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Abstract

Rationale.—The long held speculation that the brain serotonin system mediates some 

behavioural effects of the psychostimulant cocaine is supported in part by the high affinity of 

cocaine for the serotonin transporter (SERT) and by reports that the serotonin transporter (SERT), 

estimated by SERT binding, is increased in brain of human chronic cocaine users. Excessive SERT 

activity and consequent synaptic serotonin deficiency might cause a behavioural (e.g., mood) 

abnormality in chronic users of the drug.

Objective and Methods.—Previous studies focused on changes in SERT binding, which might 

not necessarily reflect changes in SERT protein. Therefore, we compared levels of SERT protein, 

Terms of use and reuse: academic research for non-commercial purposes, see here for full terms. http://www.springer.com/gb/open-
access/authors-rights/aam-terms-v1
*Corresponding author at: Preclinical Imaging, Brain Health Imaging Centre, Centre for Addiction and Mental Health, 250 College 
Street, Toronto, ON, Canada M5T 1R8. Telephone: 416-535-8501 ext. 36422; Junchao.tong@camh.ca. 

Publisher's Disclaimer: This Author Accepted Manuscript is a PDF file of a an unedited peer-reviewed manuscript that has been 
accepted for publication but has not been copyedited or corrected. The official version of record that is published in the journal is kept 
up to date and so may therefore differ from this version.

Conflict of interest The authors declare that they have no conflict of interest.

HHS Public Access
Author manuscript
Psychopharmacology (Berl). Author manuscript; available in PMC 2021 September 01.

Published in final edited form as:
Psychopharmacology (Berl). 2020 September ; 237(9): 2661–2671. doi:10.1007/s00213-020-05562-4.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.springer.com/gb/open-access/authors-rights/aam-terms-v1
http://www.springer.com/gb/open-access/authors-rights/aam-terms-v1


using a quantitative Western blot procedure, in autopsied brain (striatum, cerebral cortices) of 

chronic human cocaine users (n=9), who all tested positive for the drug/metabolite in brain, to 

those in control subjects (n=15) and, as a separate drug of abuse group, in chronic heroin users 

(n=11).

Results.—We found no significant difference in protein levels of SERT or the serotonin 

synthesizing enzyme tryptophan hydroxylase-2 amongst the control and drug abuse groups. In the 

cocaine users no significant correlations were observed between SERT and brain levels of cocaine 

plus metabolites, or with levels of serotonin or its metabolite 5-hydroxyindoleacetic acid.

Conclusion.—Our postmortem data suggest that a robust increase in striatal/cerebral cortical 

SERT protein is not a common characteristic of chronic, human cocaine users.
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1. Introduction

Efforts to understand the mechanisms of action of the abused psychostimulant cocaine have 

mostly focused on the ability of the drug to influence activity of the brain dopamine 

neurotransmitter system via its inhibition of the dopamine transporter (see (Heal et al., 2014; 

Howell & Negus, 2014)). However, over the decades there has also been continuing interest 

in establishing whether some behaviours associated with cocaine use might be explained by 

its actions on brain serotonin releasing neurons (Cox et al., 2011; Cunningham & Anastasio, 

2014). This possibility is clinically relevant given that studies in the human are testing the 

possibility that serotonergic therapeutics (e.g., lorcaserin) might modify cocaine taking 

behavior or side effects of the stimulant ((Higgins et al., 2013; Higgins et al., 2020); see 

(Collins et al., 2018)); but there is uncertainty whether preclinical cocaine-serotonin findings 

will translate to the human (e.g, (Collins & France, 2018) vs. (Banks & Negus, 2017; Pirtle 

et al., 2019)). Although the function of serotonin in human brain is still not fully understood, 

clinical pharmacological literature data strongly support the notion that serotonin is involved 

in aspects of mood ((Pare & Sandler, 1959; Shopsin et al., 1976); see (Ban, 2001) for a 

review).

The thrust of the argument that brain serotonin might mediate some actions of cocaine stems 

in part from observations that 1) the stimulant binds to the serotonin transporter (SERT; 

(Ross & Renyi, 1969; White & Appel, 1981; George, 1989; Hoffman et al., 1991; 

Ramamoorthy et al., 1993)) with high affinity and locks it in an outward-open inactive state 

(Coleman et al., 2019), an action that would be expected to cause, acutely, an increase in 

synaptic levels of the neurotransmitter; and 2) preclinical data associate SERT blockade or 

its inactivation with some behavioural cocaine actions (e.g. (Sora et al., 1998; Simmler et al., 
2017)). Other preclinical studies, albeit not entirely consistent, have suggested that following 

chronic cocaine exposure the brain SERT upregulates in concentration ((Cunningham et al., 
1992; Belej et al., 1996; Banks et al., 2008; Gould et al., 2011); but see (Katz et al., 1993; 

Simms & Gallagher, 1996; Little et al., 1998; Sawyer et al., 2012); see below for discussion) 

perhaps to compensate for the acutely increased synaptic serotonin. In this context, should 
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the SERT upregulation be substantial, it could lead to changes in behaviours in the chronic 

cocaine condition due to a SERT-induced serotonin deficiency (e.g. depressed mood during 

cocaine abstinence; (Mash et al., 2000)).

