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Abstract

Background: The ~33 kD transcription factor ΔFosB, a Fos-family protein and belonging to the immediate early
genes (IEGs), is initiated in the acute phase as a response to a wide range of effects such as drugs, stress, and
several external stimuli. ΔFosB forms heterodimers with Jun proteins to generate active activator protein-1 (AP-1)
complexes. They bind to AP-1 sites in the promoter regions of many neural genes. To date, several downstream
target genes for ΔFosB have been identified being involved in molecular pathways concerning addictive behavior,
memory and learning. In answer to chronic stimuli, the rather unstable ~33 kD transcription factor ΔFosB is replaced
by robust ~35-37 kD isoforms due to epigenetic splicing and different phosphorylation steps. The result is that these
highly stable isoforms accumulate in the nucleus accumbens (NAc), a structure close to the hippocampus (HPC),
playing a key role within the reward center of the brain. These stabilized ~35-37 kD ΔFosB derivatives linger in the
brain for several weeks or longer even though the chronic stimulus has been removed – a fact that seems to be
responsible for the development of sustained neuronal plasticity, (drug associated) long-term potentiation (LTP) and
memory. In case of chronic drug abuse, the end result is addictive behavior and may be a crucial factor for high
relapse rates.

Method: ΔFosB and cAMP response element binding protein (CREB), brain derived neurotrophic factor (BDNF),
JunD, nuclear factor kappa B (NFκB) and cyclin-dependent kinase 5 (Cdk5) in both of the NAc and HPC of
deceased chronic human opioid addicts were proven by immunohistochemistry even with a prolonged post-mortem
interval (PMI) of 8.47 ± 2.61 days. Moreover accumulated ~35-37 kD ΔFosB isoforms could be detected in the NAc
of the same samples by immunoblotting.

Results: All determined proteins showed a significant increased staining pattern in brain samples of chronic drug
abusers in comparison non-drug users (p<0.05) according to Wilcoxon-Mann-Whitney-U Test. Further, accumulated
~35-37 kD ΔFosB isoforms were detectable in NAc samples of long-term drug addicts by immunoblotting in contrast
to the control group, where no trace of any isoform was verifiable (p<0.05) according to Wilcoxon-Mann-Whitney-U
Test.

Conclusion: Taken together with the results of already published functional in-vivo animal experiments, our
findings provide additional evidence of the potential strong impact of ΔFosB on its downstream transcriptional
targets, which are in turn responsible for sustainable effects and serious adaptations in the brain that lead to
addictive behavior and dependence memory.
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Factor kappa B; PBS: Phosphate Buffered Saline; PMI: Post Mortem
Interval; SD: Standard Deviation

Introduction
Addiction is defined as a chronic, recurring disease of the brain. It is

characterized by compulsive, drug-craving, drug-seeking behavior and
drug use, even when confronted with the harmful consequences [1].
However, it is in fact a complex phenomenon with severe physiological,
psychological and social effects [1,2].

Irrespective of the noticeable decline in the demand for drugs in
recent years, at least in Austria, the illegal use of these substances still
remains a global affair [3,4]. Accompanied with rampant health
problems such as blood-borne diseases (HIV, hepatitis B and C), it
accounts for an increasing rate of morbidity, mortality and crime.
Nevertheless people of younger ages in particular are
disproportionately affected. In the World Drug Report 2015, the
United Nations Office on Drugs and Crime (UNODC) estimated that,
in 2013, about 246 million people (equivalent to 1 out of 20 people of
the world’s 15 to 64 year olds) used illicit substances at least once a
year. However, among all drug-dependent persons worldwide, an
estimated 12 to 21 (midpoint: 16.5) million people are chronic opiate
addicts with a relapse rate of >90% [4]. This in turn is a fact that leads
to a vicious cycle of severe medical, social and other major problems.

