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Abstract
Background—Glutamatergic transmission in the amygdala is hypothesized as an important
mediator of stimulus-reward associations contributing to drug-seeking behavior and relapse.
Insight is, however, lacking regarding the amygdala glutamatergic system in human drug abusers.

Methods—We examined glutamate receptors and scaffolding proteins associated with the post-
synaptic density (PSD) of excitatory synapses in the human post-mortem amygdala. mRNA or
protein levels were studied in a multi-drug (7 heroin, 8 cocaine, 7 heroin/cocaine and 7 control) or
predominant heroin (29 heroin and 15 control) population of subjects.

Results—The amygdala of drug abusers was characterized by a striking positive correlation (r >
0.8) between AMPA GluA1 and post-synaptic protein-95 (PSD-95) mRNA levels, which was not
evident in controls. Structural equation multi-group analysis of protein correlations also identified
the relationship between GluA1 and PSD-95 protein levels as the distinguishing feature of
abusers. In line with the GluA1—PSD-95 implications of enhanced synaptic plasticity, Homer 1b/
c protein expression was significantly increased in both heroin and cocaine users as was its
binding partner dynamin-3, localized to the endocytic zone. Furthermore, there was a positive
relationship between Homer 1b/c and dynamin-3 in drug abusers that reflected an increase in the
direct physical coupling between the proteins. A noted age-related decline of Homer 1b/c—
dynamin-3 interactions, as well as GluA1 levels, was blunted in abusers.
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Conclusions—Impairment of key components of the amygdala PSD and coupling to the
endocytic zone, critical for the regulation of glutamate receptor cycling, may underlie heightened
synaptic plasticity in human drug abusers.
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Introduction
Drug addiction is a chronic disorder characterized by craving, compulsive drug use despite
adverse consequences and high rates of relapse. The neurobiological mechanism underlying
addiction disorders is at least partly related to long-lasting memories of the drug experience
that are linked to glutamate-dependent plasticity in mesocorticolimbic brain circuits that
mediate reward, goal-directed behavior, emotional expression, and cognition. Various lines
of evidence suggest that glutamatergic plasticity in forebrain regions such as the nucleus
accumbens, prefrontal cortex and amygdala is critical for maintaining drug-seeking and
drug-taking behaviors (1,2).

Glutamatergic signal transduction is mediated by glutamate receptors (GluRs), such as
ionotropic α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA), N-methyl-D-
aspartic acid, (NMDA) and metabotropic glutamate receptors (mGluR), that are specifically
targeted and clustered at the post-synaptic membrane by various scaffolding and adaptor
proteins (3). Post-synaptic density protein 95 (PSD-95) is a prominent scaffolding protein in
the PSD that complexes with NMDA and AMPA [via stargazin (TARP)] receptors (4). In
addition to being required for AMPA and NMDA receptor stabilization, signaling, activity
and trafficking (5–9), PSD-95 is also required for the control of AMPA glutamate receptor
subunit (GluA)1 incorporation during experience-driven synaptic plasticity (6), which is
crucial for drug-induced strengthening of excitatory synapses (10). Several studies
evaluating gene deletion or transgenic mouse models support the notion of AMPA, NMDA
receptors and PSD-95 as important contributors to glutamate plasticity and the development
and persistence of addiction (11,12).

The perisynaptic Group I mGluRs and Homer scaffolding proteins are also highly
implicated in synaptic plasticity relevant for addiction disorders. Constitutively active C-
terminal coiled-coil long isoforms of Homer (Homer 1–3) form complexes with Group I
mGluRs (13) and regulate their downstream signaling, synaptic activity and surface
clustering (3,14,15). Homer is also tightly linked to the NMDA receptor complex via
interactions with a trimeric Shank–GKAP–PSD-95 complex (16–18), thereby providing a
possibility to regulate NMDA receptor activity (19). A large body of evidence supports the
role of Homer proteins in addiction disorders (20). For example, Homer1 and Homer2
knockout mice exhibit enhanced cocaine-induced place conditioning and cocaine-induced
locomotor activity (21). Furthermore, over-expression of long Homer isoforms in the
nucleus accumbens abolish cocaine-induced sensitization of locomotor hyperactivity and
prevents development of glutamate abnormalities normally elicited by cocaine (22).