To our knowledge, the literature on SERT levels in brain of human chronic cocaine users is 

limited to only three early reports in which radioligand binding measurements were made by 

using the first generation non-selective cocaine analog RTI-55/β-CIT. One investigation, a 
123I-β-CIT brain imaging study (Jacobsen et al., 2000), reported an increase in whole 

diencephalon (17%) and brainstem (32%) binding in early abstinent cocaine users, with 

marked overlap between cocaine and control group ranges. One major limitation of this 

study was, as authors acknowledged, the potential confound of dopamine transporter binding 

by the radiotracer in midbrain and thalamus (Sasaki et al., 2012). In contrast, examination of 

citalopram-sensitive 125I-RTI-55 binding at a saturating concentration of 3.5 nM in 

autopsied midbrain of cocaine users reported decreased SERT levels in dorsal and median 

raphe and substantia nigra (−48–34%; (Little et al., 1998)). In another postmortem 

investigation using the same radioligand at a much lower concentration of 50 pM, a 

strikingly marked (up to 2–3 fold) increase in binding (by autoradiography) was observed in 

some striatal and cerebral cortical areas of autopsied cocaine overdose victims, which was 

attributed to changes in Bmax rather than Kd but with the magnitude of the changes partly 

dependent on whether the cocaine users died during an excited delirium episode ((Mash et 
al., 2000); see below in Discussion).

Given the limited information on brain SERT status in human cocaine users, and the 

possibility that the reports of increased brain SERT binding might not necessarily translate 

to elevated concentration of the actual SERT protein, we measured, by quantitative Western 

blotting, concentrations of SERT protein itself in autopsied brain (striatum and cerebral 

cortex) of human chronic cocaine users, most of whom were suspected of dying from 

cocaine intoxication. The SERT protein measurement procedure we have previously 

successfully employed to detect SERT changes (deficiency) in autopsied brain of persons 

with Parkinson’s disease (Kish et al., 2008) and of users of amphetamine drugs (Kish et al., 
2009; Kish et al., 2010a) in which low brain SERT would be expected. We also include for 

comparison a matched control group, a second drug abuse group (heroin users) and 

measurements of serotonin and metabolite 5-hyrdroxyindoleacetic acid (5-HIAA) and 

striatal protein levels of the rate limiting serotonin-synthesizing enzyme, tryptophan 

hydroxylase-2 (TPH2).

Based on findings in the previous autopsied human brain study of SERT binding (Mash et 
al., 2000) we hypothesized that SERT protein would be markedly above normal in both 

striatum and cerebral cortex of the cocaine users of our study.

2. Subjects and Methods

2.1. Subjects

The study was approved by the Research Ethics Board of the Centre for Addiction and 

Mental Health at Toronto. Postmortem brain from 9 chronic cocaine users (7 males and 2 

females), 11 chronic users of heroin (10 males, 1 female), and 24 controls (21 males and 3 
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females) was obtained from medical examiner offices in the USA and Canada using a 

standardized protocol. Subject information, drug histories, and brain drug levels for the drug 

users are summarized in Table 1 and were previously published (Tong et al., 2018). There 

were no statistically significant differences in age (control, 33.9±2.4 years; cocaine, 

35.4±4.8 years; heroin, 36.2±2.5 years; mean±SEM) or postmortem intervals (PMI, interval 

between death and freezing of the brain; control, 14.1±1.2 hours; cocaine, 17.0±2.4 hours; 

heroin, 13.4±2.0 hours) between the control and drug users (one-way ANOVA). Genomic 

DNA was extracted from brain of all 9 cocaine users, 10 of the 11 heroin users and 15 

control subjects who were assessed for SERT levels and the SERT gene promoter 

polymorphism (5HTTLPR) were determined [allele 1 (L)=450 bp; allele 2 (S)=406 bp; see 

(Kish et al., 2009)]. The control (8LL/4LS/3SS), cocaine (5LL/3LS/1SS) and heroin 

(2LL/7LS/1SS) users did not differ significantly with respect to distribution of the 

