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Abstract
Vulnerability to drug addiction is thought to depend on genetic and environmental factors. Ge-
netic factors might influence addiction vulnerability by determining the nature and extent of 
drug-induced adaptations in the brain and may thereby increase sensitivity to environmental 
stimuli that are associated with drug reward. Recent studies implicate the extracellular matrix 
(ECM) in a diverse range of neuroadaptive and plasticity-related processes, including experi-
ence-dependent plasticity, suggesting that the ECM might also have a role in rendering an indi-
vidual susceptible to addiction. In support of this, we previously found that reduced expression 
of the ECM protein brevican in the medial prefrontal cortex (mPFC) and nucleus accumbens 
(NAc) after heroin self-administration increases vulnerability to cue-induced reinstatement of 
heroin seeking. To further investigate the relation between brevican expression and addictive 
behavior, we assessed cocaine-induced associative learning in heterozygous brevican knockout 
mice (Bcan+/-) that showed reduced brevican levels (60% of wild-type), yet intact perineuronal 
nets. When conditioned with a low dose of cocaine, we found that Bcan+/- mice showed en-
hanced expression of a cocaine-associated memory, with fear memory being unaffected. Res-
cue of brevican by viral expression in the dorsal hippocampus (dHC), but not in mPFC and 
NAc, of Bcan+/- mice reduced conditioned cocaine seeking, whereas this effect was absent in 
contextual fear conditioning. Our data indicate that reduced brevican levels in the dHC aug-
ment sensitivity to cocaine reward learning, pointing to a role of ECM mediated plasticity in 
the development of addictive behavior.
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Introduction
Vulnerability to drug addiction is determined by environmental factors, such as sociocultu-
ral and psychological factors, as well as genetic factors11. The contribution of genetic factors 
accounts for an estimated 40 to 70%, depending on the type of abused drug12, indicating that 
genetic variation is a major determinant of addiction vulnerability. Changes in the coding se-
quence or expression level of addiction-associated genes might impact on brain circuitry func-
tion and the nature of drug-induced neural plasticity157. In turn, this might affect neurobiolo-
gical traits implicated in addiction, such as drug sensitivity11. However, the exact nature of these 
genes has remained elusive.
 An important regulator of brain development and adult neural plasticity is the extra-
cellular matrix (ECM)158,159. The ECM consists predominantly of hyaluronic acid, glycopro-
teins and proteoglycans, which, after deposition in the extracellular space, form heterogeneous 
aggregates160. Depending on its composition, the ECM has been shown to either restrict or 
facilitate neural plasticity processes78,158,161, including axonal outgrowth, synaptogenesis and 
long-term potentiation (LTP)79,162. These neural plasticity processes are also affected by drug 
exposure and are thought to underlie the persistent nature of drug addiction57,61,62,73,163. Taken 
together, the ECM might have a role in defining individual vulnerability to drug reward and 
sensitivity to drug-associated environmental stimuli and as such, contribute to the develop-
ment and maintenance of addictive behavior.
 In support of this, manipulation of ECM levels has been shown to attenuate addic-
tive-like behaviors in several animal models, including conditioned place preference (CPP) 
and the self-administration and reinstatement paradigm84,85,119,164-166. Less is known about the 
specific ECM components that are regulated upon drug exposure and the neural mechanism 
by which they affect addictive behavior. Interestingly, altered matrix metalloproteinase (MMP) 
levels have been observed in the hippocampus of human cocaine addicts167. Moreover, increased 
expression or activity of ECM-degrading serine proteases and MMPs in the brain has been 
widely observed after administration of drugs of abuse, including opiates, psychostimulants 
and alcohol, in animal models of addictive behavior84,164,165,168,169. We recently demonstrated that 
expression of the chondroitin sulfate proteoglycan brevican and other ECM components were 
reduced in the medial prefrontal cortex (mPFC) and the nucleus accumbens (NAc) after three 
weeks of extinction training or abstinence in rats that self-administered heroin85. Restoring 
ECM levels using the broad spectrum MMP inhibitor FN-439 attenuated cue-induced rein-
statement of heroin seeking85, with higher ECM levels correlating with more severely attenua-
ted relapse (MvdO, unpublished data, 2010). This suggests that the ECM has a role in sensitivity 
to cue-induced relapse to heroin seeking, however the specific contribution of ECM compo-
nents to such enhanced vulnerability remains to be determined.
 Here we investigate the effect of reduced brevican levels on cocaine reward learning 
in heterozygous Bcan knockout (Bcan+/-) mice using a cocaine CPP paradigm. We found that 
a reduction of brevican levels resulted in enhanced expression of cocaine CPP, which could be 
rescued by viral overexpression of brevican in the dorsal hippocampus (dHC). Reduction of 
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brevican levels did not alter fear memory or anxiety.  These results indicate that brevican pro-
tein levels affect expression of a cocaine-reward memory.

