected by transduction 

with H3.3Q5A (p>0.05). Total H3 was used as a normalization control. (C) Experimental 

timeline of SA (extended access cocaine vs. saline) RNA-seq experiment following viral 

transduction with either empty vector or H3.3 WT vs. H3.3Q5A viruses (n=7-8/group). 

(D) Key for RRHO maps describing the extent and directionality of overlap between 

differential gene expression lists in Fig. 2 E. (E) RRHO maps comparing differential 

expression between cocaine regulated gene lists–empty cocaine vs. saline and H3.3 WT 
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cocaine vs. saline (left), empty cocaine vs. saline and H3.3 Q5A cocaine vs. empty 

cocaine (middle), and  H3.3 WT cocaine vs. saline and H3.3 Q5A cocaine vs. H3.3 WT 

cocaine (right). Each pixel represents the overlap between differential transcriptomes of 

the two conditions represented with the significance of overlap (-log10(corrected P-

value) of a hypergeometric test color-coded. Overlap of differentially expressed protein 

coding genes (DEx PCGs) (p<0.05 via pairwise assessments) in VTA tissues comparing 

(F) cocaine vs. saline (empty) or (G) cocaine vs. saline (H3.3 WT) to H3.3Q5A vs. empty 

or H3.3 WT (cocaine) animals, respectively. Heat maps of overlapping genes obtained 

from RNA-seq data comparing (H) cocaine vs. saline (empty) and H3.3Q5A vs. empty 

(cocaine) animals or (I) cocaine vs. saline (H3.3 WT) and H3.3Q5A vs. H3.3 WT 

(cocaine) animals (720 and 211 PCGs, respectively)  using normalized RNA expression 

values (averaged between replicates) to generate z-scores for each row. Note that ~95%-

87% of all overlapping genes display significant reversals in gene expression by 

H3.3Q5A, respectively. (J) Kegg 2019 pathway enrichment analysis for the 211 

overlapping PCGs displaying reversals in cocaine mediated gene expression from Fig. 2, 

G and I above (adjusted p<0.05). Data presented as average ± SEM. 

 

Fig. 3: Attenuating H3Q5dop expression in VTA following extended access cocaine 

reduces drug-seeking associated DA release into ventral striatum 

 (A) Electrophysiological assessments of spontaneous action potential (sAP) frequency in 

VTA DAergic neurons from cocaine naïve rats infected with either empty vector, H3.3 

WT or H3.3Q5A (n=9-15 cells from 3-4 rats per virus) viruses (one-way ANOVA with 

Tukey’s post hoc analysis, *p≤0.05, **p≤0.01). Representative sAP traces are provided. 
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(B) Experimental timeline of cocaine SA (extended access) FSCV experiments following 

viral transduction with either H3.3 WT or H3.3Q5A and 1 hr of cocaine-seeking. Current 

vs. time (C) traces and (D) color plots demonstrating reduced DA release (evoked) in 

NAc of H3.3Q5A vs. empty/H3.3 WT (VTA) expressing animals. These data are 

quantified as (E) input/output curves (current vs. stimulation intensity) [n=3/group, two-

way repeated measures ANOVA, significant main effects of stimulus intensity 

(p=0.0016) and subject (p=0.0018), with Bonferroni post hoc analysis comparing group 

means, *p≤0.05; H3.3 Q5A vs. H3.3 WT]. This analysis followed non-linear regression, 

EC50 analyses with the null hypothesis being that the EC50 ratios would be the same for 

all data sets tested. This null hypothesis was rejected, favoring the alternative hypothesis 

that the EC50 ratios are different (p=0.0007). (F) Baseline DA release into NAc was 

similarly found to be reduced by H3.3Q5A (n=3/group, one-way ANOVA–p≤0.05–with 

an a posteriori Student’s t test, #p≤0.05). Data presented as average ± SEM. 

 

Fig. 4: Reducing H3Q5dop in VTA attenuates cocaine-seeking	
  
(A) Experimental timeline of cocaine SA (extended access) drug-seeking experiments 

following viral transduction with either empty vector, H3.3 WT or H3.3Q5A viruses. (B) 

After 10 days of extended access cocaine [with escalation of intake observed, n=7-

8/group, empty vector and H3.3 WT vs. H3.3Q5A (cocaine): two-way repeated measures 

ANOVA, with Bonferroni post hoc analysis vs. day 1, *p≤0.05 – **** p≤0.0001], rats 

were infected intra-VTA with one of the three viral vectors (on day 11), followed by 30 d 

of WD and (E) 1 hr of cocaine seeking; the total number of active responses is reduced in 
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H3.3Q5A rats vs. H3.3 WT controls (one-way ANOVA with Tukey’s post hoc analysis, 

*p≤0.05 or an a posteriori Student’s t test, #p≤0.05). Data presented as average ± SEM. 
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Supplemental Figures and Legends 
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fig. S1: Histone H3Q5 is a substrate for dopaminylation in vitro 