5HTTLPR gene promoter polymorphisms (χ2(4,34)=5.3, p=0.26). At autopsy, one half-

brain was fixed in formalin for neuropathological analysis, whereas the other half was 

immediately frozen until dissection for neurochemical analysis. Blood samples and a brain 

sample at autopsy were obtained from all of the drug users and the control subjects for drug 

screening. Sequential scalp hair samples for drug analyses could be obtained from five of the 

nine cocaine users, 19 of the 24 controls, and 10 of the 11 heroin users. Levels of drugs of 

abuse in blood and other bodily fluids were measured by the local medical examiner 

whereas drug analyses in brain and hair samples were conducted at the Armed Forces 

Institute of Pathology (Washington, DC, USA). Subjects for the cocaine group met the 

following criteria: 1) presence of cocaine or metabolite benzoylecgonine on toxicology 

screens in blood or (one subject) urine; autopsied brain, and, if available, scalp hair by GC-

MS; 2) absence of other drugs of abuse in bodily fluids, with the exception of ethanol (see 

below), or in brain; 3) evidence from the case records or interview with next of kin of use of 

cocaine as the primary drug of abuse for at least 1 year prior to death; and 4) absence of 

neurological illness or, at autopsy, brain pathology unrelated to use of the drug. Two of the 

cocaine users (#C3 and #C4 in Table 1) had used alcohol recently before death as indicated 

by the presence of ethanol in blood and/or cocaethylene in brain. Available hair analysis of 

five of nine cocaine users revealed presence of only cocaine and/or metabolites in four 

subjects. Known or suspected causes of death of the cocaine users were cocaine intoxication 

(five), cardiovascular disease with cocaine as a contributing factors (two), carotid artery 

aneurysm with cocaine as a contributing factor (one) and chest trauma (one). Heroin users 

met the following criteria: 1) presence of heroin metabolites (6-acetylmorphine, morphine, 

or morphine glucuronide) on toxicology screens in blood and autopsied brain; 2) absence of 

other drugs of abuse in bodily fluids with the exception of ethanol (see below) or other 

opioid drugs (two subjects had blood samples positive for the opioid drug propoxyphene and 

its metabolite norpropoxyphene); 3) evidence from the case records of primary use of heroin 

for at least one year prior to death; and 4) absence of evidence of neurological illness or, at 

autopsy, brain pathology unrelated to use of the drug. Five of the heroin users (Table 1) had 

used alcohol recently before death as indicated by the presence of ethanol in blood. Hair 

analysis of the (10 of 11) heroin users revealed presence of only heroin metabolites in eight 

of the users. The suspected cause of death was heroin intoxication (seven), mixed drug 

intoxication (two), and cardiovascular disease with heroin as a contributing factors (two). 

Control subjects (for which brain serotonin markers have been previously reported in (Kish 
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et al., 2009) were neurologically normal and had no evidence of brain pathology on 

neuropathological examination or history of drug use and tested negative for drugs of abuse 

in blood, autopsied brain, and in sequential scalp hair samples where available. The cause of 

death for the controls were cardiovascular disease (n=13), trauma (n=8), renal failure (n=1), 

drowning (n=1) and leukemia (n=1).

Brain regions for neurochemical analysis were dissected as previously described (Kish et al., 
1988) using the atlas of (Riley, 1943), including the caudate nucleus and putamen 

[intermediate (along a dorsoventral gradient) subdivision of the middle (along a dorso-

ventral gradient) portion of both nuclei], and Brodmann (BA) classification for frontal 

(BA10), temporal (BA21) and occipital (BA18) cortices.

2.2. SERT, TPH2, serotonin and 5-HIAA analyses

Levels of SERT and TPH2 immunoreactivity and a “control” protein neurone-specific 

enolase (NSE) were determined in tissue homogenates by quantitative immunoblotting (see 

(Kish et al., 2005; Kish et al., 2009) for more details) in the cocaine and heroin users and in 

15 of the controls (age, 36±3 years; PMI, 14±2 h) who were matched for age and PMI. In 

brief, five concentrations of a tissue standard were employed consisting of a pooled human 

caudate sample (for SERT and TPH2) or frontal cortex (for NSE) running on each gel 

together with the samples. Protein concentration was determined using the Bio-Rad Protein 

Assay Kit (Bio-Rad, Hercules, CA, USA) with bovine plasma albumin as the standard. 