In striking contrast to the approach used to illuminate the neuropathology of many brain
disorders, neurobiological studies of addiction have not been strongly anchored in
investigations of the human brain. Although animal studies have provided valuable
information as to the important contribution of excitatory plasticity in the actions of drugs of
abuse especially in regard to drug-seeking behavior, limited information exists as to
potential pathology of discrete glutamatergic molecular events in human abusers. To begin
addressing this significant gap of knowledge, the current study examined the expression of
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GluRs and scaffolding proteins in the postmortem brain of human drug users. The study
focused on the amygdaloid complex given the essential role of this structure in stimulus-
reward association and emotional memory formation that are highly relevant to the chronic
relapsing nature of addiction. In order to assess potential common neurobiological features
of drugs of abuse, we examined heroin, cocaine and polysubstance heroin/cocaine users.

Methods and Materials
Human brains

A total of 73 postmortem brain specimens were obtained from two separate resources of
known drug abusers and respective controls that were separately evaluated in Study I (n =
29) and Study II (n = 44). Study I, defined here as a multidrug population, represents three
groups of drug abuse subjects — heroin, cocaine, heroin-cocaine. Study II represents a
group of heroin abusers. The subjects had a documented history of abuse, but no
posthumous DSM-IV dependence diagnosis was assigned as it was not possible to fully
characterize the behavioral pattern of the subject's drug use during life.

Multiple drug abuse population (Study 1)—Post-mortem brain specimens from
documented heroin, cocaine, and heroin-cocaine polysubstance users as well as normal
control subjects were collected within approximately 24h after death as part of the routine
autopsy process under a protocol approved by Wayne State University's Human
Investigation Committee. Cause and manner of death were determined after medicolegal
examination by the Medical Examiner. The general characteristics for the Study I subjects
(N=29; n = 7–8/group) are described in Table 1 and Supplement 1.

Heroin abuse population (Study II)—Brain specimens from a large population of
predominant heroin abusers were also studied. These specimens, including control samples,
were collected at the Department of Forensic Medicine at Semmelweis University, Hungary,
as well as from the National Institute of Forensic Medicine, Karolinska Institutet,
Stockholm, Sweden. The specimens were collected under the guidelines approved by the
local Human Ethical Committees. The demographics and general characteristics for control
(n = 15) and heroin (n = 29) subjects (Study II) are described in Table 2 and Supplement 1.

In situ hybridization histochemistry
Riboprobes for GluA1, Homer 1 and PSD-95 (Supplement 1) were generated by in vitro
transcription using SP6 or T7 polymerase and [35S]-αUTP (Amersham Biosciences). In situ
hybridization was performed on 20μm-thick cryosections from the freshly frozen amygdala
samples as previously described (23, 24)(information provided in Supplement 1). Briefly,
brain sections were incubated with 270 ml (20×103 CPM/ml) overnight at 55° C and
following post-hybridization washes were exposed to Kodak Biomax MR film for 5–15
days.