There is increasing evidence that mechanisms facilitating addiction
to drugs are provoked by sustained changes in gene expression [5]. In
addition to the cAMP response element binding protein (CREB),
nuclear factor kappa B (NFκB) and others, the transcription factor
ΔFosB in particular is a remarkable molecular biological mediator.
ΔFosB belongs to the Fos family proteins, encoded by one of so-called
immediate early genes (IEGs). These genes are activated straight,
transiently and rapidly in response to a variety of stimuli. ΔFosB is a
component of activator protein-1 (AP-1), comprising of different
combinations of Fos- and Jun-family proteins (c-Jun, JunB, JunD). This
specific transcription factor plays a key role in the psychological
phenomenon of addiction [6]. Chronic exposure to a range of stimuli,
including drugs of abuse such as cocaine and morphine (opioids),
stress, courses of treatment involving anti-psychotic or anti-depressant
drugs, and certain types of lesions contribute to the induction of this
transcription factor in specific brain regions, which are responsible for
reward and emotional behaviors (the mesolimbic dopamine system).
This system is one in which the nucleus accumbens (NAc) in
particular, and the hippocampus (HPC) in a broader sense play a
critical role [7-10].

In contrast to all other Fos family proteins and IEGs, ΔFosB
presents an unusually high degree of stability and therefore has a
conspicuously longer half-life. The stimulation of the ~33 kD
transcription factor ΔFosB in the acute phase and then its shift to
stable ~35-37 kD isoforms due to chronic exposure to several
inducements (stress, different drugs and other psychoactive
substances) leads to a steady accumulation of highly stable ΔFosB
isoforms. This can be explained by an intrinsic property of the
molecule, i.e. the truncation of degron domains at the C-terminal
present in full-length FosB [11], as well as a regulated process
triggering phosphorylation mechanisms, as illustrated schematically in
Figure 1 (Figure 1) [12,13]. This unique and, at the same time, insistent
persistence of the accumulated ΔFosB in response to long-lasting

exposure to drugs makes this transcription factor predestined to be a
critical mediator driving this mechanistic pathway of addictive
behavior and disposition to relapse. The latter is as a consequence of
sustained neuronal plasticity; even after the stimulus has been
removed.

Figure 1: Schematic illustration of epigenetic splicing (C-terminus)
and phosphorylation steps (N-terminus) occurring in FosB/ΔFosB
transcription factor after long-term exposure to e.g. drug abuse
[11,13].

Almost every major study to date comprising this subject has been
involved animal experiments under specific conditions [6-10]. In turn,
many of these experiments focused on explaining the impact of ΔFosB
on behavioral responses to chronic cocaine exposure. In contrast,
comparatively little attention has been paid to long-term opioid abuse,
particularly in humans.

With this in mind, for the first time we conducted a study to detect
the presence of accumulated ~35-37 kD ΔFosB isoforms in the NAc,
and its targets cAMP response element binding protein (CREB), brain
derived neurotrophic factor (BDNF), and cyclin-dependent kinase 5
(Cdk5), nuclear factor kappa B (NFκB), and ΔFosB´s partner JunD, in
both NAc and HPC of chronic human opioid addicts with a prolonged
postmortem interval (PMI) of 8.47 ± 2.61 days.

Materials and Method

Selection of cases and tissue sampling
The use of post-mortem human brain tissue samples of the nucleus

accumbens (NAc) and hippocampus (HPC) was approved by the
Ethical Committee of the Medical University of Vienna as required by
Austrian law. We selected 30 cases, 15 of which were identified as drug-
related deaths (DRDs) with pronounced opioid abuse (opiate group)
and 15 as non-drug-related deaths in the same age range (control
group), as shown in Table 1 (Table 1). Subjects with a recent or past
history of neurological disorders, or who had suffered head injuries,
were excluded from the study. Forensic post-mortem and police
reports relating to the deceased were retrieved from the database of the
Department of Forensic Medicine of the Medical University of Vienna,
in close cooperation with the Vienna Police Department. As usual, the
corpses were stored at refrigeration temperature (4°C) until the
autopsies were performed.
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Parameter Opioid Group (n=15) Control Group (n=15)