SERT, TPH2 or NSE protein immunoreactivity in each sample was determined by 

interpolation from the linear standard curve and expressed as microgram tissue standard 

protein per microgram tissue sample protein. The primary antibodies used for SERT, TPH2 

and NSE were from Mab Technologies (Stone Mountain, GA, USA; cat# ST-51–1, against 

an N terminus 16-aa peptide of human SERT), Sigma-Aldrich (St Louis, MO, USA; 

cat#T0678, against recombinant rabbit TPH) and Santa Cruz Biotechnology (Santa Cruz, 

CA, USA; cat#sc-21737, against aa 271–285 of human NSE), respectively. The monoclonal 

SERT antibody ST-51 (IgG1) has been widely used (Ramsey & DeFelice, 2002; Rajkowska 

et al., 2017), with specificity in autopsied human brain confirmed by detection of a 

predominant broad protein band centered at the expected molecular weight of 77 kDa (see 

Fig. 1) in SERT-rich brain areas of basal ganglia, thalamus and hippocampus (Kish et al., 
2005), by expected regional brain distribution of SERT immunoreactivity that is highly 

significantly correlated with positron emission tomography binding of [11C]DASB in living 

human brain (Tong et al., 2013), and by marked loss of SERT immunoreactivity in brain of a 

chronic user of the serotonin “neurotoxin” ecstasy (3,4-Methylenedioxy-methamphetamine 

(MDMA), (Kish et al., 2010a)). Further, that the 77 kDa protein band corresponds to SERT 

rather than the more abundant dopamine transporter in the striatum was supported by 

preferential loss of SERT immunoreactivity in caudate versus putamen in brain of patients 

with Parkinson’s disease, which is opposite to the preferential loss of dopamine transporter 

in putamen versus caudate in this degenerative condition (Kish et al., 2008). The monoclonal 

pan-TPH antibody (IgG3) has been characterized previously (Haycock et al., 2002; Carkaci-

Salli et al., 2011), with the isoform TPH2 of 55 kDa selectively expressed in the brain. The 

coefficients of variation for SERT immunoreactivity were 8.9% and 9.3% within and 

between blots and 11.8% and 9.3%, respectively, for TPH2 immunoreactivity (Kish et al., 
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2005; Kish et al., 2008; Kish et al., 2009). Levels of serotonin and metabolite 5-HIAA were 

determined by HPLC-electrochemical detection (Wilson et al., 1994) in 14 of the controls 

(age, 34±4 years; PMI, 14±2 h) and in all of the cocaine and heroin users, with the data 

previously reported for the controls (Kish et al., 2009), for eight of the nine cocaine users 

(Wilson et al., 1996), and for nine of the 11 users of heroin (Kish et al., 2001).

2.3. Statistical analyses

Our pre-planned directional hypothesis, based on the previously reported postmortem brain 

SERT binding studies in the forebrain, was that SERT proteins would be above normal in all 

examined brain areas of the cocaine users. Statistical analyses were performed by using the 

StatSoft STATISTICA 7.1 (Tulsa, Oklahoma, USA). Differences in levels of SERT, TPH2, 

and the other serotonin markers between the controls and drug groups in brain regions 

examined were conducted using nonparametric Kruskal-Wallis tests (P < 0.05) followed by 

correction for multiple comparisons (P < 0.05) because many of the data did not pass 

normality tests (see Fig. 2). Correlations were examined by Pearson product moment 

correlation or Spearman ranking order correlation as indicated in the text.

3. Results

As shown in Table 2, protein levels of SERT and TPH2 (the latter examined only in the 

TPH2-“rich” striatum) and the control protein NSE were normal (P > 0.05) in all examined 

brain regions of the cocaine and the heroin users (see Fig. 1 for representative immunoblots). 

An analysis of individual data disclosed extensive overlap between the individual control 

and drug user SERT and TPH2 values in the brain areas examined (Fig. 2). In agreement 

with the previous report of a smaller sample size (n = 8–9; Kish et al. 2001), brain 

concentrations of the serotonin metabolite 5-HIAA and the molar ratio of 5-HIAA vs 

serotonin, an index of serotonin metabolism, were generally lower in brain of chronic heroin 

users as compared to those of controls, with significant decrease observed in putamen, 

frontal and temporal cortices (Table 2 and Fig. 2). However, as previously reported (Wilson 

et al. 1996), levels of serotonin, 5-HIAA and 5-HIAA/5-HT ratio did not differ between 

cocaine users and controls (p > 0.05).