(A) Proposed structure of dopaminylated glutamine. (B) High resolution/high mass 

accuracy mass spectrum of the quadruply charged dopaminylated H3 tail peptide 

(ARTKQTARKSTGGKA-NH3; +DA/+TGM2 condition). The difference between 

measured and expected mass of the amidated peptide was 0.42 ppm. (C) Ion traces of the 

amidated H3 tail peptide with (right panels) and without (left panels) dopaminylated 

glutamine. Top, middle and bottom panels show signals measured under –/–, –/+ and +/+ 

(DA/TGM2) conditions, respectively. Precursor masses were extracted using a 5 ppm 

window. (D) Tandem MS of the glutamine 5 dopaminylated H3 tail peptide 

(+DA/+TGM2 condition). Selected fragment ions (y and b) are labeled. Top panel 

displays the mass to charge (m/z) region from m/z 100-380, while the middle and bottom 

panels shows m/z 380-510 and m/z 510 to 900, respectively. Vertical lines in red and 

blue within the peptide sequence are used to highlight simplified peptide fragmentation. 
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fig. S2: TGM2 dopaminylates H3Q5 equally in the absence or presence of adjacent 

K4me3 

TGM2 dopaminylation assays on unmodified vs. H3K4me3 mononucleosomes 

(n=3/nucleosome type, two-tailed Student’s t-test; p>0.05). Total H3 and direct blue 

staining are provided as a loading controls. H3K4me3 mononucleosomes were validated 

by blotting for the mark.  Data presented as average ± SEM. 
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fig. S3: H3Q5dop and H3K4me3Q5dop antibody validations 

(A) Synthesis of dopaminylated H3 peptides. Peptide backbones were (i) synthesized on 

2-Cl trityl resin using standard Fmoc-strategy solid-phase synthesis (canonical side-chain 

protecting groups are omitted for clarity). Allyl-protected glutamate and either Nε-Boc or 

Nε-Me3 lysine were incorporated at positions 5 and 4, respectively. Fully assembled 

peptides were then (ii) allyl deprotected, (iii) functionalized with dopamine acetonide and 

finally (iv) cleaved from the resin with concomitant side-chain deprotection. (B) Peptide 

dot blot titrations testing the α-H3Q5dop antibody’s reactivity against unmodified vs. 

Q5dop peptides. Direct blue staining was used to control for peptide loading. (C) WB 

analysis of TGM2-based monoaminylation assays on unmodified monomeric H3 

demonstrating that the α-H3Q5dop antibody only detects signal when H3 has been 

transamidated with DA (vs. 5-HT and norepinephrine/NE). Direct blue staining was used 
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to control for protein loading. (D) Western blotting analysis of TGM2 dopaminylation 

assays on unmodified mononucleosomes revealing that the α-H3Q5dop antibody detects 

signal only when the nucleosomes have been transamidated with DA. DB staining was 

used to control for protein loading. (E) H3Q5dop vs. H3Q5ser western blotting analysis 

indicating that while both antibodies detect their appropriate modifications in enzymatic 

TGM2 assays using donor dopamine vs. serotonin, respectively, only appreciable signal 

for H3Q5dop is observed in VTA lysates (F) Peptide dot blot titrations testing the α-

H3K4me3Q5dop antibody’s reactivity against various peptides; note that linear signal 

was only observed with the K4me3Q5dop peptide. Direct blue staining was used to 

control for peptide loading. Peptide competition (i.e., no block vs. unmodified H3 block 

vs. dopaminyl blocks/single or dual) western blotting analysis of lysates from rat brain 

indicating the specificity of our (G) α-H3Q5dop and (H) α-H3K4me3Q5dop antibodies 

in vivo. (I) Western blotting analysis of H3Q5dop and H3K4me3Q5dop (vs. total H3) in 

human pluripotent stem cells (hPSCs) and hPSC derived dopaminergic neurons at days 

12 and 25 of differentiation [provided by Dr. Kristen Brennand (ISMMS), and generated 

using established protocols (30)]. These data demonstrate that while the dopaminyl marks 

are absent pre-differentiation (when dopamine is not present), both are greatly enhanced 

in their expression as dopaminergic neuronal identity is achieved. (J) Viral mediated 

knockdown (AAV-Cre vs. AAV-GFP) of Tgm2 of adult Tgm2fl/fl mice results in reduced 

expression of H3Q5dop, but not H3K4me3Q5dop, in VTA. Direct blue was used as a 

loading control. 
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fig. S4: H3Q5dop remains unaffected by restricted access cocaine, and its 

accumulation in VTA requires volitional administration of a drug reward 

(A, top) Experimental timeline of cocaine SA (restricted), followed by tissue collection 

time points during WD. (A, bottom)  Number of infusions earned in daily 1 hr (restricted 

access, FR5) test sessions in rats self-administering 0.5 mg/kg/infusion cocaine or saline 

(n=7-22/group) for 10 days (B) Western blot analysis of H3Q5dop in VTA tissues (30 d 

