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Abstract

Application of cocaine or exposure to cocaine-related stimuli induces widespread activation 

of the cortex in neuroimaging studies with human subjects. In accordance to these findings it 

was reported in previous microdialysis experiments, that cocaine increased serotonin (5-HT) 

and dopamine in various cortical brain areas. The present series of studies set out to 

investigate the functional role of the observed increases in 5-HT in the medial prefrontal 

cortex (mPFC), the entorhinal cortex (EC), and the occipital cortex (OccC) in the mediation 

of cocaine-induced conditioned place preference (CPP) and hyperactivity. To reduce 5-

HTergic neurotransmission in circumscribed brain areas, bilateral local infusions of the 

serotonergic neurotoxin, 5,7-dihydroxytryptamine (5,7-DHT), were made into the mPFC, EC, 

or OccC. Two weeks following surgery, cocaine- (10 mg/kg; i.p.) induced CPP was measured 

in an unbiased design. The 90 % depletion of 5-HT in the mPFC significantly attenuated the 

preference for the cocaine-associated environment and the hyperlocomotor response to 

cocaine. A 61 % depletion of 5-HT in the EC reduced conditioned place preference without 

modulation of hyperactivity, while a 78 % 5-HT depletion of the OccC cortex had no effect 

on cocaine-induced CPP and hyperactivity. These results indicate an important role of cortical 

5-HT in the mediation of cocaine-induced CPP, and specify the region-dependent contribution 

of a neurochemical response to cocaine-mediated behaviour.  
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Introduction

It is established that the mesolimbic dopaminergic system is crucial for the reinforcing and 

hyperlocomotor effects of psychostimulant drugs (Koob et al., 1998). However, neuroimaging 

studies in humans have found cocaine-induced activation of cortical areas which are not target 

of the mesolimbic DA projections (Breiter et al., 1997). Given the substantial role of the 

cortex in memory and cognition, these results are in accordance with an important role of 

cognitive and memory-related processes in the development and maintenance of addictive 

behaviour (Everitt & Robbins, 2005; Hyman, 2005; Kalivas and Volkow, 2005; Kelly, 2004; 

Zernig et al., 2007).

The prefrontal cortex (PFC) is activated following acute application of cocaine (Breiter et al., 

1997) or when drug-experienced individuals were exposed to stimuli associated with the drug 

(Grant et al., 1996). In rats, excitotoxic lesion of the mPFC affects various components of 

cocaine-induced conditioned place preference (CPP; Pierce et al., 1998, Tzschentke and 

Schmidt 1999; 2000; Zalava et al., 2003). However, the neurochemical mechanisms 

mediating the effects of mPFC lesions on cocaine-induced CPP are not well understood. 

Hemby et al. (1992) did not find effects of mPFC dopamine (DA) depletion in the mPFC on 

cocaine-induced CPP, while a recent study suggested an involvement of mPFC 

norepinephrine in place preference induced by cocaine (Ventura et al., 2007). Studies using 

mice, with specific and combined deletion of monoamine transporters, provided evidence for 

a role of the interaction of dopamine and serotonin transporters in the mediation of the 

rewarding effects of cocaine (Rocha, 2003). Indeed, a significant role of serotonin (5-HT) in 

the behavioural effects of cocaine is well established (Higgins and Fletcher, 2003; Müller and 

Huston, 2006; Müller et al., 2007a). Notably, cocaine not only increases DA-activity in the 

mPFC but also raises extracellular 5-HT levels (Pum et al., 2007). In particular, mPFC 5-

HT2C receptors seem to play a role in mediating the hyperlocomotor and discriminative 
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stimulus effects of cocaine (Filip and Cunningham, 2003). Therefore, a role of 5-HT in the 

mPFC in cocaine-induced CPP can be expected. 