No significant correlation was observed between levels of the serotonin markers and 

available drug use parameters of the cocaine and heroin users including duration of use 

(Pearson) and composite blood and brain drug levels (Spearman). Three cocaine users 

demonstrated a markedly higher level of cocaine and metabolites in brain than other cocaine 

users (>150 versus <50 nmol/g tissue); however, the three cocaine users did not have higher 

mean brain levels of SERT than those with lower brain levels of cocaine plus metabolites (by 

Mann-Whitney U-test). Indeed, the three cocaine users did not have out-of-range values of 

any of the serotonin markers (see Fig. 2). Among the drug users, two cocaine users and five 

heroin users were positive for blood alcohol at the time of autopsy. Comparing the blood 

alcohol positive to negative drug users (Mann-Whitney U-test), significantly higher levels of 

SERT in putamen (1.11±0.05 vs 0.73±0.09, p=0.02) and TPH2 in caudate (0.25±0.11 vs 

0.08±0.01, p=0.03) were observed, with the difference in caudate SERT (0.71±0.18 vs 
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0.43±0.06, p=0.18) or putamen TPH2 (0.68±0.14 vs 0.47±0.09, p=0.21) statistically non-

significant (see Supplementary Figure).

We found no significant correlation (Pearson) between levels of any serotonin marker and 

age or PMI of the subjects (all subjects included or in individual groups). We also did not 

find any significant influence of the 5HTTLPR polymorphism on protein levels of SERT in 

brain of either healthy controls or drug users (p>0.05, LL vs LS+SS, Mann-Whitney U-test, 

given very small number of SS amongst the subjects). This differs from contrasting findings 

in the postmortem brain report of 125I-RTI-55 SERT binding by (Little et al., 1998) but is 

consistent with other studies showing no influence of the promotor polymorphism on brain 

SERT binding in vitro and in vivo (Mann et al., 2000; Murthy et al., 2010).

4. Discussion

The main finding of our study is that protein levels of SERT are not markedly increased, as 

suggested by a previous autopsied brain investigation employing SERT binding, in the 

examined forebrain regions of the cocaine users of our study. SERT protein was also normal 

in brain of the heroin users, a drug abuse “control” group, despite decreased brain serotonin 

metabolism as inferred from decreased levels of 5-HIAA and 5-HIAA/5-HT ratio, consistent 

with results of an earlier imaging investigation employing the non-specific transporter probe 
123I-β-CIT (Cosgrove et al., 2010).

4.1. Limitations

Among the many limitations of postmortem human brain studies is the possibility that 

postmortem time might have influenced protein levels of SERT. However, there were no 

statistically significant differences amongst mean postmortem times for the drug and control 

groups and no statistically significant correlation between postmortem time and brain SERT 

protein in the groups - and previously, we found similar levels of SERT protein in human 

biopsied (within 15 minutes of excision) vs. autopsied (mean 14 hours) brain (Kish et al., 
2009). Little verified retrospective information could be obtained on long-term (e.g., years) 

medication history or exposure to other drugs. Thus, the possibility cannot be excluded that 

other unknown drugs used by the subjects of our study might have influenced brain SERT 

levels (e.g. by preventing or enhancing a cocaine-induced increase in SERT). In this respect, 

alcohol use could have been a confounding factor as higher SERT levels were observed in 

putamen of drug users positive for blood alcohol at autopsy as compared to those negative 

for alcohol. It should be cautioned that the relationship between blood alcohol and brain 

SERT protein noted in this report is at most preliminary, given many conflicting reports on 

serotonergic function and SERT changes in human alcoholism (see (Heinz et al., 2000; 

Brown et al., 2007; Belmer et al., 2016) for more details). However, a strength of the study is 

that forensic brain drug and metabolite analyses prove that the drug users must have used 

cocaine, and used the drug relatively recently. We were also limited by the lack of 

information in case records on other possible psychiatric (e.g, mood disorders) co-

morbidities of the users of cocaine and heroin, which might have contributed to the 

variability of SERT protein levels (e.g, mood disturbance, see (Meyer, 2007) for review). As 

to the question whether Western blotting is sufficiently sensitive to detect a SERT change in 
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a human brain condition, in our previous studies we could detect a brain SERT protein 

change (reduction) in conditions in which a decline would be expected (Parkinson’s disease, 

(Kish et al., 2008); ecstasy [3,4-methylenedioxymethamphetamine user - single case, (Kish 

et al., 2010a)) and in human methamphetamine users in which a SERT reduction would not 

be unexpected (Kish et al., 2009). It is also likely that we would have been able to detect a 

massive 100–200% increase in SERT protein as suggested by the previous autopsied brain 

investigation of SERT binding in human cocaine users (Mash et al., 2000). In this respect, a 

caveat of our study is that levels of total SERT protein in tissue homogenates might not 

reflect cell surface transporter available for ligand binding given dynamic trafficking/sorting 

of SERT between plasmalemma membrane and intracellular compartments, e.g., 

endoplasmic reticulum, Golgi apparatus, synaptic vesicles, and endosomes (see below).