Image analysis
Optical density values were measured using Scion Image (NIH, MD) from digitalized
images with a resolution of 300 dpi and converted to DPM (disintegrations per minute)/mg
by reference to co-exposed C14 standards (American Radiolabeled Chemicals, St. Louis,
MO). Measurements were taken within discrete amygdala subnuclei (Fig. 1) according to
published sources of the human amygdala (25,26). DPM/mg values from duplicate slides
were averaged.
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Western Blot Analysis
Detailed information is provided in Supplement 1. Briefly, solubilized protein (10–60 μg per
lane) was subjected to electrophoresis, transferred to nitrocellulose membranes and stained
with Memcode Reversible Protein Stain Kit (Thermo Fisher Scientific). The membranes
were blocked in blocking buffer and incubated at 4°C overnight with primary antibodies.
Rabbit polyclonal antibodies were used against Homer 1, PSD-95 [1:5000;1:2000; Synaptic
Systems GmbH (SYSY) Goettingen, Germany], or mGluR5 and GluA1 (1:200;1:1000
Millipore (Upstate), Billerica, MA) or dynamin-3 (1:1000; Abcam). In addition mouse
monoclonal antibodies were used against GluN1 (114 011, 1:1000, SYSY) and GAPDH
(MAB374, 1:60,000 Millipore (Upstate)). Membranes were incubated with goat anti-rabbit
or goat anti-mouse IRDye 680 or IRDye 800 secondary antibodies (LI-COR, Lincoln, NE,
USA). Each protein was analyzed as a single or a double band based on predicted molecular
size 45 (Homer 1), 95 (PSD95), 130 (mGluR5), 106 (GluA1), 110 (GluN1-analysed as a
double band), 100 (dynamin-3) and 35 (GAPDH) kDa. GAPDH and/or Memcode optical
density were used to control for total protein content. Membranes were developed with the
LI-COR infrared imaging system (LI-COR) and images quantified using average integrated
intensity values.

Immunoprecipitation
Detailed information is provided in the Supplement 1. Briefly, Homer 1b/c and control
mouse IgG (Santa Cruz) antibodies were crosslinked to Dynabeads (Invitrogen) using
Bis(Sulfosuccinimidyl) suberate (Thermo Scientific) and incubated with solubilized protein
(500 μg). The protein complexes were separated by SDS-PAGE, transferred to nitrocellulose
membranes which were blocked and then probed with either 1 µg/ml Homer 1b/c or
Dynamin 3 (Abcam) antibodies overnight at 4°C. The blots were developed and analyzed as
described above.

Statistical Analysis
Statistical analysis is described in detail in Supplement 1. Briefly, General linear stepwise
regression analysis was used to evaluate statistical group in relation to the potential
influence of various variables: age, brain pH, sex, blood ethanol and brain freezer storage
time. Variables with a significant association with group were included in the final statistical
model as covariates. To compare the correlation structure between heroin and control brains
a structural equation multi-group analysis was performed. Two models were estimated, one
in which the correlations were constrained to be the same across the two groups and one
were the correlation parameters were unconstrained. Akaike's information criteria (AIC) and
chi-square test (likelihood ratio test) was used to identify the best model fit. If the
correlations were found to be invariant across groups, a Z-statistic (critical ratio test) was
used for pairwise comparisons between single correlation estimates. Significance was set at
P < 0.05 and trends considered for P < 0.10. Statistical evaluations were carried out using
JMP, Statistica and SPSS software packages.

Results
GluA1 and PSD-95 mRNA expression are strongly correlated in the amygdala of drug
abusers

mRNA expression levels were evaluated in the amygdaloid complex (focused on the lateral,
accessory basal and basal nuclei) of the Study I multi-drug population that consisted of
subjects with heroin, cocaine or polysubstance heroin-cocaine use as well as normal controls
(Table 1). No significant group differences were detected in the mRNA expression levels of
GluA1, PSD-95 or Homer 1 in the amygdala subregions studied (Fig. 1, Table 3). However,
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a very strong positive correlation was observed between GluA1 and PSD-95 in the drug
users that was absent in control subjects (Table 4). Although the pattern was consistent
throughout the amygdala subnuclei, all substance abuse groups showed the most significant
alterations in the lateral nucleus. For example, the correlation between GluA1 and PSD-95
in the lateral amygdala for heroin subjects was r=0.95 (p=0.01), cocaine r=0.94 (p=0.005)
and heroin-cocaine r=0.94 (p=0.002; (Figure S1 in Supplement 1). However, no significant
positive correlation was observed between GluA1 and PSD-95 in the control group in any
subnuclei (e.g., lateral nucleus, r=0.60, p=0.20; Figure S1A in Supplement 1) and even a
negative trend was observed in the basal nucleus (r= −0.74, p=0.09).