Age (years): Mean/Std. Deviation 27.0/ ± 7.05 26.87/ ± 6.80

Median 26.0 24.0

Range 18.0 21.0

p=0.96   

PMI (days): Mean/Std. Deviation 8.47/ ± 2.61 9.33/ ± 3.87

Median 8.0 11.0

Range 9.0 10.0

p=0.48   

Morphine (ng/g): Mean/Std. Deviation 230.5/ ± 92.5 0.0/ ± 0.0

Median 196.5 0.0

Range 590.0 0.0

p ≤ 0.001   

Gender Distribution (F/M) 2-13 4-11

p=0.65   

Table 1: Overview of medical histories (drug consumption) and demographics of donors of brain tissue samples with prolonged post-mortem
interval (PMI).

DRDs were defined according to edicts of the Austrian Federal
Ministry of the Interior and the European Monitoring Centre for
Drugs and Drug Addiction (EMCDDA), respectively [14,15]. All of the
cases presented in this study underwent a standardized forensic
autopsy involving the examination of all major organs.

The opiate group comprised 15 cases (2 females, 13 males). In this
group, the ages ranged from 18 to 36 years with a mean age of 27.0 ±
7.05 years. The post-mortem interval (PMI) ranged from 4 to 13 days
with a mean of 8.47 ± 2.61 days. All of the cases in this group were
identified as illicit drug users, where death was imputed to morphine
or heroin intoxication. According to clinical histories, all of the
individuals were chronic opioid users.

The control group consisted of 15 cases (4 females, 11 males) with
no history of any illicit drug dependence or major psychiatric issues
and, consequently, in which the cause of death was not drug-related. In
this group, the ages ranged from 18 to 39 years with a mean age of
26.87 ± 6.8 years; the PMI ranged from 4 to 14 days with a mean of
9.33 ± 3.87 days (Table 1).

Preparation of samples - Drug testing
All of the deceased underwent drug testing using two different,

validated methods as described before [16-18]. The concentration of
morphine was determined in the medulla oblongata, the cerebellum
and, if available, in the blood, the hair and the urine. Peripheral blood
and urine samples were routinely collected to perform a quantitative
toxicological analysis using Gas Chromatography-Mass Spectrometry
(GC-MS) and tested for 6-Monoacetylamorphine (6-MAM) as well as
other psychoactive substances (e.g. cannabis, benzodiazepine, caffeine,
etc.).

Preparation of samples – Immunohistochemistry, protein
isolation and immunoblotting