Materials and Methods
Animals
Bcan+/- mice145 were bred on a C57Bl/6J (Charles River) genetic background. Male Bcan+/- mice 
and wild-type (WT) littermates (>8 weeks old) were individually housed on a 12-h day/night 
cycle (lights on at 7:00 AM) in temperature and humidity-controlled rooms. Food and water 
were available ad libitum. All experimental procedures were approved by the animal research 
committee (DEC) of the VU University Amsterdam.

Drugs
Cocaine hydrochloride (OPG, Utrecht, The Netherlands) was dissolved in sterile saline and 
injected at a volume of 10 µL/g bodyweight.

Immunoblotting
Mice were sacrificed by cervical dislocation, brains were rapidly frozen and tissues were dis-
sected freehand from ~1 mm coronal sections in a cryostat. Synaptosomal fractions were pre-
pared as described before170. After homogenization, 5% of the total volume was collected as 
total lysate. Protein samples were treated with 0.2 U/mL chondroitinase ABC (Sigma-Aldrich) 
for 90 minutes at 37 °C and SDS-PAGE and immunoblotting were performed and analyzed as 
described before170. Proteins were probed with primary antibody (rabbit anti-brevican (1:2,000; 
gift from dr. C. Seidenbecher and dr. R. Frischknecht) or mouse anti-tenascin-R (1:2,000; clone 
R2, P.Glia)) and alkaline phosphatase or horseradish peroxidase–conjugated secondary anti-
bodies (1:10,000; Dako).

Immunohistochemistry
Mice were transcardially perfused with PBS, pH 7.4 followed by ice-cold 4% paraformaldehyde 
in PBS. Brains were post-fixed overnight, transferred to 30% sucrose in PBS and allowed to 
saturate with sucrose for at least three days. Brains were then frozen, sliced in 35 μm coronal 
sections using a cryostat and kept in PBS with 0.02% sodium azide at 4 °C until further use. 
For visualization of proteins of interest, sections were washed with PBS, blocked with blocking 
solution (5% goat serum, 2.5% BSA and 0.2% Triton X-100 in PBS, pH 7.4) and incubated with 
primary antibody (guinea pig anti-brevican (1:4,000; gift from dr. C. Seidenbecher and dr. R. 
Frischknecht) or anti-c-myc (1:1,000; Santa Cruz Biotechnology) in blocking solution over-
night at 4 °C. After incubation with secondary antibody (goat anti-guinea pig Alexa 568 (1:400; 
Chemicon) and goat anti-rabbit Alexa 488 (1:400; Invitrogen)) or fluorescein-labeled wisteria 
floribunda agglutinin (WFA; 1:400; Vector Laboratories) in blocking solution at RT, sections 
were washed and mounted using 0.2% gelatin in PBS. Images were analyzed by confocal mi-
croscopy (LSM 510; Zeiss).
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Cocaine conditioned place preference
Conditioned place preference (CPP) was performed as described before171. The CPP apparatus 
was custom-made and consisted of two outer compartments that differed in terms of visual 
and tactile stimuli and were separated by a smaller center compartment. The initial preference 
for the three compartments was determined during a 10 (virus experiments) or 15 min (WT 
versus Bcan+/- experiments) pre-conditioning test (pretest). During 3 consecutive conditioning 
days, animals received an i.p. saline injection (morning) or cocaine (afternoon) prior to being 
restricted to one of the outer compartments (counterbalanced for treatment within groups) for 
15 min. A minimum interval of 5 h was used between saline and cocaine conditioning sessions. 
The next day, animals were allowed free access to all the compartments for 10 min during a 
post-conditioning test (posttest). Groups that received injections with adeno-associated viral 
(AAV) vectors (see below) were subjected to a second posttest 21 days after the last conditio-
ning session. Data was recorded and analyzed using Ethovision Pro (Noldus) and preference 
for the cocaine-paired compartment was expressed as time spent in the cocaine-paired com-
partment minus time spent in the saline-paired compartment (CPP score).