Blood morphine levels were not significantly correlated with the mRNA expression levels,
but blood cocaine concentrations in the cocaine group were significantly correlated with
amygdala levels of GluA1 (basal parvocellular division, r=0.9723, p=0.0011; lateral
r=0.7745, p=0.0409) and Homer (lateral nucleus, r=0.8867, p=0.0078). No association to
cocaine and cocaine metabolite levels was evident in the heroin-cocaine subjects which
could be due to their lower blood cocaine and benzyloecognine concentrations as compared
to the cocaine only group (Table 1).

Correlation structure analysis reveals that GluA1—PSD-95 protein expression in the lateral
amygdala differentiates heroin abusers from control subjects

In consideration of the gene expression findings we wanted to explore glutamatergic
measures at the protein level in the drug users. However, the greater variability of the
protein measurements in the postmortem material as compared to the mRNA analysis, in
combination with the small sample size, precluded a broad assessment of protein measures
in the multi-drug abuse population of Study I. In order to obtain further insight into the
potential dysregulation of glutamatergic function in the drug abusers, we thus focused on a
large population of heroin abusers in Study II (Table 2) in which abundant amygdala tissue
was available to allow detection of multiple proteins of interest. Given that the lateral
nucleus is the major receptive subnucleus of the amygdala for glutamatergic input from the
cerebral cortex and thalamus, western blot analysis was carried out in this subnucleus to
measure protein levels of GluA1, PSD-95, Homer 1b/c as well mGluR5 and NMDA
glutamate receptor subunit (GluN1) 1 (Fig. 2A). Furthermore, in order to address possible
differences in the organization of the glutamatergic protein network, we used a structural
equation multi-group analysis model to determine whether the correlation structure
relationship of the glutamatergic markers differed between heroin abusers and controls. The
structural equation model was based on published data regarding the known biological
organization/connectivity of the glutamatergic markers in the PSD. As such, the model
evaluated correlations between, e.g., GluA1—PSD-95, PSD-95—Homer 1, mGluR5—
Homer 1 and GluN1—PSD-95 (4,13,16,17,27,28). Specifically, the structural equation
multi-group analysis model tested whether equal or different correlation structures between
heroin abusers and controls best described the data set. The analysis revealed that heroin
abusers and control subjects differ in the correlation pattern of the glutamatergic markers
evaluated within the lateral amygdala (AIC values, unconstrained model: 52.96, structural
residual model: 58.11, X2, p=0.006). Further analysis revealed that alterations in the
correlation structure were due to a difference in the relationship between GluA1 and PSD-95
(zeta = 2.31). Independent Pearsons correlation also showed that GluA1—PSD-95
correlated positively in heroin abusers (r=0.534 p=0.003), but not in controls (r=0.029,
p=0.925).
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Homer 1b/c protein expression is upregulated in the lateral amygdala of drug users and
linked to disturbance of dynamin-3

Evaluation of the general protein levels between heroin and control subjects revealed that of
the markers studied (Fig. 2), only Homer 1b/c protein expression differed significantly
between the heroin and control groups, with a nearly 2-fold increase detected in heroin
subjects (F1,34=11.132; p=0.002; Fig. 2B). No significant associations were observed
between the heroin metabolites and protein levels of Homer 1 b/c or the other glutamatergic
markers. Homer 1 b/c acts as a scaffold to maintain mGluRs, localized to the perisynaptic
region, in the vicinity of the PSD (29,30). A strong positive correlation was present between
mGluR5 and Homer 1b/c levels in control subjects (r=0.831, p=0.004), but this relationship
was absent in heroin abusers (r=0.013, p=0.949).

The upregulation of Homer 1b/c in heroin abusers raised the question as to whether such
impairment was mimicked in other drug groups. Although we were unable to conduct a
broad assessment of protein levels in the small multi-drug population of Study I, it was
possible to focus on Homer 1 b/c. Statistical analysis showed an overall group difference in
Homer 1b/c (F3,22=3.42, p=0.034) with significantly higher levels in the cocaine (p=0.007)
and heroin-cocaine (p=0.018) subjects compared to controls, with a trend noted for the
heroin group (p=0.08; Fig. 3).