For immunohistochemical analysis, brain tissue samples of NAc and
HPC were fixed in 4% buffered formalin and embedded in paraffin
(“FFPE tissue”). The blocks were sectioned at 2 µm, tissue sections
were deparaffinized, and rehydrated. The highly sensitive, one-step,
ready-to-use ImmPRESSTM Polymer Detection reagents system
(ImmPRESS-AP and ImmPRESS-HRP; Vector Laboratories, Szabo-
Scandic, Vienna, Austria) was used for FosB/ΔFosB, Ser27-ΔFosB (P-
ΔFosB), Cdk5, CREB, BDNF, NfκB and JunD detection, employing the
following primary antibodies, all of them diluted in Primary Antibody
Diluent (Cedarlane®; Cedarlanelabs, Szabo-Scandic): polyclonal goat
anti-FosB (1:200 dilution; Novus, USA, Catalog No. AF2214; THP
Medical Products, Vienna, Austria); monoclonal rabbit anti-FosB
(1:100 dilution; Pierce, USA, Catalog No. MA5-15056; THP);
polyclonal rabbit anti-FosB (1:200 dilution; Bioss, USA, Catalog No.
bs-1170R; THP); rabbit polyclonal anti-FosB Ser27 (1:200 dilution;
Bioss, USA, Catalog No. bs-13198R; THP); rabbit monoclonal anti-
Delta FosB (D3S8R) (1:100 dilution; Cell Signaling, Leiden, The
Netherlands, Catalog No. 14695); monoclonal mouse anti-Cdk5 (clone
DC17+DC43) (1:200 dilution; Thermo Scientific, Vienna, Austria);
monoclonal mouse anti CREB-1 (clone D-12) (1:200 dilution;
sc-377154, Santa Cruz Biotechnology Inc., Szabo-Scandic); polyclonal
rabbit anti-BDNF (N-20) (1:200 dilution; sc-546, Santa Cruz);
polyclonal rabbit anti-NfκB (1:100 dilution; Y021017 abmgood, THP);
and polyclonal rabbit anti-JunD (329) (1:100 dilution; sc-74, Santa
Cruz). As a negative control, the primary antibodies were replaced
with phosphate buffered saline (PBS) in Primary Antibody Diluent
(Cedarlane®; Cedarlanelabs, Szabo-Scandic). Before proceeding, “heat-
induced epitope retrieval” (HIER) was performed to demask the
antigen´s epitopes by means of Vector® Antigen Unmasking Solution,
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Citrate-based (Vector Laboratories, Szabo-Scandic) using a steamer
(Braun Multi-Gourmet FS20, Braun Comp. Ltd., Kronberg im Taunus,
Germany). After quenching endogenous horse radish peroxidase
(HRP) with BLOXALLTM Endogenous Peroxidase and Alkaline
Phosphatase Blocking solution (Vector Laboratories, Szabo-Scandic)
for 20 min at room temperature, primary antibodies were incubated
overnight at 4°C before antibody detection was carried out the day
after. Immediately after detection and peroxidase localization via
ImmPACT™ DAB chromogene (DAB; 3,3´-diaminobenzidine) giving a
brown color (Vector Laboratories, Szabo-Scandic), a nuclear
counterstain was performed with Vector® Hematoxilin QS Nuclear
Counterstain (Modified Mayer´s Formula) (Vector Laboratories,
Szabo-Scandic), providing a blue-violet color with crisp nuclear detail.
Finally, slides were mounted with Vectashield® Mounting Medium
(Vector Laboratories, Szabo-Scandic), an aqueous mounting medium.
Immunohistochemically staining patterns were assessed as described
previously [19]. Briefly, the presence or absence (qualification) of
staining and the depth (semi-quantification) of color were noted. The
depth of color was recorded as pale, medium, or dark according to how
easily it was seen. The samples were then categorized as weak,
moderate, or strong staining according to the following criteria: (a)
strong (+++), dark staining of the nucleus and/or cells (fibres) in the
case of BDNF respectively, that is easily visible with a low-power
objective; (b) moderate (++), medium staining that is visible with a
low-power objective; (c) weak (+), pale staining that is not easily seen
under a low-power objective; and (d) negative (−), tissues that show
none of the above. Specimens were analyzed by two independent
observers, using light microscopy (Nikon Eclipse 800/Camera Nikon
DsRi1); both of whom were blind to the groups.