Viral vectors
AAV serotype 2 (AAV2) particles that contained the CMV minimal promoter and the co-
ding gene sequence of brevican or green fluorescent protein (GFP) were generated using a 
two-plasmid cross-packaging system as described previously172. Full-length Bcan was ampli-
fied from mouse brain cDNA, complemented with a C-terminal myc tag sequence and cloned 
into a pTRCGW plasmid (AAV-Bcan). AAV-GFP was used as control. Viral particles were 
produced and isolated as described previously172. Five weeks before the start of the CPP expe-
riments, mice were brought under isoflurane anesthesia and received a subcutaneous injection 
with 0.1 mg/kg Temgesic (RB Pharmaceuticals). Viral particles (1.0 μL AAV-Bcan or 0.5 μL 
AAV-GFP per hemisphere) were stereotactically injected into the mPFC (anteroposterior +2.2 
mm; mediolateral ±0.4 mm; dorsoventral –3.0 mm relative to Bregma), NAc  (anteroposterior 
+1.8 mm; mediolateral ±0.9 mm; dorsoventral –4.8 mm relative to Bregma) or the dHC (an-
teroposterior –1.6 mm; mediolateral ±1.1 mm; dorsoventral –1.8 mm relative to Bregma) at an 
injection rate of 0.1 μL/min followed by five min to allow diffusion171. To assess the placement 
and effect of AAV injections in the mPFC, NAc and dHC, mice were perfused within 1 week 
after the last CPP test. 

Elevated plus maze
The elevated plus maze (EPM) consisted of 2 open arms and 2 arms that were shielded by side 
and end walls. The arms were connected by a central open area. To test for general anxiety, mice 
were allowed to explore the arms of the EPM for 10 minutes. Data was recorded and analyzed 
using Ethovision Pro173.

Contextual fear conditioning
Fear conditioning was performed as described before71. Briefly, conditioning and testing was 
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performed in a Plexiglas chamber with a stainless steel grid floor (Ugo Basil). For conditioning, 
mice were placed in the chamber for a period of 180 s, followed by a foot shock (0.7 mA, 2 s) 
and a 30 s post-shock period before being placed back into their home cage. At 1 day and 21 
days after training, animals were returned to the fear conditioning apparatus for 180 s. Data 
was recorded and analyzed using Ethovision XT (Noldus). Freezing was defined as a lack of 
movement for at least 1.5 s.

Statistical analysis
All values are given as mean ± SEM. Protein regulation was analyzed using a Student’s t-test. A 
significant effect of CPP was determined using a univariate analysis of variance (ANOVA) with 
genotype (WT or Bcan+/-) and dose (2 or 5 mg/kg) as between-subject factors. Locomotor ac-
tivity during the conditioning sessions was analyzed using a repeated-measures ANOVA with 
session (day 1–3) and treatment (saline or cocaine) as within-subject factors and genotype as 
between-subject factor. Locomotor activity during the posttest was analyzed using a Student’s 
t-test. CPP after injection of viral vectors was analyzed using a repeated-measures ANOVA with 
posttest (posttest 1 or posttest 2) as within-subject factor and virus (AAV-GFP or AAV-Bcan) as 
between-subject factor. Differences in freezing after fear conditioning were determined using a 
repeated-measures ANOVA with session (recent or remote) as within-subject factor and geno-
type or virus as between-subject factor. EPM data was analyzed using a repeated-measures 