4.2. Comparison with literature findings

To our knowledge, studies of SERT protein in brain of human cocaine users have been 

scarce, limited to one PET examination and two autoradiography reports. Although there is 

an extensive experimental animal literature on the influence of repeated (antidepressant) 

SERT inhibitors on brain SERT binding, this literature is contradictory in terms of whether a 

change does or does not occur and the direction of the change (e.g., see (Benmansour et al., 
1999; Benmansour et al., 2002; Descarries & Riad, 2012; Sawyer et al., 2012)). The variable 

results might be explained by factors including differences in dosing parameters and 

withdrawal times, age and specific strain of animals, and brain regions examined.

Analysis of the much more limited pre-clinical literature on repeated cocaine administration 

on SERT (binding) tentatively suggests that brain SERT upregulation might be a transient 

change, only observed when animals are either on cocaine or soon after taking the drug 

(Cunningham et al., 1992; Belej et al., 1996; Banks et al., 2008; Gould et al., 2011) whereas 

after longer abstinence binding becomes normalized (Katz et al., 1993; Belej et al., 1996). 

However, this would not seem to be an issue in our investigation as all cocaine users tested 

positive at autopsy for cocaine or metabolites in brain indicating recent use of the drug. On 

the other hand, the same animal literature discloses little agreement on the brain areas 

affected by cocaine (e.g. striatum/caudate SERT binding increased: (Banks et al., 2008); 

striatum SERT binding normal: (Cunningham et al., 1992; Belej et al., 1996)) and further, 

that only a relatively small proportion of examined brain areas in these investigations show 

increased concentration of the transporter. In this regard, in the most regionally exhaustive 

brain investigation (by autoradiography) a modest (and transient) increase in SERT binding 

was reported in only five of fifty brain areas/subdivisions assessed in animals sacrificed 

while on cocaine (Belej et al., 1996). Thus, the pre-clinical animal findings, although 

limited, suggest that any SERT up-regulation induced by chronic cocaine exposure might not 

be robust in terms of a global brain effect, and that we might have missed critical areas (if 

any) affected by the drug in our investigation of a limited number of brain regions.

The strongest evidence for the possibility of a marked cocaine-induced SERT upregulation 

in human brain is that provided in the postmortem brain autoradiography study of Mash and 

colleagues (Mash et al., 2000), who examined a total of 14 chronic cocaine users, of which 

eight subjects died in a state of “excited delirium”, and employed 125I-RTI-55 to measure 
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SERT binding in the presence of benztropine (to block binding of the non-specific ligand to 

the dopamine transporter). This investigation reported a striking increase (by up to 

approximately 2–3 fold) in striatum (a region in which we found no difference in SERT 

protein vs. controls), amygdala, and in some, but not all, cerebral cortical areas, but with the 

extent of binding increase dependent somewhat on the brain slice location (anterior vs 

posterior), cerebral cortical subdivision selected and on whether the subjects died in excited 

delirium (see below). In both our study and that of Mash most, or all, subjects were male, 

and had similar ages and postmortem times, and the known or suspected cause of death in 

most subjects was “cocaine toxicity/intoxication”. However, the majority (eight of 14) of 

drug users in the Mash investigation had preterminal evidence of “excited delirium” before 

death whereas the case records of our study did not disclose evidence of any pre-terminal 

bizzare/violent behavior. Levels of cocaine and one or more metabolites (cocaine, 

benzoylecgonine, econine methylester, norcocaine, cocaethylene; see (Kalasinsky et al., 
2000)) were detected in 15 brain regions in all of our nine subjects - and cocaine and 

metabolite benzoylecgonine were reported in brain of six of the 14 subjects in the Mash 

investigation for which analyses were conducted. Overall, the cocaine users in current report 

(Table 1) and the Mash investigation had similar levels of cocaine plus metabolite 

benzoylecgonine (in nmol/g brain tissue or μM in blood) in brain (69±25 [11–180, median 