For protein isolation prior to immunoblotting application, brain
tissue samples (NAc only) were collected; partly immediately flash
frozen and stored at -80°C until further procedures were carried out.
Subsequently, the tissue (400 mg) was ultrasonically homogenized in
an ice-cold (1.0-1.5 ml) lysis buffer (50 mM Tris-HCl pH 7.4; three
tablets of Complete-Protease-Inhibitor/100 ml, Roche, Vienna, Austria;
1% Triton®X-114; 5 mM DTT; 10 mM sodium orthovanadate; Sigma-
Aldrich, Vienna, Austria). Triton® X-114 served as an essential
prerequisite to remove lipids by means of phase separation to enable
further protein purification. Samples were subsequently boiled for ten
minutes and centrifuged at full speed (16,000 g) for a further ten
minutes at a temperature of 4°C. Supernatants were collected and
stored at -80°C until further analysis. Immediately prior to gel
separation, samples were subjected to a quantitative precipitation step
with methanol and chloroform (Sigma-Aldrich), intended to purify
and enrich proteins. After dissolving the samples in Laemmli-loading
buffer, protein samples (30 µg per lane; previously determined via the
Bradford assay; Bio-Rad company, Vienna, Austria) were then
subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
Transfected HEK-293 cells (ATCC No. CRL-1573; LGC Standards
GmbH, Wesel, Germany) with human ΔFosB-vector (EX-A4302-
Lv201-GS, GeneCopoeia, Inc.; THP) served as positive control
(Supplementary Information). After blotting the proteins onto a
nitrocellulose membrane (0.45 µm; Amersham Biosciences, Vienna,
Austria), Ponceau-S-staining (Sigma-Aldrich) was carried out as an
additional step to β-Actin or Tubulin detection to demonstrate a
loading control, successful equal protein transfer and finally to serve as
benchmark for semi-quantitative analysis of results. After being
washed, the membrane was blocked with 5% skimmed milk (blocking
buffer). Subsequently, primary antibody incubation was performed in
the blocking buffer at 4°C overnight using a monoclonal mouse-anti-

FosB antibody which recognizes ΔFosB isoforms [FosB (C11): sc-8013,
Santa Cruz; raised against amino acids 75-150, mapping at the N-
terminus of FosB of human origin] in a 1:100 dilution. Another
primary antibody was used to detect ΔFosB isoforms: polyclonal
rabbit-anti-panFRA (c-Fos: sc-253, Santa Cruz) in a 1:400 dilution.
Finally, protein bands were visualized by enhanced chemiluminiscence
(ECL) (Western Bright Chemiluminescenz Substrate Sirius, Biozym
Art 541021; Biozym Comp., Vienna, Austria). Thereafter, signals were
analyzed by performing a semi-quantitative analysis, where each
Ponceau-S staining served as reference point, according to the
following criteria: (a) strong (+++), signal that is easily visible after a
short substrate exposure; (b) moderate (++), signal that is visible with
after a medium substrate exposure; (c) weak (+), signal that is not
easily seen after extended substrate exposure; and (d) negative (−), no
signal detectable even after extended substrate exposure.

In addition to the method mentioned above, a further part of the
FFPE tissue samples of both groups (case and control) was subjected to
another (modified) immunoblotting procedure (Supplementary
Information; Suppl. Figure 1), where both ΔFosB and P- ΔFosB could
be detected in samples of the drug group, as shown in an example
figure (Suppl. Figure 1).

Statistical evaluation
SAS®9.4 was used to conduct a statistical analysis [20]. Demographic

concordance of opiate and control groups was tested with Student´s-t
test and Chi-squared test.

Immunohistochemistry as well as immunoblotting data were
analyzed using the NPAR1WAY procedure; the different
immunoreactions (ΔFosB/DeltaFosB; Ser25FosB/P ΔFosB; Cdk5;
CREB; BDNF; NFκB; and JunD) between drug users and control group
were compared by Wicoxon-Mann-Whitney U test.

Data were expressed as means ± standard deviations (SD), median
and range. Results were significant at p<0.05.

Results

Drug testing
Of the 30 individuals included in this study, autopsy and clinical

files from the hospital were studied to determine the drug
consumption-history and health status of the deceased, and to confirm
the characteristics of each group. As shown in Table 1, the morphine
concentration in the CNS (medulla oblongata) of cases in the opiate
group was 50-640 ng/g (mean 230.5 ± 92.5 ng/g), whereas in the
control group morphine concentration was negligible (p ≤ 0.001)
(Table 1).