Figure 1. Brevican protein levels were reduced in Bcan+/- mice. (A–C) Protein levels of brevican (Bcan; A) and 
tenascin-R (TnR; B) isoforms in total lysates of the frontal cortex of wild-type (WT) and Bcan+/- mice (n=6) were deter-
mined by immunoblotting. The optical density of the immuno-detected bands was normalized for total protein content 
and values are expressed relative to levels in WT mice. Student’s t-test: *p<0.05, ***p<0.001. Representative bands are 
shown in (C). (D) Example of WFA-stained perineuronal net in a WT and Bcan+/- mouse.
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ANOVA with compartment (closed, middle or open) as within-subject factor and genotype as 
between-subject factor.

Results
To assess whether reduced brevican levels affect cocaine-reward memory, we analyzed expres-
sion of cocaine CPP in WT and heterozygous Bcan knockout mice (Bcan+/-). These Bcan+/- 
mice were used in order to mimic the reduced levels of brevican previously associated with 
increased heroin relapse vulnerability85 and at the same time to limit indirect effects of ho-
mozygous knockout of brevican on gross ECM structure145. Furthermore, an advantage of the 
use of heterozygous knockout mice may be that these mice better reflect the range of human 
variation than gene deletion in homozygous knockout mice174, which would be of benefit to 
translational research. First, we determined the level of brevican expression in Bcan+/- mice by 
immunoblot analysis (Figure 1A–C). Bcan+/- mice showed a significant reduction of the 80 and 
145 kDa brevican isoforms compared with wild-type (WT) mice (75%, t10=2.36; p=0.04 and 
59%, t10=5.92; p<0.001, respectively; Figure 1A).
 In the brain, brevican is localized in diffuse and perisynaptic ECM, as well as in peri-
neuronal nets (PNNs)129. PNNs are specialized ECM structures implicated in the restriction of 
neural plasticity and stabilization of neural circuits158,175. To evaluate whether PNNS were af-
fected in Bcan+/- mice, we visualized cortical PNNs using WFA, a widely used PNN marker85,176. 
Gross morphological appearance of WFA-positive PNNs was similar in Bcan+/- mice and their 
WT littermates (Figure 1D).
 In addition, we determined tenascin-R protein expression levels (Figure 1B,C), to ex-
clude confounding factors for potential abnormalities in Bcan+/- mice. Tenascin-R is a glycopro-
tein that colocalizes with brevican in perisynaptic matrix and PNNs129 and has been shown to 
interact with brevican in vivo128. Student’s t-test revealed that tenascin-R levels were unchanged 
(Figure 1B). Thus, we confirmed that brevican expression is reduced in Bcan+/- mice, but tena-
scin-R expression is unaffected and they have no gross abnormalities in PNN appearance.
 To determine whether cocaine reward learning is altered in Bcan+/- mice, we com-
pared them with WT littermates in the cocaine CPP paradigm. Cocaine is a potent inducer of 
CPP177,178 and we have previously shown that cocaine induces a stable long-lasting (at least 21 
days) CPP memory in mice171. A significant effect of genotype (ANOVA; F1,57=6.36; p=0.015; 
Figure 2A) indicates that Bcan+/- mice had a higher preference for the cocaine-paired com-
partment than WT littermates. No dose or dose x genotype effect on CPP score was found 
during the posttest (respectively F1,57=1.64; p=0.206 and F1,57=0.03; p=0.876; Figure 2A). No 
difference in locomotor activity was observed between groups during the conditioning sessions 
(repeated-measures ANOVA, F1,36=1.43; p=0.239; Figure 2B) or the posttest (Student’s t-test, 
t36=1.67; p=0.216; Figure 2C). In contrast to these relatively low doses of cocaine, conditioning 
with 15 mg/kg cocaine did not result in altered expression of CPP (Student’s t-test; t17=0.17; 
p=0.865; Figure 3A). This suggests that Bcan+/- mice are more sensitive to cocaine but do not 
differ in terms of maximum strength of cocaine-induced CPP from WT mice. Furthermore, 
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although there was an effect of treatment (repeated-measures ANOVA; F1,17=22.97; p<0.001) 
and a treatment x day interaction (F2,34=9.64; p<0.001) on locomotor activity during condition-
ing with 15 mg/kg, no differences between groups were observed during conditioning (effect of 
genotype: F1,17=0.27; p=0.608) and posttest (Student’s t-test; t17=1.65; p=0.118; Figure 3B,C).
 To determine whether enhanced contextual memory of Bcan+/- mice in the CPP para-
digm generalized to other types of contextual memory, we assessed aversive memory expres-
sion in a contextual fear conditioning paradigm. Bcan+/- mice and WT littermates were trained 
in one conditioning session and freezing behavior was analyzed one day and 21 days later. No 
difference in freezing levels was observed between groups at any time point (repeated-measures 
ANOVA; effect of genotype: F1,23=1.29; p=0.267; genotype x test interaction: F1,23=0.002; 
p=0.966; Figure 4A), indicating that contextual memory formation using an aversive stimulus 
is not affected in Bcan+/- mice.
 To rule out that the increased preference for the cocaine-paired compartment in 
Bcan+/- mice was potentially due to alteration of anxiety associated with this genotype, we 
determined whether anxiety levels were altered in Bcan+/- mice using the elevated plus maze 
(EPM). Whereas a repeated-measures ANOVA revealed a significant effect of compartment 