The acute application of psychostimulants results in an increase of DA and 5-HT levels not 

only in the mPFC, but also in the rhinal and in secondary sensory cortices (Müller et al., 

2007b; 2007c; Pum et al., 2007). The rhinal cortices are involved in memory-functions 

(Eichenbaum, 2000). Cocaine-induced neurochemical alterations in these areas may also 

contribute to the formation of memories related to drugs of abuse (Pum et al., 2007). In 

human subjects activation of the entorhinal cortex (EC) was evident following application of 

cocaine (Breiter et al., 1997), as well as following presentation of cocaine-associated visual 

stimuli (Grant et al., 1996), which supports the hypothesis that neurochemical alterations in 

the EC may play a role in drug-related memories. Also, the neurochemical effects of cocaine 

in the visual cortex (Müller et al., 2007b; 2007c) may be of importance. Especially, given the 

substantial role of cocaine-associated stimuli in the maintenance and reinstatement of 

addictive behaviour (Di Ciano and Everitt, 2004; See, 2005). The modulation of early sensory 

processing by cocaine (Devonshire et al., 2007) might play a role in the motivational strength 

exercised by these stimuli. This assumption is also corroborated by neuroimaging results, 

which associate visual cortex activation in cocaine-dependent subjects during exposure to 

drug-related stimuli with an increased risk for relapse (Kosten et al., 2006). To investigate the 

functional role of the cocaine-induced 5-HT increase in 5-HT in various cortices (Müller et 

al., 2007b; Pum et al., 2007), we depleted 5-HT in the mPFC, EC, and occipital cortex 

(OccC), by local injections of the serotonergic neurotoxin, 5,7-dihydroxytryptamine (5,7-

DHT; Baumgarten and Lachenmayer, 2004), and tested the effects of these lesions on the 

acute behavioural effects of cocaine and on CPP. It was hypothesized that 5-HT in all three 

cortical areas contributes to cocaine-induced CPP and hyperlocomotion. 
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Materials and Methods 

All experiments were conducted in conformity with the Animal Protection Law of the Federal  

Republic of Germany and with the guidelines established by the National Institutes of Health 

Guide for the Care and Use of Animals. All efforts were made to minimize the number of 

animals used and to minimize any discomfort.  

Animals and Surgery 

Male Wistar rats (Tierversuchsanlage University of Düsseldorf, Germany) weighting 274.8 (± 

2.5) g before surgery were used. They were housed in groups of 4-5 animals under a reversed 

12:12h light-dark cycle (lights on at 19:00 h), with food and water provided ad libitum. 

Following surgery they were temporarily housed in single cages for one or two days, and 

then, again, kept in groups of 4-5 animals. On the evening before surgery, the animals were 

treated with 25 mg/kg desipramine-hydrochloride (dissolved in distilled water; injection 

volume 1 ml/kg, i.p.; Sigma, Steinheim, Germany). On the next day, they were anesthetized 

with a mixture of 0.9 ml/kg Ketavet (containing 100 mg/ml Ketamine; Pharmacia and 

Upjohn, Germany) and 0.1 ml/kg Rompun (containing 20 mg/ml Xylazin; Bayer, Germany) 

and 1 ml/kg Rimadyl (containing 5 mg/kg carprofen; Pfizer, Karlsruhe, Germany) was 

injected s.c. to prevent post-operative pain. The rats were placed in a Kopf stereotaxic frame, 

the scalp was cut and retracted to expose the skull. Holes were drilled bilaterally above the 

targeted cortices and 1μl 5,7-dihydroxytryptamine (10 μg/μl in saline with 0.1% ascorbic 

acid) or vehicle was infused (mPFC: AP +2.7, ML ± 0.5, DV -3.4; EC: AP -5.3, ML ± 5.0, 

DV -6.6, angled 13° towards midline; OccC: AP -6.8, ML ± 4.5, DV -2.8, angled 14° towards 

midline; coordinates relative to bregma or skull surface; Paxinos and Watson, 1986) via a 
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silica cannula (other diameter: 150 μm) by using a microinfusion pump (flow-rate 0.5 

μl/min). Following the infusion, the injection cannula was left in place for 2-min to allow for 

diffusion. Finally, the wound was sutured and disinfected with a 70 % ethanol solution. 

Animals were allowed to recover for one week before being tested in the open field and 

elevated plus maze (data reported elsewhere). Two weeks after surgery, the place preference 

experiment started.  

