
Supplementary Material and Methods 

Human brain specimens from Caucasian subjects were obtained at autopsy from the Forensic 

Medicine Department of Semmelweis University, Budapest, Hungary (27 fresh-frozen cases 

and 27 formalin-fixed cases) and Forensic Medicine Department at the Karolinska Institutet, 

Stockholm, Sweden (5 fresh-frozen cases) under approved local ethical guidelines. The cause 

and manner of death were determined by forensic pathologists. The post mortem interval 

(PMI) was assured to be less than 24 hours. The general characteristics of inclusion criteria 

and demographic data for control and heroin subjects for the two groups of subjects are 

presented in Supplemental Table 1. Routine pH measurements of the brain samples were 

conducted as described elsewhere (Horvath et al., 2006). Brain samples in subset I (n=32) 

were preserved by freezing in dry-ice cooled isopenthane and stored in -40C until usage, 

while brain samples from subset II (n=27) were fixed for 6 weeks in 4% formaldehyde 

solution before paraffin embedding. For both subsets I and II, the subjects were classified into 

two main case groups according to their cause of death: control and heroin overdose. The 

heroin group represented a unique drug abuse population with predominant heroin use and 

with no history of methadone or buprenorphine clinical treatment; information obtained from 

family or available medical documentation. They were also negative for HIV infection. The 

control group had negative toxicology for opiates or other drugs of abuse except alcohol in 

very few cases in which ethanol concentrations were similar to the limited alcohol-positive 

subjects identified in the heroin group.  

 For the molecular studies twenty micron thick cryosections (using a Jung-Frigocut 

2800E cryostat; Leica, Heidelberg, Germany) were taken from brainstem blocks where 

specific brain regions were distinguishable (substantia nigra, superior cerebellar peduncle) 

and thaw-mounted onto Superfrost plus-glass (Brain Research Laboratories, Newton, MA).  

The brain sections were maintained at -30C until later use. For immunohistochemistry, the 



formalin fixed tissue blocks from the striatum, where both the dorsal subregion and nucleus 

accumbens were distinguishable, were paraffin embedded.  

 

PCR-derived DNA probes 
TH (NM_000360) Nested pair external primers: 
5’ – CGT GGA CAG CTT CTC AAT TTC CTC AT – 3’ and 5’ – CAG CGC AGG AAG 
CTG ATT GCT GA - 3’. Internal primers: 5’ – GGG ATT TAG GTG ACA CTA TAG AAC 
CAG GCC AAT GTC CTG CGA GAA – 3’ and 5’ - CTG TAA TAC GAC TCA CTA TAG 
GGG GAG CAC CTG GAG GCC TTT GCT T-3’. 
 
Nurr1 (NM_006186) Nested pair external primers: 5’ – CCC AGC TTC AGT ACC TTT 
ATG GAC AA – 3’ and 5’ – AGC TGA GAC GCG TGG CCG ATC T - 3’. Internal primers: 
5’ – GGG ATT TAG GTG ACA CTA TAG AAC CAG GCC AAT GTC CTG CGA GAA – 
3’ and 5’ - CTG TAA TAC GAC TCA CTA TAG GGG GAG CAC CTG GAG GCC TTT 
GCT T-3’. 
 
Calbindin (NM_004929) Nested pair external primers: 5’ – CTG ACG GAA GTG GTT ACC 
TGG AA – 3’ and 5’ – GGT AGT AAC CTG GCC ATC TCA GTT- 3’. Internal primers: 
5’ – CTG TAA TAC GAC TCA CTA TAG GGA GTT GGC TCA CGT ATT ACC – 3’ and 
5’ – GGG ATT TAG GTG ACA CTA TAG AAG GCC ATC TCA GTT AAT TC-3’. 
 
α-synuclein (NM_000345) 5’ – GGG ATT TAG GTG ACA CTA TAG AAC ACA AAG 
ACC CTG CTA CCA T – 3’ and 5’ – CTG TAA TAC GAC TCA CTA TAG GGG AAT 
TCT GGA AGA TAT GCC - 3’. 
 