Figure 2. Cocaine CPP was augmented in Bcan+/- mice. (A) After conditioning WT and Bcan+/- mice with 2 mg/kg 
(n=9 and n=14, respectively) and 5 mg/kg (n=17 and n=21, respectively) cocaine, Bcan+/- mice showed increased CPP 
expression. For WT versus Bcan+/-, p=0.128 and p=0.050 for respectively 2 and 5 mg/kg during the posttest. No diffe-
rence in locomotor activity was observed during (B) saline (Sal) and cocaine (Coc; 5 mg/kg) conditioning sessions and 
(C) the posttest after conditioning with 5 mg/kg between WT and Bcan+/- mice.
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for all variables (F2,44=133.72; p<0.001; F2,44=110.08; p<0.001 and F2,44=28.20; p<0.001 for time 
spent, number of entries and latency of entry, respectively), no effect of genotype (F1,22=1.86; 
p=0.186; F1,22=0.03; p=0.863; F1,22=0.53; p=0.474, respectively) or a genotype x compartment in-
teraction (F2,44=0.29; p=0.747; F2,44=0.19; p=0.825; F2,44=0.64; p=0.534, respectively) was found 
on these parameters in the EPM (Figure 4B–D).
 Next, we set out to determine which brain area is causally involved in the enhanced 
expression of cocaine CPP in Bcan+/- mice. Previously, we found that diminished brevican le-
vels in the mPFC and the NAc, but not the dorsal striatum, after heroin self-administration 
increased vulnerability to reinstatement of heroin seeking85. These areas are part of the me-
socorticolimbic dopamine pathway, which has a central role in reward and motivated beha-
viors7, and have previously been implicated in cocaine CPP43,47,179,180. To determine whether 
a reduction of brevican expression levels in the mPFC underlies enhanced cocaine reward in 
Bcan+/- mice, we subjected the animals to cocaine CPP after AAV-mediated rescue of brevican 
expression in the mPFC and evaluated their preference for the cocaine-paired compartment 
1 day after conditioning. Restoration of ECM levels 21 days after the final self-administration 
session attenuated heroin seeking85, therefore a second posttest was performed 21 days after 
conditioning. Compared with Bcan+/- mice that received a control AAV vector (AAV-GFP), 
brevican expression was successfully enhanced in Bcan+/- mice that received AAV-Bcan, as de-
termined by biochemical analysis (Figure 5A–D). Protein levels of the 145 kDa isoform were 
significantly increased in total lysates and synaptosomes of the mPFC (Student’s t-test; 942%, 
t6=-4.45; p=0.004 and 388%, t6=-3.71, p=0.010, respectively) and the 80 kDa isoform in total 
lysates (t6=-2.48; p=0.048). Brevican overexpression in the mPFC led to extensive brevican im-
munoreactivity in this region (Figure 5E–F). Despite successful overexpression of brevican, 