Homer has been recently shown to bind to the endocytic protein dynamin-3, localized to
dendritic spines, which physically links the endocytic zone to the PSD, and regulates AMPA
recycling and synaptic strength (31,32). Given the disturbance of Homer 1 b/c observed in
heroin abusers, we reasoned that alterations in synaptic plasticity implicated in addiction
could be related to the interaction between Homer and dynamin-3, not only the relationship
between GluA1 and PSD-95. As such, we examined protein expression levels of dynamin-3
and observed a 40% increase in the lateral nucleus of heroin abusers compared to control
subjects (F1, 33=7.32, p=0.011; Fig. 4). Moreover, dynamin-3 levels were positively
correlated with Homer 1 b/c (r=0.52, p=0.005) in the heroin abusers, but no such association
was evident in control subjects (r=−0.066, p=0.846). Considering that no study has yet to
date examined the direct relationship of Homer and dynamin-3 in neuropsychiatric
populations, we next sought to assess whether the correlative data reflected true disturbance
of the physical interactions between the proteins. We thus carried out immunoprecipitation
of the lateral amygdala samples with Homer 1b/c followed by Western blot with dynamin-3
(Fig. 4C–D). As evident in figure 4E, there was a significant increase of dynamin-3 after
Homer 1b/c immunoprecipitation in heroin abusers compared to controls (p=0.007). The
apparent potentiation of dynamin-3- Homer physical interaction could just reflect the
general enhancement of Homer 1b/c levels in the amygdala of heroin abusers. As such, we
normalized the dynamin-3 immunoprecipitated protein levels in relation to the amount of
Homer 1b/c measured by Western blot in the co-immunoprecipitated samples and noted a
significant increase in heroin abusers as compared to controls (p=0.0287). Thus, there was
an increase in the functional interaction between Homer 1b/c and dynamin-3 and, in
addition, in the absolute amount of dynamin-3 linked to Homer 1b/c in heroin subjects.
Although neither Homer 1b/c nor dynamin-3 levels alone were significantly associated with
blood opiate concentrations, there was a significant positive correlation (r=0.492, p=0.019)
between Homer 1 b/c—dynamin-3 interaction and blood morphine levels in heroin abusers.

Interestingly, the results demonstrated that the physical interaction between Homer 1 b/c and
dynamin-3 was reduced with increasing age, but this observation was most pronounced in
control subjects (r=−0.859, p=0.003; heroin subjects, r=−0.394, p=0.06). A significant
correlation was also observed in relation to dynamin-3 levels and age in controls (not heroin
subjects) (r=0.762, p=0.028), but it was a positive relationship to age. There was no
correlation to age in regard to Homer 1b/c levels in the lateral amygdala. Of the other
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glutamateric proteins studied, only GluA1 levels were significantly correlated to age, and
this was only apparent in control subjects (r=−0.578, p < 0.05).

Discussion
The present study reveals disruption of key components of the PSD and coupling to the
endocytic zone in the amygdala of human heroin, cocaine and polysubstance heroin-cocaine
users that strongly imply disturbances in the regulation of synaptic plasticity.

Regardless of the nature of the illicit drug abused, there was a strong positive correlation
between GluA1 and PSD-95 mRNA expression levels that was not observed in control
subjects. Similarly, correlation structure analysis of the network of proteins related to
glutamatergic neurotransmission revealed that the GluA1—PSD-95 relationship specifically
distinguished heroin abusers from controls. These findings are intriguing given that PSD-95
induces GluA1 delivery into synapses, which is coupled to the strengthening of excitatory
synapses during experience-driven learning (6). In addition, trafficking of GluA1 into the
active synaptic site is consistently observed in relation to drug-seeking behavior in animal
models (33–36).