Apparatus

Place preference conditioning was performed in a round open field (diameter 83 cm, walls 

height 43 cm), which was divided into two halves, that could be distinguished by the texture 

of the floor and walls, by a square metal rod (8 x 8 mm). On one side the floor and wall was 

covered by a rough black rubber mat, and on the other side floor and wall were covered by a 

smooth black rubber mat. Illumination was provided indirectly by a 100 W light bulb in one 

of the upper corners of the light- and sound-attenuating room, in which the apparatus was set 

up (resulting in an illumination level of 1.5 lux near the walls, 2.5 lux in the middle of the 

apparatus). A camera, connected to a VCR and a PC, was installed above the open field 

(Jocham et al., 2006; 2007).  

Experimental Procedures 

On the first day, a 15-min baseline session was conducted, during which both sides of the 

open field were accessible. Here, previous results were replicated, showing that there was no 

a priori preference for a particular side of the apparatus (Jocham et al., 2007). On days 2-9 the 

open field was divided into halves by a transparent Plexiglas wall. On each day the animals 

received an injection and were immediately place on the assigned side for a 30-min 

conditioning session. Cocaine (10 mg/kg, i.p., Merck, Germany) was administered to the 

animals in the cocaine-treatment groups (sham–cocaine, lesion–cocaine) on odd days, and to 
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the saline-vehicle animals on even days, while animals in the saline-groups (sham–saline, 

lesion–saline) received a saline injection each day. The conditioning phase took 8 days. On 

the day following the last treatment (day 10), the Plexiglas-wall was removed, and animals 

could explore the whole open field for a 15-min test of place-preference. Horizontal 

locomotion and time spent in the halves of the apparatus were automatically recorded by the 

EthoVision (Noldus, Wageningen, Netherlands) videotracking system (Jocham et al., 2006; 

2007).

Post mortem neurochemistry 

After the experiment, the animals were deeply anesthetized by CO2 and killed by decapitation 

and the brain was excised and placed into cold 0.5 M perchloric acid. The ventral striatum, 

dorsal striatum, medial prefrontal cortex, hippocampus, entorhinal cortex, and occipital cortex 

were dissected, homogenised, centrifuged, filtered, and stored at -80°C until analysis for 

dopamine- and serotonin-content (De Souza Silva et al., 1997). Samples, containing 400 pg 

deoxyepinephrine as an internal standard, were analysed by HPLC with electrochemical 

detection. The column was an ET 125/2, Nucleosil 120-5, C-18 reversed phase column 

(Macherey & Nagel, Düren, Germany). The mobile phase consisted of 0.15 M chloroacetic 

acid, 0.12 M NaOH, 0.67 mM EDTA, 0.86 M sodium octylsulfate, 3.5 % acetonitrile, and 1.8 

% tetrahydrofuran, and was adjusted to pH 3.0. The electrochemical detector (Intro, Antec, 

Netherlands) was set at 500 mV vs. an ISAAC reference electrode (Antec, Leyden, 

Netherlands) at 25°C. There was marked variation in the neurotransmitter-content of different 

control brain-areas between the experiments. As the presented experiments were performed 

over the time-course of a year, these variations may be explained by seasonal variations in the 

brain’s monoamine-contents (Kempf et al., 1978; Valzelli et al., 1977). 
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Statistics

For the analysis of conditioned place preference, a place-preference score was calculated by 

subtracting the time spent on the saline-paired side from the time spent on the cocaine-paired 

side. The place-preference scores and the area under curve (AUC) for the cocaine-treatment 

days were analysed by a one-way ANOVA. To compare the effects of single treatments, pre-

planned comparisons with Fisher’s LSD-tests were used (Ramsey, 1993). Levels of DA and 

5-HT were compared by t-tests for independent samples for each brain area. The software 

SPSS was used for analyses. The p-value for significant effects was 0.05. 

Results

Medial prefrontal cortex 5-HT is critical for cocaine-induced hyperlocomotion and CPP 

The local injection of 5,7-DHT into the mPFC significantly reduced 5-HT by 90% 

[t(49)=4.754; p<0.001; Tab. 1]. There was also a 70 % reduction of 5-HT levels in the 

hippocampus [t(49)=2.658; p=0.011]. There was no effect of the lesion on DA levels in the 

PFC and hippocampus, or on 5-HT and DA levels in the ventral striatum, dorsal striatum, EC, 

and OccC (p>0.05; Tab. 1). 