Figure 3. Cocaine 
CPP was not affected 
in Bcan+/- mice after 
conditioning with a 
high dose of cocaine. 
(A) Preference for the 
cocaine-paired com-
partment after condi-
tioning with 15 mg/
kg cocaine of WT and 
Bcan+/- mice (n=9 and 
n=10, respectively). 
Locomotor activity 
during the conditio-
ning sessions and the 
posttest are given in 
(B) and (C).
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cocaine CPP was unaffected when assessed at 1 and 21 days after training (repeated-measures 
ANOVA; effect of virus: F1,10=0.46; p=0.512; virus x test interaction: F1,10=0.02; p=0.903; Figure 
6A).
 Reduced expression of brevican in the mPFC and the NAc after heroin self-admini-
stration85 indicate the potential involvement of both of these areas in enhancing susceptibility 
to addictive behavior and might explain the lack of effect of a rescue of brevican expression 
in the mPFC alone. For this reason, we micro-injected AAV-Bcan in the mPFC and the NAc 
simultaneously in Bcan+/- mice. Again, no effect on expression of cocaine CPP was observed 
at 1 and 21 days post-conditioning (effect of virus: F1,10=0.05; p=0.826; virus x test interaction: 
F1,10=0.29; p=0.603; Figure 6B).
 The dHC is known for its role in contextual memory181,182 and has been implicated 
in expression of cocaine CPP183,184. Hence, we determined whether rescue of brevican expres-
sion in this area would attenuate cocaine CPP in Bcan+/- mice. AAV-Bcan was targeted at the 
CA1 region, which resulted in a substantial increase in brevican immunoreactivity within this 
region (Figure 7A). Moreover, rescue of brevican expression in the dHC impaired CPP ex-
pression, an effect that became apparent at 21 days after training. A significant virus x posttest 
interaction (F1,14=5.99; p=0.028; Figure 7B) was observed, but no effect of virus (F1,14=2.08; 
p=0.171) alone. Post hoc testing revealed a strong trend for a difference between groups during 

Figure 4. Bcan+/- mice did not show altered aversive contextual memory or anxiety levels. No significant difference 
was observed between wild-type (WT) and Bcan+/- mice in freezing after contextual fear conditioning (A) or in the 
time spent (B), number of entries (C) and latency of entry (D) in the closed arms, central area and open arms of an 
elevated plus maze (n=12 for both groups).
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Figure 5. Biochemical and histochemical analysis of brevican expression in mPFC after injection of AAV-Bcan 
and AAV-GFP. Protein levels of brevican (Bcan) and tenascin-R (TnR) isoforms in mPFC total lysate (A) and synap-
tosomes (C) after AAV-Bcan injection in the mPFC of Bcan+/- mice (n=4 for both groups). Values represent fold dif-
ference to the AAV-GFP group. Student’s t-test: *p<0.05, **p<0.01. Representative bands are shown in B (total lysate) 
and D (synaptosomes). (E–F) Brevican expression visualized in the mPFC (E) of Bcan+/- mice injected with AAV-GFP 
and AAV-Bcan (F).
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the second test, but not the first test (respectively t14=2.04; p=0.061 and t14=0.25; p=0.803). 
Rescue of brevican expression in the dHC did not alter freezing levels 1 day or 21 days after 
contextual fear conditioning (repeated-measures ANOVA; effect of virus: F1,14=0.20; p=0.665; 
virus x test interaction: F1,14=0.44; p=0.520; Figure 7C).