 
Riboprobe Preparation and In Situ Hydridization 

In situ hybridization histochemistry was used to examine the relative expression of mRNA 

levels since the technique allows for discrete anatomical dissociation of the different neuronal 

subpopulations in the human brainstem. Riboprobes complementary to the human DAT 

mRNA were synthesized from human cDNA BamH1/SacI 809 bp fragment subcloned into a 

pSP73 plasmid. The RNA probe for the DA D2 receptor was synthesized from a full length 

1.58 kb cDNA fragment of the gene for the long form of the human receptor (Grandy DK, 

1989; provided by Dr O. Civelli), that was subcloned into a pBSKS plasmid vector. Alkaline 

hydrolysis was performed for the D2 receptor. The other riboprobes were synthesized from a 

human cDNA library using PCR (see above for primer sequences). The validity of the PCR 

products was confirmed by DNA sequencing. In vitro transcription was carried out in the 



presence of appropriate polymerases and [35S]-αUTP (Amersham Biosciences, Europe) to 

radiolabel the probes. In situ hybridization was performed on duplicate sections/subjects as 

previously described (Fagergren P, 2003). Briefly, prior to hybridization, the brain sections 

were fixed with 4% paraformaldehyde in phosphate-buffered saline, incubated in 0.25% 

acetic anhydride in 0.1M triethanolamine/saline, dehydrated through a series of graded 

ethanol, and delipidated with chloroform. Cover-slipped sections were incubated with 0.21ml 

of hybridization cocktail at a final concentration of 20 x 103 cpm/ml overnight at 55ºC (65ºC 

for Nurr1 to reduce background). Hybridization was terminated by washes in a graded series 

of SSC solutions followed by dehydration in a graded series of ethanol. Riboprobe incubated 

slides were exposed to Kodak Biomax MR film for five to 15 days depending on the probe of 

interest with 14C standards (American Radiolabelled Chemicals, St Louis, MO, USA), and 

developed (D19, Kodak). The specificity of the antisense probes was verified by their distinct 

anatomical distribution patterns and by the use of sense riboprobes. Brain sections used for 

analysis of the different DAergic gene mRNA expression levels were studied in separate 

experiments. All antisense riboprobes studied showed specific hybridization signals with very 

low background in the brainstem (Fig. 1). There was no specific hybridization signal in brain 

sections processed with the sense riboprobes. 

 

[35S]GTPγS Autoradiography 

 [35S]GTPγS binding autoradiography was carried out as described previously (Sim et al., 

1995) with minor modifications. Slides were incubated in assay buffer (50 mM Tris–HCl, 3 

mM MgCl2, 0.2 mM EGTA, 100 mM NaCl, pH 7.4) for 10 min at 25°C, and then were pre-

treated with 2 mM of GDP in assay buffer for 15 min at 25°C. Sections were incubated in 

0.04 nM of [35S]GTPγS, 2 mM GDP, 0.1 mM DTT with 1 µM of µ agonist, [D-Ala2, MePhe4, 

Gly-ol5] enkephalin (DAMGO), or 0.5 µM U69593 (κ agonist) in assay buffer at 25° for 2 hr. 



Non-specific signal was assessed in present of 4.26 mM cold GTPγS. Basal activity was 

assessed in the absence of agonist. After incubation, slides were rinsed in cold Tris buffer (50 

mM of Tris–HCl buffer, pH 7.4) for 2 min and rinsed in cold distilled water. The sections 

were thoroughly dried, and exposed to Amersham Hyper film with 14C standards for 14-21 

days. 

 

Quantification of Autoradiograms 

The autoradiograms from the in situ hybridization experiments were scanned using a 

ScanMaker III (Mikroteck Electronics, Düsseldorf, Germany) at a resolution of 300 dpi. 

Optical density values were measured from the digitalized images with an analysis software 

system (Scion Image; based on NIH Image for MacIntosh, Wayne Rasband National Institutes 

of Health, USA). In the midbrain, anatomical levels were identified in each case using TH 

expression pattern as a marker for the DAergic cell groups. In addition to the mesolimbic and 

mesocortical cell populations, abundant DA-containing cells are localized to basal ganglia 

neuronal populations of the substantia nigra that provide the main DAergic input to the dorsal 

striatum (caudate nucleus and putamen) and thus were studied. Regional boundaries of the 

DA cell groups within the human midbrain were determined according to published 

anatomical characteristics (McRitchie et al., 1995; Haber and Fudge, 1997). Five cell groups 

were identified: limbic-related “dorsal tier” nuclei included the VTA (consisting of the 

paranigral (PN) and parabrachial pigmented (PBP) nuclei) and the substantia nigra dorsal part 

(SNd) and motor-related “ventral tier” nuclei included the substantia nigra ventral and lateral 

parts (SNv and SNl respectively) (Supplemental Fig. 1; see Haber and Fudge, 1997)). The 

subpopulations were distinguished by the co-register with the distribution pattern of calbindin 

mRNA expression, which was present in “dorsal tier”, but not in “ventral tier” neuronal 

populations (Supplemental Fig. 1A). Background signal in the adjacent white matter was 



subtracted from the averaged values. Measurements from duplicates and right and left sides 

were averaged to one value per subject for each subregion. Based on the known radioactivity 

in the 14C standards relative to their transmittance levels, the optical density values were 

converted to dpm/mg using a Rodbard calibration curve (Scion Image). All the DA markers 

examined showed a typical expression pattern characteristic of the distribution of DAergic 

neurons (Hurd et al., 1994). Consistent with previous studies, mRNA expression of the 

DAergic markers was highly abundant within the substantia nigra and VTA, most 

predominantly expressed in the paranigral nucleus (PN) followed by the substantia nigra 

ventral part (SNv) and substantia nigra lateral part (SNl) (Hurd et al., 1994). The mRNA 

expression levels were higher in the substantia nigra dorsal part (SNd) than in the parabrachial 

pigmental nucleus (PBP) for most markers with the exception of DAT where the PBP had 

higher expression. 