21] versus 22±9 [5.6–65, median 12]) as well as in blood (60±46 [0–424, median 17] versus 
106±86 [1–1220, median 12]). Further, brain and blood drug levels in cocaine users of our 

study were also similar to the six cocaine overdose subjects of Mash investigation (brain: 25 

and 65; blood: 234±197 [6–1220, median 44]), who had higher drug levels than those died 

in excited delirium (brain: 9.6±1.8 [5.6–14, median 9.4]; blood: 9.8±2.9 [1–26, median 7.5]) 

and also wider regional extent of brain SERT binding elevation including both anterior and 

posterior basal ganglia. The detection of cocaine/metabolites in brain of cocaine users of 

both investigations suggests that all had used the drug “recently” and were therefore subject, 

just prior to death, to some influence of the drug. The different outcomes between the Mash 

investigation and our own study, despite some similarities in subject characteristics, could 

thus be due to methodological differences. Our immunoblotting assay measures total protein 

levels of SERT in tissue homogenates whereas the autoradiography assay of Mash 

investigation measures radioligand binding at high affinity sites which may not correspond 

to all SERT proteins. As a primarily cell surface protein with 12 transmembrane domains, 

SERT undergoes a variety of post-translational modifications, e.g., glycosylation and 

phosphorylation, which regulate its association with other proteins, membrane trafficking, 

and also substrate/ligand binding (Ramamoorthy et al., 1998; Zhong et al., 2012; 

Rajamanickam et al., 2015; Anderluh et al., 2017). For example, in contrast to 5-HT, 

MDMA and SSRIs that promote SERT internalization, cocaine is known to promote SERT 

cell surface localization (Kittler et al., 2010), which might provide an explanation for the 

differential findings of increased radioligand binding without alteration in total SERT 

protein. In this scenario, it is noted that the differences in levels of 125I-RTI-55 SERT 

binding between striatum and cerebral cortical areas in control brains were less than two-

fold (see Figures 3 and 4 of (Mash et al., 2000)) whereas the differences in total SERT 

protein between striatum and cerebral cortices were 3–5 fold (Table 1), suggesting that the 

striatum might have more SERT protein not available for radioligand binding as compared to 

cerebral cortex. Alternative explanations for the methodological differences might involve 
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uncertainty in the definition of non-specific binding for an autoradiography assay, in 

particular given the non-selective profile of 125I-RTI-55 for DAT and SERT and other targets 

including the so-called SERTsite2 (Rothman et al., 1998) and dominant presence of DAT 

over SERT in human striatum (Staley et al., 1994). There is also the possibility that a SERT 

increase is not a common or robust characteristic of cocaine exposure in human users of the 

drug.

4.3 Conclusion

In conclusion, we find no evidence for a marked increase in SERT protein, as suggested by a 

previous radioligand binding investigation, in autopsied brain of human, chronic cocaine 

users. However, our findings, based on a small sample size, are preliminary and require 

replication. Future investigations might examine SERT or SERT binding (e.g., using now 

presently available SERT-specific positron emission tomography probes such as 11C-DASB; 

see (Kish et al., 2010b)) in a much more regionally comprehensive manner should 

transporter changes be limited to a small number of brain areas. Studies of SERT status in 

users of drugs of abuse appear to be warranted given the present interest in testing 

serotonergic agents in these conditions.
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Figure 1. 
Representative immunoblots of serotonin transporter (SERT), tryptophan hydroxylase-2 

(TPH2) and the control protein neuron-specific enolase (NSE) in the caudate nucleus (A) 

and putamen (B) in six cases each of the control subjects (1N-6N) and users of cocaine 

(1C-6C) and heroin (1M-6M). Duplicate samples were run for each subjects. Note variable 

SERT (~77 kDa) and TPH2 (55 kDa) immunoreactivities, but not for NSE (47 kDa), among 

subjects of both controls and drug users.
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Figure 2. 
Scatter plots of levels of serotonin transporter (SERT), tryptophan hydroxylase-2 (TPH2), 

serotonin (5-HT), 5-hydroxyindoleacetic acid (5-HIAA) and the molar ratio of 5-HIAA/5-

HT in brain of users of cocaine and heroin and control subjects. Levels of TPH2 were not 

measured in cerebral cortical areas including frontal (Fctx), temporal (Tctx) and occipital 

(Octx) cortices because of low levels of the protein that could not be measured reliably. *P < 

0.05, drug users vs. healthy controls and #P < 0.05, heroin vs. cocaine users (Kruskal-Wallis 

tests followed by multiple comparison corrections). Red circles covering down-triangles 

identify three cocaine users with high levels of cocaine and metabolites in brain. Note much 
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lower levels of the serotonergic markers in cerebral cortices (plotted on right y axis) than in 

the striatum (plotted on left y axis).
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Table 2