Detection of stable ΔFosB-isoforms in human brain tissue
samples of chronic opioid abusers by means of
immunohistochemistry and immunoblotting
The positive expression of ΔFosB, Ser27-ΔFosB (P- ΔFosB), Cdk5,

CREB, BDNF, NfκB and JunD verified via immunohistochemistry were
significantly higher in brain tissues of chronic drug abusers (both NAc
and HPC) than in tissue samples of non-drug users (Figures 2 and 3);
also presented in sample illustrations of ΔFosB immunoreactions
(Figures 4-6).
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Figure 2: Significant (Wilcoxon-Mann-Whitney U, two-sided test)
positive immunoreactions of (A) ΔFosB (Pr> |Z| =<0.0001), (B)
Ser27- ΔFosB (Pr> |Z| =<0.0001), (C) Cdk5 (Pr> |Z| =0.0089), (D)
CREB (Pr> |Z| =0.0825), (E) BDNF (Pr> |Z| =0.0003), (F) NFκB
(Pr> |Z| =0.0240), (G) JunD (Pr> |Z| =<0.0001) proteins in the HPC
of chronic drug addicts in comparison to non-drug users.
Description of Box-Whisker-Plot: diamond indicates sample mean,
box indicates the range from 25 and 75 percentiles, whiskers are
bounded at 1.5 times the interquartile range and dots represent
values outside the range of whiskers.

Figure 3: Significant (Wilcoxon-Mann-Whitney U, two-sided test)
positive immunoreactions of (A) ΔFosB (Pr> |Z| =<0.0001), (B)
Ser27- ΔFosB (Pr> |Z| =<0.0001), (C) Cdk5 (Pr> |Z| =0.0006), (D)
CREB (Pr> |Z| =0.0095), (E) BDNF (Pr> |Z| =0.0092), (F) NFκB
(Pr> |Z| =0.0077), (G) JunD (Pr> |Z| =0.0016) proteins in the NAc
of chronic drug addicts in comparison to non-drug users.
Description of Box-Whisker-Plot: diamond indicates sample mean,
box indicates the range from 25 and 75 percentiles, whiskers are
bounded at 1.5 times the interquartile range and dots represent
values outside the range of whiskers.

Figure 4: Positive immunoreaction: brown nuclear staining patterns
of ΔFosB of the medium spiny neurons (MSN) of NAc of a long-
term drug abuser (DAB; 3,3´-diaminobenzidine), 200 X
magnification; scale bar represents 100 µm.

Figure 5: Another positive immunoreaction: brown nuclear staining
patterns of ΔFosB of the medium spiny neurons (MSN) of NAc of a
long-term drug abuser (DAB; 3,3´-diaminobenzidine), 200 X
magnification; scale bar represents 100 µm.

Furthermore, the expression of ΔFosB in post-mortem NAc tissue
samples was proven by means of immunoblotting of chronic opioid
addicts and compared this with the tissue of control individuals: Stable
ΔFosB isoforms with a size of 35 kD and 37 kD were detected in the
NAc of subjects with chronic drug abuse (n=15), even after a PMI of
8.47 ± 2.61 days (Table 1), with both the polyclonal and the
monoclonal antibody. However, the comparatively unstable 33 kD
ΔFosB isoforms were below the level of detection in both of the groups.
In contrast, none of either ΔFosB isoforms could be found in post-
mortem samples (PMI 9.33 ± 3.87 days) of the control group (n=15) (p
≤ 0.05), even after extended substrate exposure as shown in Figure 7.
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Figure 6: Negative immunoreaction of ΔFosB in nucleus of the
medium spiny neurons (MSN) of NAc of non-drug abuser, 200 X
magnification; scale bar represents 100 µm.