 

Immunohistochemistry 

Immunohistochemistry was carried out using a DAT antibody (Chemicon, rabbit polyclonal, 

1:100, detects the C-terminal of the DAT) after epitope retrieval of antigens by boiling the 

sections in the autoclave in 100oC in a high pH (9.0) solution (DakoCytomation Target 

retrieval solution, Dakocytomation, Glostrup, Denmark). Sections were stained using Dako 

Envision System kit (DAKO, Glostrup, Denmark) as a secondary detection system. The kit 

included a peroxidase-conjugated polymer. The reaction was visualized by DAB chromogen.  

 

Light microscopy morphometry and quantification 

Five areas, each 85,000 µm2 were studied along the dorsolateral extent of the caudate nucleus, 

putamen, and nucleus accumbens. Two photos of each area were taken at two levels, 5 µm 

apart. The photos were made by similar light microscopic settings (Olympus CX40, objective, 



aperture, exposure time). The color photos were converted into grayscale images. To 

determine the density of immunoreactive dots per unit cytoplasmic area, the images were 

analyzed using analySIS® software (Soft Imaging System GmbH, Münster, Germany) with 

similar threshold values. The threshold value was set using a no-first-antibody control section 

and defines a value that excludes gray pixels indicative of background staining. Subregional 

analyses were also carried out of the ‘shell’ and ‘core’ compartments of the nucleus 

accumbens. 

 

Statistical Analysis 

Normality of the data was assessed using Shapiro-Wild’s W test. Non-normal data was 

normalized by natural logarithm conversion. Univariate analyses and general linear stepwise 

regression analyses were used to determine group differences in dpm/mg (mRNA expression) 

levels measured in the subpopulations of DAergic neurons in the brainstem as well as in 

density values of DAT in the striatum. An initial univariate analysis screening was conducted 

to select the covariates for the regression models. Independent variables (age, PMI, sex, brain 

pH, freezing time, ethanol toxicity) were included in the model if the univariate analysis 

showed the variable to be significant (p < 0.05). Due to difficulties in ascertaining exact time 

of death in some cases, the PMI was dichotomized as less than 12 hours or 24 hours. The 

association between the presence and concentration of heroin metabolites on the mRNA 

expression levels and DAT density values was determined in the heroin group. All statistical 

evaluations were carried out using the JMP (3.1v) and Statistica 6.1 statistical software 

packages.  
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Supplementary Tables 

Supplementary Table 1. Demographic data of the study subjects.  
 
Group Subset Control Heroin  

I1 n=10 n=22 Case number 
II2 n=12 n=18 
I 29.2 ± 2.8, (15- 44) 26.04 ± 1.06, (19-39) Age (year) 
II 40.6 ± 3.95 (19-53) 24.33 ± 0.7 (20-31) 
I M=8; F=2 M=19; F=3 Sex 
II M=7; F=2 M=17; F=1 
I 6.76 ± 1.6 6.53 ± 0.04 Brain pH 
II 6.71 ± 0.08 6.52 ± 0.05 
I 348.4 ± 36.06 445.8 ± 41.8 Storage time 

(weeks)3 II - - 
PMI (hrs) 4 I 21.6 ± 1.6 23.14 ± 0.5 
 II 12-24 12-24 

I n = 1; 2.66 ‰ n = 3; 1.28 ‰ ± 0.45 Ethanol in 
blood5 II n = 0 n = 2; 1.57 ‰ ± 0.46 

I 0 0.33 ±0.08 µg/ml Morphine in 
blood II 0 0.65 ±0.1 µg/ml 

I 0 1.27 ± 0.49 µg/ml Morphine in 
urine II 0 2.29 ± 0.5 µg/ml 

I Electric shock (n=1), 
myocardial infarct (n=8), 
sudden death (n=1) 

Heroin overdose Cause of death 

II Myocardial infarct (n=9), 
suicide by hanging (n=3) 

Heroin overdose 

Inclusion 
criteria 

I, II Negative toxicology of opiate 
or other drug 
No history of opiate abuse 
No history of abuse to other 
drugs 
No needle tracks 

Positive opiate toxicology 
History of opiate abuse 
Needle tracks on the body 

Values represent mean ± SEM, range in parenthesis. Abbreviations: M-male, F-female. 
1 – Subset I used for in situ hybridization molecular studies. 
2 – Subset II used for immunohistochemistry analysis. 
3 - Storage time in -80°C before cutting; not applicable for formalin fixed tissue, where the 
blocks were paraffin embedded.  
4 – PMI was <24 hrs for all cases; the exact PMI was uncertain for some cases so only the 
range is provided. 
5 – Number of cases where ethanol was present in the blood with mean ethanol concentration. 
 