Serotonin markers in brain of control subjects and users of cocaine and heroin

Control Cocaine Heroin P

Caudate

 Serotonin 0.33 ± 0.05 (14) 0.22 ± 0.04 (9) 0.37 ± 0.08 (11) 0.32

 5-HIAA 0.63 ± 0.09 (14) 0.50 ± 0.08 (9) 0.42 ± 0.04 (11) 0.22

 5-HIAA/5-HT (mol/mol) 2.3 ± 0.4 (14) 2.3 ± 0.3 (9) 1.9 ± 0.5 (11) 0.28

 SERT 0.54 ± 0.08 (15) 0.54 ± 0.10 (9) 0.52 ± 0.12 (11) 0.60

 TPH2 0.14 ± 0.03 (15) 0.10 ± 0.02 (9) 0.17 ± 0.08 (11) 0.57

 NSE 0.74 ± 0.02 (15) 0.76 ± 0.04 (9) 0.72 ± 0.04 (11) 0.82

Putamen

 Serotonin 0.33 ± 0.05 (14) 0.32 ± 0.06 (9) 0.46 ± 0.06 (11) 0.19

 5-HIAA 0.93 ± 0.08 (14) 0.73 ± 0.08 (9) 0.65 ± 0.05 (11)* 0.021

 5-HIAA/5-HT (mol/mol) 3.2 ± 0.4 (14) 2.4 ± 0.3 (9) 1.8 ± 0.4 (11)* 0.014

 SERT 0.82 ± 0.12 (15) 0.82 ± 0.11 (9) 0.89 ± 0.10 (11) 0.85

 TPH2 0.41 ± 0.06 (15) 0.44 ± 0.10 (9) 0.63 ± 0.12 (11) 0.31

 NSE 0.68 ± 0.04 (15) 0.71 ± 0.03 (9) 0.73 ± 0.03 (11) 0.60

Frontal cortex

 Serotonin 0.016 ± 0.003 (14) 0.011 ± 0.003 (9) 0.022 ± 0.06 (11) 0.27

 5-HIAA 0.062 ± 0.005 (14) 0.058 ± 0.012 (9) 0.037 ± 0.006 (11)* 0.008

 5-HIAA/5-HT (mol/mol) 6.4 ± 1.7 (14) 5.6 ± 0.9 (9)
2.4 ± 0.4 (11)*# 0.010

 SERT 0.16 ± 0.02 (15) 0.14 ± 0.03 (9) 0.15 ± 0.02 (11) 0.77

 NSE 0.79 ± 0.02 (15) 0.85 ± 0.01 (9) 0.86 ± 0.04 (11) 0.14

Temporal cortex

 Serotonin 0.017 ± 0.003 (14) 0.012 ± 0.003 (9) 0.032 ± 0.014 (11) 0.34

 5-HIAA 0.074 ± 0.009 (14) 0.061 ± 0.012 (9) 0.039 ± 0.008 (11)* 0.024

 5-HIAA/5-HT (mol/mol) 5.4 ± 0.8 (14) 8.8 ± 3.2 (9)
2.7 ± 0.6 (11)*# 0.010

 SERT 0.12 ± 0.01 (15) 0.16 ± 0.03 (9) 0.12 ± 0.02 (11) 0.19

 NSE 0.89 ± 0.03 (15) 0.89 ± 0.04 (9) 0.89 ± 0.04 (11) 0.94

Occipital cortex

 Serotonin 0.021 ± 0.004 (14) 0.015 ± 0.005 (9) 0.035 ± 0.012 (11) 0.36

 5-HIAA 0.085 ± 0.012 (14) 0.078 ± 0.017 (9) 0.052 ± 0.013 (11) 0.11

 5-HIAA/5-HT (mol/mol) 6.4 ± 1.7 (14) 9.5 ± 3.3 (9) 3.1 ± 0.9 (11) 0.053

 SERT 0.16 ± 0.02 (15) 0.21 ± 0.04 (9) 0.15 ± 0.03 (11) 0.15

 NSE 0.86 ± 0.03 (15) 0.89 ± 0.04 (9) 0.96 ± 0.02 (11) 0.10

Data are given as mean ± SEM (n) in ng/mg of wet tissue for serotonin and 5-hydroxyindoleacetic acid (5-HIAA), and in μg tissue standard 
protein/μg tissue sample protein for serotonin transporter (SERT), tryptophan hydroxylase-2 (TPH2), and neuron specific enolase (NSE). Levels of 
the serotonin markers in control subjects have been previously reported (Kish et al. 2009); levels of serotonin and 5-HIAA in the caudate and 
putamen in eight of the nine cocaine users (Wilson et al. 1996) and nine of the eleven heroin users (Kish et al. 2001) were also previously reported.

*
P < 0.05, drug users vs. healthy controls and

#
P < 0.05, heroin vs. cocaine users (multiple comparison corrections following Kruskal-Wallis tests, with P < 0.05 in bold).
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