No bias for a particular side of the apparatus was found during the baseline-test (p>0.05). 

Figure 1A shows the place-preference score following conditioning. It can be seen, that sham-

animals conditioned with cocaine exhibited a preference for the cocaine-paired side, while the 

animals with 5,7-DHT lesions of the mPFC did not show conditioned place preference. This 

was supported by a significant effect of group [F(3, 50)=3.314; p=0.028]. Pre-planned 

comparisons showed that the place-preference score differed significantly between saline- and 

cocaine-treated sham-lesioned animals (p=0.008), but not between the 5,7-DHT-lesioned 

groups (p>0.05). Conditioned locomotion was not observed in any of the cocaine-treatment 

groups.
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The hyperactivity-response to cocaine was blocked on the first day of cocaine treatment in 

animals with 5,7-DHT lesions of the mPFC, but was evident thereafter (Fig. 1B). The 

ANOVA on the first cocaine treatment day found a significant effect of group [F(3, 

50)=9.066; p<0.001], which was due to a significant difference between the sham-cocaine and 

the sham-saline groups (p<0.001), while no difference was evident between the lesion-groups 

(p>0.05). The effect of group on the second cocaine-treatment day [F(3, 50)=15.320; 

p<0.001] could be ascribed to the significant difference between the sham-saline and sham-

cocaine groups (p<0.001), and here there was also a difference between the lesion-saline and 

lesion-cocaine groups (p=0.003). Also, on the third day of cocaine treatment there were 

significant differences between the groups [F(3, 50)=12.167; p<0.001], and a hyperactivity 

response was evident in the comparisons of the sham (p<0.001) as well as the lesioned groups 

(p<0.001). On the last cocaine treatment day there was, again, an effect of group [F(3, 

50)=11.780; p<0.001], and significantly enhanced locomotion could be confirmed in the 

comparisons of the sham (p<0.001) and the lesioned (p=0.042) groups.

Entorhinal cortex 5-HT is essential for cocaine-induced CPP, but not hyperlocomotion 

In the experiment testing the effect of 5,7-DHT lesions of the EC, analyses of DA and 5-HT 

levels in the mPFC, ventral striatum, dorsal striatum, hippocampus, entorhinal cortex, and 

occipital cortex revealed a significant effect of group for 5-HT in the EC [t(39)=4.387; 

p<0.001] and in the OccC [t(39)=2.077; p=0.044], where a reduction of 5-HT levels of

respectively, 61% and 40% was found. Furthermore, a 22% reduction of DA in the 

hippocampus of the lesion group was found to be significant [t(39)=2.491; p=0.017]. All other 

comparisons did not reach significance (p>0.05; Tab. 2). 

There was, again, no a priori preference for a particular side of the apparatus during the 

baseline-trial (p>0.05). Figure 2A shows the place-preference score following conditioning. It 

can be seen that sham-lesioned animals exhibit a preference for the drug-paired side, which 
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was attenuated in the cocaine-treated animals with 5,7-DHT lesions of the EC. The one-way 

ANOVA did not show a significant effect of group (p>0.05). However, pre-planned 

comparisons found a significant difference between the place-preference scores of sham-

lesioned cocaine- and saline-treated animals (p=0.03), while no further comparisons reached 

significance. Conditioned locomotion was not observed in any of the cocaine-treatment 

groups.

The hyperactivity-response to cocaine was not influenced by the 5-HT-depletion of the EC 

(Fig. 2B). The one-way ANOVA on the first cocaine treatment day revealed a significant 

effect of group [F(3, 37)=6.36; p=0.001], and subsequent comparisons confirmed cocaine-

induced hyperactivity in the sham (p=0.006) as well as in the lesion group  (p=0.004) as 

compared to the respective saline control groups. On the second cocaine treatment day there 

was an effect of group [F(3, 37)=5.41; p=0.003], however, post hoc tests only found a 

significant difference between the sham-cocaine and sham-saline groups (p=0.005), but not 

between the lesion-cocaine and lesion-saline groups (p>0.05). On the third cocaine treatment 

day, there was, again, a significant effect of group [F(3, 37)=11.234; p<0.001], and cocaine-

induced hyperactivity was evident in both the sham-cocaine (p=0.001) and lesion-cocaine 

groups (p<0.001) as compared to their respective saline control groups. Finally, there was an 

effect of group on the fourth cocaine treatment day [F(3, 37)=8.332; p<0.001], which was due 

to significant differences between the sham-cocaine and sham-saline (p<0.001) and between 

the lesion-cocaine and lesion-saline groups (p=0.007). On the second saline treatment day 