Supplementary Table 2. mRNA expression levels of dopamine-related markers and 
[35S]GTPγS binding levels in midbrain subregions of human heroin abusers and control 
subjects.  
 

Marker Region Control mean ± 
SEM 

Heroin mean ± 
SEM 

p-value Covariates 

 
mRNA Expression 

 
 PN 1343.9±86.7 1554.6±100.4 0.04939 Freezing time  
 PBP 183.7±21.51 182.65±19.5 0.97551 - 

TH SNd 168.0±15.9 239.7±21.2 0.04249 - 
 SNv 1371.9±141.0 1018.3±114.95 0.32437 pH, age 
 SNl 721.2±79.0 911.6±92.0 0.00345 pH  
      
 PN 1359.2±83.3 1313.7±81.8 0.74693 - 
 PBP 184.8±28.7 189.8±14.4 0.86302 - 

DA D2 
 

SNd 268.0±31.3 216.1±15.9 0.66861 Sex 

 SNv 1223.38±85.9 1266.7±84.8 0.74294 - 
 SNl 1144.8±110.4 1123.8±98.4 0.89387 - 
      
 PN 201.6±12.9 230.7±11.6 0.00354 pH, sex 
 PBP 29.5±2.7 27.9±2.6 0.55045 Sex 

α-syn SNd 28.5±4.3 34.1±2.8 0.6432 pH, age 
 SNv 181.6±14.3 209.4±12.1 0.04998 Etoh tox  
 SNl 167.3±14.4 156.5±22.0 0.73272 - 

 
G-protein binding 

 
 PN 51.9±2.6 54±2.3 0.0062 pH  
 PBP 17.7±1.3 22.4±1.2 0.0678 age  

SNd 23.5±3.1 19.5±1.7 0.6641 pH  
SNv 59.5±4.2 58.1±4.1 0.1331 pH, age  Basal level   
SNl 43.3±1.8 35.7±4.4 0.2304 pH  

 PAG 38.6±3.5 39.1±2.8 0.047 pH 
 IP 45.7±3.7 52.1±2.8 0.2342 age 
      
 PN 26.89±11.9 64.5±6.5 0.0059   

PBP 24.4±9.9 25±5.5 0.9768   
SNd  ND       
SNv 16±10.3 34.3±7 0.1424   
SNl 21.3±15.6 22±7.9 0.967   

U69593- 
stimulation 

PAG 1.1±9.2 29.5±5.7 0.03789 age, EtOH 
 IP 49.2±8.0 42.75±6.3 0.5994   

PAG 29.6±8.1 71.9±3.8 <0.0001  DAMGO 
stimulation IP 379±65.3 453.5±28.1 0.239  

Abbreviations as in Supplementary Figure 1. Dopaminergic markers means are shown as 
dpm/mg; Basal levels of G-protein binding means are shown as µCi/mg; U69593 and 
DAMGO-stimulated [35S]GTPγS binding shown as % activation of basal levels. ND, not 
detectable. 
 
 
 
 



Supplementary figure legend: 
 
Supplementary Figure 1. Autoradiograms showing the mRNA expression pattern and 

distribution of calbindin (A) as well as dopaminergic markers in the human midbrain for 

tyrosine hydroxylase (TH; B), dopamine transporter (DAT, C), DA D2 receptor (D), Nurr1 

(E), and α-synuclein (F). PN – paranigral nucleus, PBP – parabrachial pigmental nucleus, 

SNv – substantia nigra ventral part, SNl – substantia nigra lateral part, SNd – substantia nigra 

dorsal part, SCP – superior cerebellar peduncle, CP – cerebral peduncle. Limbic-related 

“dorsal tier” nuclei include the PN, PBP, and SNd; motor-related “ventral tier” 

subpopulations include the SNv and SNl. 

 

Supplementary Figure 2. Immunohistochemistry for DAT in the caudate nucleus (CN), 

putamen (Put) and nucleus accumbens (NAcc: shell (s) and core (c) subregions) of controls 

and heroin users. Arrows indicate enlarged area of the putamen and nucleus accumbens 

(x400). 

 