Most of the information garnered to date about amygdala dysfunction of synaptic plasticity
derive from studies of fear conditioning that is widely used to examine associative emotional
memory formation (37), which is of critical importance in the etiology of addiction. As such,
similar neurobiological mechanisms are likely to play a significant role in both fear
conditioning and the development of addiction disorders (38,39). It is well documented that
fear conditioning induces strengthening of excitatory synapses within the lateral and basal
amygdala nuclei and requires trafficking of GluA1 into synapses (40–42). Increased GluA1
in the plasma membrane has been reported following fear conditioning although the total
amount of GluA1 mRNA and protein levels are unchanged (43). The GluA1 and PSD-95
correlation observed in our study was also not accompanied by alteration in the total GluA1
or PSD-95 mRNA or protein levels. It is therefore possible that functional rearrangement of
GluA1 subunits is masked when measuring total levels of GluA1 similar to that observed in
morphine-exposed rats (44). It would therefore be tempting to speculate that the strong
coupling between GluA1 and PSD-95 in drug abusers represent an induction of synaptic
GluA1 that leads to strengthening of synaptic connectivity and increased responsiveness of
the amygdala during, for example, relapse.

In addition to the strong association evident between GluA1 and PSD-95, the relationship
detected between Homer and dynamin-3 in heroin abusers would also strongly suggest
enhanced availability of AMPA receptors at glutamatergic synapses and thus potentiated
synaptic transmission. Homer is concentrated to the PSD and together with dynamin-3 is
localized to the lateral spine membrane with a distribution that spans the PSD and endocytic
zone (32,45). In vitro studies have demonstrated that the physical link between dynamin-3
and Homer positions the endocytic zone near the PSD to maintain cycling AMPA receptors
at the synapse (31,32). Those investigations provide clear evidence that synapses lacking a
PSD directly linked to the endocytic zone results in depletion of AMPA receptors at the
synapse thereby leading to a reduction of excitatory synaptic transmission. Our data
demonstrating that the physical coupling between Homer 1b/c and dynamin-3 was positively
correlated to blood morphine levels would be in line with an upregulation of AMPA
transmission upon drug intake.

While the recent use of heroin was associated with enhanced Homer 1b/c—dynamin-3
interaction, both PSD proteins were significantly increased irrespective of blood morphine
levels suggesting persistent disturbance of the excitatory synapse than only a rapid dynamic
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modulation due to the immediate pharmacological action of the drug. Enhanced Homer 1 b/c
protein in the lateral amygdala was also evident in cocaine users emphasizing the important
upregulation of the scaffolding protein in association with both psychostimulant and opiate
drugs. Despite the critical role of Homer 1b/c and dynamin-3 in synaptic plasticity, no data
are currently available in regard to dynamin-3's potential role in addiction and only limited
investigations have directly evaluated amygdala Homer regulation in relation to behavior.
To date, studies have examined either transgenic animals with a global developmental
knockout of Homer 1 or have focused on manipulating Homer specifically in the nucleus
accumbens (21,46,47). Such studies, based on locomotor sensitization as the behavioral
indicator of addiction sensitivity, have led to the speculation that overexpression of Homer
reduces addiction vulnerability (21,46,47). However, no animal investigation has evaluated
Homer regulation specifically in the amygdala, thus brain region-specific disturbances in the
long Homer isoforms might underlie different components of the addiction phenotype. This
is particularly relevant since it has been recently documented, for example, that Homer 1b/c
is differentially altered in the nucleus accumbens (decreased) and prefrontal cortex
(increased) after early drug withdrawal in animals that self-administered cocaine (48).
Moreover, the prefrontal cortical increase of Homer 1b/c was only evident in animals that
experienced daily, extended access to cocaine self-administration (48), an animal model
mimicking loss of control over drug intake, compared to animals with only short access to
the drug. Such findings implicate an important contribution of compulsive drug use to the
cortical Homer 1b/c alterations. It remains to be studied whether allocortical amygdala
Homer 1 b/c alterations are more comparable to those evident in the prefrontal cortex in
contrast to that seen in the nucleus accumbens. The current results obtained by the direct
investigation of human abusers provide a significant foundation to guide future animal
studies in evaluating novel amygdala molecular targets as potential contributors to the short-
term and long-term regulation of behaviors more reflective of the human addiction
condition.