WD) from restricted access cocaine vs. saline SA rats (n=7-8/group, p>0.05). No changes 

were also observed in H3K4me3Q5dop, H3K4me3, H3, or Tgm2 expression (p>0.05; see 

fig S5, F for quantifications). (C) Western blot analysis of H3Q5dop in VTA tissues (30 

d WD) from yoked extended access cocaine vs. saline SA rats (n=7/group, p>0.05). No 

changes were observed in H3K4me3Q5dop, H3K4me3 or H3 expression (p>0.05; see fig 
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S5, G for quantifications). Experimental timeline is provided below. (D) Western blot 

analysis of H3Q5dop in VTA tissues (30 d WD) from experimenter-administered (EA) 

cocaine vs. saline rats (n=6-7/group, p>0.05). No changes were observed in 

H3K4me3Q5dop, H3K4me3 or H3 expression (p>0.05; see fig S5, H for quantifications). 

Experimental timeline is provided below. (E) Western blot analysis of H3Q5dop in VTA 

tissues (30 d ad libitum) from extended access food (natural reinforcer) vs. non-

reinforcement control rats (n=5-6/group, p>0.05). No changes were observed in 

H3K4me3Q5dop, H3K4me3 or H3 expression (p>0.05; see fig S5, I for quantifications). 

Experimental timeline is provided below. Data presented as average ± SEM. 
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fig. S5: Quantifications of negative western blotting data in VTA  

Related to (A) Fig. 1A, (B-E) Fig. 1D, (F) fig. S4B, (G) fig. S4D, (H) fig. S4E and (I) 

fig. S4F. Data presented as average ± SEM (all p>0.05 with the exception of saline vs. 

extended access cocaine H3Q5dop/H3 data from Fig. 1, D). 
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fig. S6: Principal component analysis (PCA) of samples used in RNA-seq 

assessments 

Related to Fig. 2. Analysis of RNA-seq sample variance across VTA virally infected 

tissues (empty, H3.3 WT and H3.3 Q5A) from (A) saline or (B) extended access cocaine 

self-administering rats. While all viral groups generally cluster together in saline treated 

animals, the H3.3 Q5A viral group displays clear divergence from the empty vector and 

H3.3 WT control groups following cocaine, as is reflected in the differential analyses 

depicted in Fig. 2. 
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fig. S7: Reducing H3Q5dop in VTA has no effect on cocaine-seeking following 

restricted access to cocaine 

(A) Experimental timeline of cocaine SA (restricted access) drug-seeking experiments 

following viral transduction with empty vector or H3.3 WT controls vs. H3.3Q5A. (B) 

Following 10 days of restricted access cocaine (n=9-10/group, two-way ANOVA was 
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used, p>0.05), rats were infected intra-VTA with one of the three viruses (day 11), 

followed by 30 d of WD and (C) 1 hr of cocaine seeking; the total number of active 

responses recorded between viral conditions was unaffected (n=8-10/group, one-way 

ANOVA was used, p>0.05). Data presented as average ± SEM. 
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fig. S8: Blocking H3Q5dop in VTA affects neither seeking for a natural reward nor 

cocaine-induced psychomotor sensitization 

(A) Experimental timeline of food SA (extended access) seeking experiments following 

viral transduction with empty vector or H3.3 WT controls vs. H3.3Q5A. (B) Following 

10 days of extended access food SA (n=5-6/group, two-way ANOVA was used, p>0.05), 
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rats were infected intra-VTA with empty vector, H3.3 WT or H3.3Q5A (day 11), 

followed by 30 d of ad libitum feeding and (C) 1 hr of reward-seeking; the total number 

of active responses recorded between viral conditions was unaffected (n=5-6/group, one-

way ANOVA was used, p>0.05). (D) Experimental timeline of cocaine sensitization 

(extended access) experiment following viral transduction with either H3.3 WT or 

H3.3Q5A. (E) Psychomotor sensitization was measured over the course of five days 

(following one day of habituation/single saline injection) after cocaine injections (1/day, 

i.p.); while all rats displayed increased locomotor activity with repeated injections 

(n=7/group, Student’s t test was used comparing cocaine days 1 vs. 3, ** p≤0.01), no 

differences between viruses were observed (Student’s t test was used comparing H3.3 

WT vs. H3.3Q5A on days 1, 3 and 5 – p>0.05). Data presented as average ± SEM. 
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fig. S9: Working model 

Our data indicate that H3Q5dop accumulates in VTA following prolonged WD from 

extended, but not restricted, access cocaine (vs. their respective saline controls) leading to 

cocaine mediated gene expression, enhanced drug-seeking-induced DA release into NAc 

and increased vulnerability to relapse associated behaviors. While cocaine-seeking or 

drug re-exposures likely lead to clearance of pathophysiological levels of DA in VTA 

cell bodies/nuclei, we hypothesize that aberrant H3Q5dop may be stable, thereby 

contributing to the persistence of the addicted state. 
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Supplementary Sequencing Data Tables 

Excel file including Supplementary Data Tables 1-5, which contain processed RNA-seq 

data from virally infected brain and associated pathway enrichment analysis. 
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