Figure 7: Positive signal (Wilcoxon-Mann-Whitney U, two-sided
test) of ΔFosB isoforms (both 35 kD and 37 kD of size) performing
immunoblotting, applying (A) monoclonal mouse-anti-FosB
antibody as well as (B) polyclonal rabbit anti-panFra antibody (Pr>
|Z| =<.0001). (C) There is no signal of 33 kD size ΔFosB isoforms
applying monoclonal mouse-anti-FosB antibody in neither opiate
(case) nor control group detectable (Pr> |Z| =1.0000). (D) The same
negative signal for 33 kD size ΔFosB isoforms by using polyclonal
rabbit anti-panFra antibody (Pr> |Z| =0.03780). Description of Box-
Whisker-Plot: diamond indicates sample mean, box indicates the
range from 25 and 75 percentiles, whiskers are bounded at 1.5 times
the interquartile range and dots represent values outside the range
of whiskers.

Discussion
The underlying biological process of drug addiction, namely the

impact of repeated drug intake on the human brain, implies specific
adaptations of individual neurons. This, in turn, alters the mode of
operation of affected neurons, which again alters the way in which
specific neural circuits’ function, within which these neurons usually
operate. In combination, these effects lead to a specific behavioral
complex: dependence, tolerance, sensitization, and craving. This
defines the status of addition, as already published by Koob and Le
Moal [1] and Wise [2].

As repeatedly confirmed by previous studies such as Lynch [21] and
Robison et al. [22], the accumulation of stable 35-37 kD ΔFosB
isoforms in the NAc as a consequence of chronic exposure to different
stimuli, including drugs of abuse such as cocaine or morphine, appears
to be responsible for sustained behavioral changes, inducing addiction
or “drug-sickness”, as well as sustained neuroplasticity. Besides NAc,
recent findings of Eagle et al. underscore the important role of IEGs
and particularly ΔFosB inside HPC regarding learning and memory
formation [23].

Although we assumed that ΔFosB might be a comparatively stable
transcription factor, with an approximate half-life of 10 h in PC12 cells,
as revealed by Ulery et al. [12], our recent results have considerably
exceeded our expectations, especially with regard immunoblotting
results.

Based on a study Chen et al. where the authors describe the
consistently regulation of cyclin-dependent kinase 5 (Cdk5) by ΔFosB
in the HPC of mice, we were able to demonstrate an increased
immunoreactivity of Cdk5 in both NAc and HPC of chronic drug
abusers [24]. As a result, the evidence of the fact that Cdk5 is one of
the downstream target genes for ΔFosB could be proven by our
findings. Toward CREB as a constitutively expressed transcription
factor which is regulated by its phosphorylation and its relationship to
ΔFosB, growing evidence suggests that CREB has a notable role in the
molecular mechanisms of certain aspects of addiction [25-28].
According to a study of Kaste et al. chronic nicotine administration
evoked accumbal ΔFosB induction, which is supposed to involve the
induction of behavioral induction? In their study, the authors
demonstrate that morphine increased CREB phosphorylation in the
dopaminergic cell body areas in nicotine-exposed mice [27]. However,
besides increased Cdk5 immunoreactivty, there was a clear CREB
staining pattern in our opiate group detectable. Additionally, BDNF
signaling seems to be critically involved in the regulation of neuronal
and behavior related plasticity [29]. BDNF is one of the target genes of
CREB and it is both an upstream activator and a downstream target of
CREB-mediated signaling [30]. According to Kivinummi et al. BDNF
levels were first detected 4 weeks after the cessation of drug treatment
and therefore could be related to the long-lasting neuronal changes
underlying addiction [28]. Based on their results, similar findings of
elevated BDNF staining patterns could be generated in our study.
Another important factor being involved in chronic drug abuse is
NFκB, as many of the detrimental effects on the NAc and HPC appear
to be also mediated by NFκB signaling [31]. Even in this case we could
show distinct elevated immunoreactivity in the brain samples of
chronic drug addicts.