(day4 of the conditioning phase) the one-way ANOVA revealed a significant effect of group 

[F(3, 37)=7.019; p<0.001], which was due to increased locomotion in the sham-cocaine as 

compared to the sham-saline group (p=0.05), and a trend towards increased locomotion in the 

lesion-cocaine group as compared to its saline-control group (p=0.06). Further group 

differences were evident on saline treatment day three [F(3, 37)=2.789; p=0.05], however, 

there was only a slight trend towards a difference between the sham-cocaine and sham-saline 
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groups (p=0.09). Locomotor differences were also found on the fourth saline treatment day 

[F(3, 37)=4.363; p=0.01], where a trend towards enhanced locomotion was seen in the 

comparison between the sham-cocaine and sham-saline groups (p=0.06), while the difference 

between the lesion-cocaine and lesion-saline groups reached significance (p=0.04). 

No relevance of occipital cortex 5-HT for the behavioural effects of cocaine 

The 5,7-DHT lesions of the OccC led to a significant 78% reduction of 5-HT in the OccC 

(t(42)=3.242; p=0.002). No other differences in DA or 5-HT levels were found in the other 

brain areas analysed (p>0.05; Tab. 3). 

There was no a priori preference for either side of the place preference apparatus (p>0.05). 

The lesion had no effect on cocaine-CPP (Fig. 3A). There was a significant effect of group 

[F(3, 40)=4.3; p=0.01], showing that place preference was evident in the comparisons 

between the sham lesioned saline-treated and cocaine-treated groups (p=0.02) as well as 

between the 5,7-DHT-lesioned saline-treated and cocaine-treated groups (p=0.01). No 

differences were found between the cocaine treated groups (p>0.05). Conditioned locomotion 

was not observed in any of the cocaine-treatment groups. 

The hyperactivity-response to cocaine was not influenced by the 5-HT-depletion of the OccC 

(Fig. 3B). On the first cocaine treatment day there was a significant effect of group [F(3, 

40)=7.124; p<0.001], and a hyperactivity response was evident in the sham-cocaine (p=0.001) 

and in the lesion-cocaine (p=0.006) groups as compared to their respective saline-control

groups. There was an effect of group on the second cocaine treatment day [F(3, 40)=8.480; 

p<0.001], and post hoc comparisons confirmed significant differences between the sham-

cocaine and sham-saline (p<0.001), the lesion-cocaine and lesion-saline (p=0.002), as well as 

between the sham-saline and lesion-saline groups (p=0.002). On the third cocaine treatment 

day the effect of group [F(3, 40)=9.134; p<0.001] can be ascribed to the differences between 

the sham-cocaine and sham-saline (p<0.001) and the lesion-cocaine and lesion-saline groups 
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(p=0.008). A similar result was obtained by the ANOVA on the fourth cocaine treatment day 

[F(3, 40)=8.000; p<0.001], were hyperactivity was again seen in both cocaine groups relative 

to their saline control groups (sham: p<0.001; lesion p=0.003). A significant effect of group 

was also seen on the second saline treatment day [F(3, 40)=4.106; p=0.012], which was due to 

differences between the sham-cocaine and sham-saline groups (p=0.003). Also, on the third 

saline treatment day, an effect of group was revealed by the one-way ANOVA [F(3, 

40)=4.390: p=0.009], which was due to increased activity in the sham-cocaine group as 

compared to the sham-saline group (p=0.001). No further significant effects were obtained. 
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Discussion

Previously it was reported that cocaine induced an increase of 5-HT and DA in the temporal 

and occipital cortex, as well as in the mPFC, EC, and perirhinal cortex (Müller et al., 2007b; 