Discussion
We found that reduced brevican protein levels were associated with enhanced expression of a 
cocaine-associated memory. Bcan+/- mice, which expressed brevican at approximately 40% of 
WT levels, showed increased preference for a cocaine-paired context after conditioning with 
2 and 5 mg/kg cocaine in the CPP paradigm compared with WT mice. Importantly, our data 
indicate that elevating brevican levels in the dHC of Bcan+/- mice prior to cocaine CPP can at 
least partly rescue this phenotype, thus providing causal and spatial evidence for a role of Bcan 
in cocaine-associative learning. Together, this implies that reduced levels of brevican might 
enhance sensitivity to the conditioned rewarding effects of cocaine via a neural mechanism 
involving the dHC.
 In the cocaine CPP paradigm, animals learn to associate the rewarding effect of co-
caine with specific contextual stimuli. To determine whether reduced brevican expression af-
fects contextual memory in general, we tested Bcan+/- mice in a contextual fear conditioning 
paradigm. We found no genotype effect, indicating that contextual-fear memory is not affected 
in Bcan+/- mice. We also observed no differences between WT and Bcan+/- mice in the EPM test, 
suggesting that enhanced expression of contextual memory in the cocaine CPP paradigm was 
not confounded by differences in anxiety levels and did not generalize to aversive contextual 
learning. Moreover, a specific role of brevican in cocaine-associative learning is supported by 
the absence of a significant effect in the full Bcan knockout mouse on behavior in a number of 
behavioral paradigms, including the rotarod test, EPM, light-dark avoidance test and Morris 
water maze145.

Figure 6. Effect of adenoviral vector-mediated rescue of brevican expression in the mPFC and NAc on cocaine 
CPP. (A–B) Five weeks after micro-injection of AAV-GFP or AAV-Bcan in the mPFC (A; n=6 per group) or mPFC 
+ NAc (B; n=6 per group), animals were subjected to cocaine CPP. No significant effect of virus on preference for the 
drug-paired compartment was observed.
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 Although conditioning with 2 and 5 mg/kg cocaine was sufficient to enhance CPP in 
Bcan+/- mice, locomotor activity was not altered compared with WT mice during conditioning 
sessions and posttests. Locomotor sensitization often occurs in parallel to acquisition of CPP, 
but this is typically observed when mice are conditioned using higher doses of cocaine (10–20 
mg/kg)185,186, consistent with the increase in locomotor activity that we observed during con-
ditioning with 15 mg/kg cocaine. The selective differential CPP expression in Bcan+/- mice ob-
tained using a low cocaine dose suggests that dissociable neural mechanisms mediate cocaine 
reward and locomotor sensitization.
 ECM turnover in a number of brain areas has been implicated in addictive behavior. 
Exposure to different classes of drugs of abuse results in altered levels of ECM-degrading pro-
teases (e.g., tissue plasminogen activator and MMPs) in an extensive neural circuitry, including 
the NAc, mPFC and hippocampus84,164,165,168,187,188. We previously found that synaptic protein 
levels of brevican and tenascin-R were reduced in the mPFC and NAc after cessation of heroine 