According to experimental studies in rodent models, chronic
exposures to various stimuli trigger a steady accumulation of the long-
lived isoform in distinct rat brain regions [12,32], but only a transient
up-regulation of the expression of ΔFosB mRNA, as reported by
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Alibhai et al. [33]. However, recent findings by Teyssier et al. [34]
clearly show that the ΔFosB pathway in brain tissue of depressed
patients was chronically activated at the mRNA level, suggesting that a
more complex genetic response may be involved, at least in the case of
humans. Independent of these findings, both Dietz et al. [35] and
Robison et al. [22] were able to detect stable ΔFosB isoforms in NAc of
human tissue samples of patients with schizophrenia in the former and
of cocaine-dependent individuals in the latter. However, postmortem
intervals did not exceed more than one to two days for any of those
examinations. It must therefore be conceded that our study has some
limitations, particularly with regard to protein quality due to potential
postmortem changes, given a PMI of 8.47 ± 2.61 days in the opiate and
9.33 ± 3.87 in the control group, respectively. To address this question,
we significantly revised our method in respect of protein purification
by adding supplementary purification steps, such as by using Triton®

X-114 instead of Triton® X-100, although both belong to the group of
detergents. One advantage of the former over the latter is the lower
cloud point of 23°C in the case of Triton® X-114 versus 63-69°C in the
case of Triton® X-100. This might be a critical challenge when working
with either unstable or in our case stressed and potential degraded
proteins due to prolonged PMIs. In general, detergents are essential to
remove lipids by phase separation to enable further protein
purification. Given the elevated levels of lipid-rich proteins in the brain
tissue, protein-lipid-interactions might easily impair results by
providing incorrect molecular weights. This means that additional
purification steps are essential. In order to promote the stringent
conditions, in our study a further quantitative precipitation step of the
proteins was applied prior to immunoblotting analysis. Only then was
it possible to detect stable 35-37 kD ΔFosB isoforms in the human NAc
samples of chronic opioid abusers with prolonged PMIs. Finally, to
verify our results, two different primary antibodies were applied
independently to detect our target protein: (i) a polyclonal rabbit-anti-
panFRA and (ii) a monoclonal mouse-anti-FosB antibody. As
demonstrated, both antibodies detected the target protein in the same
(correct) size in brain tissue samples of the opiate group. Due to
inevitable protein degradation, signals of the detection with the
monoclonal antibody were rather weak in comparison to the
polyclonal antibody. The same demotion mechanisms are responsible
that neither β-Actin nor Tubulin detection as an internal and loading
control was possible in a constitutive and reliable way, either.
Therefore, only Ponceau-S staining alternatively served as a reliable
loading-control and correct protein transfer onto the nitrocellulose
membrane, and as reference for semi-quantitative analysis of the
blotting results [36,37].

Another limitation which should be mentioned here is that only
semi-quantitative and no quantitative analyses were possible at this
stage of examination given the extent of protein degradation as a result
of proteases over a prolonged PMI. However, it was not possible to
reduce PMIs due to statutory regulations governing the release of
subjects. Furthermore, functional analyses of potential downstream
targets of ΔFosB and their regulatory mechanisms only constitute part
of the work which still needs to be done.

Despite the extensive amount of literature on ΔFosB for cocaine
action and, to a lesser extent, for morphine administration, most of
these studies were conducted on rodents. However, in our study we
were able for the first time to detect highly stable 35-37 kD ΔFosB
isoforms in post-mortem human tissue samples of the NAc of chronic
opioid addicts via immunoblotting. In conclusion, given the prolonged
PMIs on the one hand, and elements of uncertainty in comparison
with distinct projectable animal experiments under standardized

laboratory conditions on the other, our remarkable findings add
additional weight to view that this phosphorylated transcription factor
is of major importance in the field of neuronal plasticity, affecting
learning and memory, as well as addiction and relapse.

This fact should be taken into consideration when thinking about
establishing and interpreting sensitive biomarkers as well as when
developing novel therapeutic strategies for psychological disorders and
drug addiction.
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