Another interesting observation of the present study was the association of glutamatergic
markers with aging. In addition to demonstrating a decline of GluA1 with age that has been
observed in the hippocampus in rats (49), the current findings document for the first time an
age-related decline in regard to the interaction between dynamin-3 and Homer 1b/c. Such
impairment of the PSD and the coupling to the endocytic zone would be consistent with the
known reduction of synaptic plasticity and concomitant deficit in learning and memory as
seen during normal aging (50,51).

There are inherent limitations with post-mortem human brain studies with confounds such as
drug use history, co-morbidity with psychiatric disorders, and lifestyle characteristics that
are difficult to validate. In addition, studies of the post-mortem human brain only allow
evaluation at a fixed time point; thus following the trajectory of neurobiological measures
with behaviors over time is not feasible and it is impossible to know the state of these
systems prior to drug use. Nevertheless it is critical to expand our understanding of what is a
quintessential human condition by the direct study of the human brain and that can provide a
foundation for future experimental animal models in which causal relationship to specific
addiction-related behaviors can be determined.

In conclusion, our study reveals dynamic synchronization of PSD-95 and GluA1 in the
amygdaloid complex of human drug abusers. The fact that enhanced GluA1-PSD-95
coupling, well established to reflect strengthening of excitatory synapses, was evident in
heroin, cocaine, and polysubstance users is consistent with the hypothesis that potentiated
glutamatergic long-term plasticity is a common feature of drug abuse. Upregulation of
amygdala dynamin-3 and Homer 1b/c levels together with potentiation of their physical
interaction suggests abnormality of the PSD and endocytic zone structural network in the
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amygdala of drug abusers. Such disturbances might be a fundamental component of the
pathophysiology underlying addiction disorder.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Representative autoradiograms of coronal cryosections hybridized with GluA1, PSD-95 and
Homer 1 antisense riboprobes in the human amygdala from the multi drug abuse population
(Study I). ACB, accessory basal nucleus; B, basal nucleus; L, lateral nucleus.
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Figure 2.
Protein levels of glutamatergic markers in the lateral amygdala of human heroin and control
subjects from the heroin abuse population (Study II). A. Representative WB images of
GluA1 (106 kD), PSD-95 (95 kD), mGluR5 (130 kD), Homer 1b/c (45 kD), GluN1 (110)
kD and GAPDH (38 kD) in two control and two heroin subjects. B. Comparison of the
immunoreactivities between human heroin (n=27–28) and control subjects (n=8–13). Protein
levels are presented as percent of mean control values (mean ± SEM). *, p < 0.05 as
compared to control.
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Figure 3.
Homer 1b/c immunoreactivities in the lateral amygdala of heroin (n=7), cocaine (n=7),
heroin-cocaine (n=5) and control (n=5) groups from the multi drug abuse population (Study
I). Protein levels are presented as percent of mean control values (mean ± SEM). **, p <
0.01, *, p < 0.05 as compared to control.
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Figure 4.
Protein expression levels of Dynamin-3 and Homer 1b/c in the lateral amygdala of subjects
from the heroin abuse population (Study II). A. Representative Western blot (WB) images of
dynamin-3 (~100kD) in two heroin and two control subjects. B. Dynamin-3
immunoreactivity in heroin (n=26) and control (n=11) subjects. C. Examination of the
Dynamin 3—Homer 1b/c protein complex (control, n= 11; heroin, n= 24).
Immunoprecipitations (IPs) were performed with an antibody directed against Homer 1b/c
and the precipitated protein was probed Dynamin 3. A nonspecific mouse IgG Ab failed to
immunoprecipitate dynamin-3. D. Representative WB of Homer 1b/c immunoprecipitate
probed with dynamin-3 and Homer 1b/c antibody. E, F. A comparison of the dynamin-3 (E)
and dynamin-3/Homer 1b/c (F) immunoreactivities was performed after co-immuno
precipitation of Homer 1b/c. Protein levels are presented as percent of mean control values
(mean ± SEM). *, p < 0.05, **, p = 0.01 as compared to control.
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Table 1

Demographic data on the multiple (heroin, cocaine, heroin-cocaine) drug abuse population (Study I).