Figure 7. Adenoviral vector-mediated rescue of brevican expression in the dHC attenuated cocaine CPP. (A) 
c-myc-stained brevican expression visualized in the dHC of Bcan+/- mice after micro-injection of AAV-GFP or AAV-
Bcan. (B) Five weeks after micro-injection of AAV-GFP or AAV-Bcan in the dHC (n=8 per group), animals were sub-
jected to cocaine CPP. A repeated-measures ANOVA revealed a significant virus x posttest interaction for AAV-Bcan 
in the dHC, but not for the mPFC and mPFC + NAc. *p<0.05, **p<0.01 versus pretest. (C) No significant effect of virus 
was observed on freezing after contextual fear conditioning (n=8 per group).
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self-administration85. Restoring ECM levels using a broad-spectrum MMP inhibitor was suf-
ficient to attenuate cue-induced reinstatement of heroin seeking85. The present study provides 
evidence that reduced brevican protein levels in the dHC, but not the mPFC or NAc, augment 
cocaine seeking in the CPP paradigm. Several factors can explain the differential involvement 
of these areas in the two studies. First, although the same neural circuitry is implicated in ad-
diction to cocaine and heroin, overlapping but distinct neurobiological mechanisms control 
addictive behavior after exposure to these drugs of abuse8,189,190. This suggests that the nature 
of the involvement of ECM plasticity in addictive behavior might be different for cocaine and 
he roin. Second, self-administration and CPP are addiction paradigms that differ in terms of 
drug administration (i.e., active versus passive), nature of drug-associated cues (i.e., discrete 
versus contextual cues) and number of drug infusions. Third, whereas rats were used for the 
heroin self-administration study, cocaine CPP was performed with mice. Fourth, the timing 
of the regulation and manipulation of brevican levels differs between the studies. Whereas 
self-admini stration and subsequent cessation resulted in reduced brevican levels in the heroin 
study, brevican levels were already genetically reduced before cocaine CPP. In addition, ECM 
levels were restored prior to reinstatement of heroin seeking, whereas brevican levels were res-
cued before the start of the cocaine CPP paradigm. Finally, regulation of brevican in the dHC 
was not assessed in the heroin study85, leaving open the possibility that brevican expression is 
also altered in this region after cessation of heroin self-administration.
 The absence of an effect of rescue of brevican expression in the dHC of Bcan+/- mice 
on cocaine CPP during the first posttest might be explained by the slow onset of gene expres-
sion after injection of AAV vectors. AAV-mediated gene expression typically reaches detectible 
levels after 1 to 2 weeks, but transduction rates have been observed to increase until at least 
12 weeks post-injection191,192. Whereas the first posttest was conducted approximately 6 weeks 
after the surgery, it is possible that expression of brevican or secretion into the extracellular 
space only reached the threshold to affect CPP behavior during the three weeks between the 
two posttests. Alternatively, the differential effect of rescue of brevican expression on the post-
tests might be due to a cellular or network effect that depends on an additional time period to 
develop. Lastly, it is possible that the role of the dHC during the first and second posttest (1 day 
and 21 days after the last conditioning session, respectively) is different. Neural reorganization 
in the weeks after the acquisition of a contextual memory is known to underlie a change in the 
brain areas involved in memory storage, most notably a transfer from information from the 
hippocampus to the neocortex193,194, a process referred to as system or circuit consolidation. Po-
tentially, brevican expression in the dHC restrains transfer of the cocaine-contextual memory 
to cortical regions. 
 Brevican is a chondroitin sulphate proteoglycan that is highly expressed in the adult 
brain124,159, where brevican immunoreactivity is most prominently found in PNNs129,195. Upon 
cleavage of its glycosaminoglycan side chains, it can be detected as a 145 kDa core protein, 
a 120 kDa glycosylphosphatidylinositol (GPI)-linked membrane-bound form and an 80 kDa 
breakdown fragment124,196. Brevican physically interacts with the polysaccharide hyaluronic 
acid and glycoprotein tenascin-R via its N- and C-terminal domain, respectively, suggesting a 



61

Brevican regulates cocaine reward

central role for brevican in structural organization of the ECM128,137. Whereas the ECM has an 
important role in neurodevelopment158,159, no alterations in brain development or neurotrans-
mission were detected in mice that lack brevican145. However, these mice do exhibit deficient 
LTP maintenance in hippocampal neurons145. Furthermore, brevican has been implicated in 
the inhibition of neurite outgrowth137,197. Possibly, reduced brevican levels in Bcan+/- mice af-
fect formation or expression of a cocaine memory by affecting synaptic plasticity mechanisms. 
This would be consistent with the perisynaptic localization of brevican198. However, the exact 
neural mechanism by which brevican affects addictive behavior, and leaves fear memory intact, 
remains to be determined. 
 The data presented here substantiate the evidence that the ECM component brevi-
can contributes to addiction vulnerability by augmenting the responding to drug-associated 
sti muli. Future research should pinpoint the neural mechanisms that are affected by reduced 
Bcan expression and whether brevican can be used as a novel therapeutic target for treatment 
of addiction and relapse vulnerability in humans.
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