Group Control Heroin Heroin-cocaine Cocaine

Number N = 7 N = 8 N = 7 N = 7

Age (yr) 46 ± 8 41 ± 10 45 ± 7 45 ± 9

Race B/W 3/4 4/4 3/4 5/2

Gender M = 7, F = 0 M = 7, F = 1 M = 5, F = 2 M = 6, F = 1

Storage time (days) 1066 ± 241 1136 ± 164 1155 ± 222 1004 ± 346

Brain pH 6.78 ± 0.17 6.54 ± 0.16 6.64 ± 0.27 6.51 ± 0.36

Ethanol (blood) n = 4 n = 3 n = 2 n = 0

Morphine (μg/ml blood) 0 0.35 ± 0.52 0.01 ± 0.02 0

6-MAM (μg/ml blood) 0 0.011 ± 0.012 0.013 ± 0.033 0

Cocaine (μg/ml blood) 0 0 0.04 ± 0.08 0.23 ± 0.30

Benzo. (μg/ml blood) 0 0 0.32 ± 0.40 1.87 ± 2.00

Cause of death ASCVD (n = 4), GSW
(n= 1), stab wound (n =
1), drowning (n= 1).

Heroin intoxication/abuse
(n = 7) cardiomyopathy
(n= 1)

Heroin and cocaine
intoxication/abuse (n =7)

Cocaine intoxication/abuse
(n = 4) GSW (n = 1),
ASCVD (n = 1), acute
myocardial infarction (n=
1)

Values presented as mean ± SD. ASCVD, atherosclerotic cardiovascular disease; Benzo, benzoylecgonine; B, Black; C, Caucasian; F, female;
GSW, gun shot wound; M, male; 6-MAM, 6-Monoacetylmorphine; yr, year. Subjects are grouped based on their history of drug abuse and positive
blood levels of the drug(s) at the time of death (see Supplemental Information).
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Table 2

Demographic data on the heroin abuse population (Study II).

Group Control Heroin

Number N = 15 N = 29

Age (yr) 37 ± 12 27 ± 5

Race Caucasian Caucasian

Gender M = 12, F = 3 M = 24, F = 5

Storage time (days) 3778 ± 656 3702 ± 679

Brain pH 6.72 ± 0.23 6.54 ± 0.21

Ethanol (blood) n = 1 n = 4

Morphine (μg/ml blood) 0 0.37 ± 0.47

6MAM (μg/ml blood) 0 0.002 ± 0.010*

Cause of death Electric shock (n=2), pulmonary emboli (n = 1), myocardial infarct (n = 8), viral infection
(n=1), sudden death (n = 2), AMI (n=1)

Heroin intoxication

Values presented as mean ± SD. AMI, acute myocardial infarction; F, female; M, male; 6-MAM, 6-Monoacetylmorphine; PMI, postmortem
interval; yr, year.

*
Only one subject positive for 6-MAM (0.05lμg/ml) Subjects are grouped based on their history of predominant heroin abuse and acute heroin

intoxication as the cause of death (see Supplemental Information).
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Table 4

GluA1 and PSD-95 correlations in distinct amygdala subregions of control, heroin, cocaine and heroin-
cocaine users (Study I).

Subregion Control group Heroin group Cocaine group Heroin-cocaine group

ACB r = 0.17, p = 0.75 r = 0.92, p = 0.03* r = 0.77, p = 0.07 r = 0.42, p = 0.35

Basal r = −0.74, p = 0.09 r = 0.88, p = 0.05 r = 0.71, p = 0.11 r = 0.81, p = 0.03*

Lateral r = 0.60 p = 0.20 r = 0.95, p = 0.01* r = 0.94, p = 0.005* r = 0.94, p = 0.002*

ACB, accessory basal nucleus; Basal, basal nucleus; Lateral; lateral nucleus.

*
p < 0.05. (n=5−7).
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