2007c; Pum et al., 2007). Such wide-spread neurochemical effects are consistent with the 

activation of multiple cortical brain areas in functional neuroimaging studies in humans 

(Breiter et al., 1997). Given that these are correlative observations, it is necessary to 

demonstrate a truly functional role of a certain metabolic or neurochemical alteration induced 

by a specific drug to ascribe to it any functional relevance (Kalivas, 2005). Considering the 

crucial role of 5-HT in the mediation of the behavioural effects of cocaine (Higgins and 

Fletcher, 2003; Müller and Huston, 2006; Müller et al., 2007a), we used local infusions of the 

serotonergic neurotoxin, 5,7-DHT, to deplete circumscribed cortical brain areas of 5-HT, thus, 

selectively reducing 5-HTergic neurotransmission in these structures. Depletion of 5-HT in 

the mPFC by 90% and in EC by 61% significantly attenuated cocaine-induced CPP, while a 

78% depletion in the OccC had no effect. The serotonergic lesion of the mPFC also attenuated 

the hyperlocomotor effects of cocaine. In contrast, 5-HT depletion in neither EC nor OccC

influenced the effects of cocaine on locomotor activity. This suggests multiple dissociations in 

the functional role of 5-HT in the cortex in cocaine-induced CPP and hyperlocomotor effects.  

A role of the mPFC in the mediation of the conditioned preference for environments 

associated with psychostimulant drugs is well established (Tzschentke, 2007). Here, we 

extended previous findings that reported a blockade of the acquisition of CPP following 

excitotoxic lesions of the mPFC (Tzschentke and Schmidt, 1999), by showing that this 

function may be mediated by the 5-HTergic innervation of the mPFC. The observation that 

cocaine-induced hyperactivity was also attenuated, might suggest that the reduction of CPP 

may be due to a reduced effectiveness of cocaine as an unconditioned stimulus. Also, in 

human subjects, depletion of tryptophan, the precursor of 5-HT, reduced subjective ratings of 

“high” following intra nasal cocaine (Aronson et al., 1995), as well as cue-induced cocaine 
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craving (Satel et al., 1995). These results underscore a role of 5-HT in the unconditioned 

stimulus properties of cocaine. However, studies using self-administration techniques in 5,7-

DHT-lesioned animals suggest an alternative interpretation. For example, Tran-Nguyen et al. 

(2001) found an increase in the effectiveness of a cocaine priming-injection in reinstating 

drug-seeking behaviour, and Roberts et al. (1994) found increased breakpoints for cocaine in 

a progressive ratio schedule of reinforcement, following global depletion of 5-HT in the brain 

(see also: Loh and Roberts, 1990). Both findings implicate an increase of the incentive value 

of cocaine, and, therefore, would suggest that 5-HT has an inhibitory role in cocaine-mediated 

reinforcement. Such an interpretation is also consistent with the reduction of cocaine-seeking 

under extinction conditions, and the increased latency to respond for cocaine following global 

5,7-DHT lesions (Tran-Nguyen et al., 2001). The observation that cocaine-induced

hyperactivity was also reduced in lesioned animals does not necessarily contradict the 

conclusion of reduced incentive value of cocaine induced by mPFC 5-HT depletion, because 

there appears to be a dissociation of cocaine’s hyperlocomotor and rewarding effects under 

certain conditions (e.g. Jocham et al., 2006; Szumlinski et al., 2002). However, it could be 

that reduced locomotion during the conditioning trials with cocaine, contributed to a reduced 

CPP, because the lesioned animals showed less exploration, and, to that effect, reduced the 

association of environmental features to the effects of the drug. A serotonergic component for 

the hyperlocomotor response to cocaine is well established (Müller and Huston, 2006). The 

main source of 5-HT in the mPFC is the dorsal raphé nucleus (Vertes et al., 1999). Therefore, 

a role for the mPFC in cocaine-induced hyperactivity is consistent with the finding that intra-

dorsal raphé injections of a 5-HT1A antagonist or agonist modulate this behaviour (Herges 

and Taylor, 1999; Szumlinski et al., 2004). Furthermore, a modulatory effect of prefrontal 5-

HT receptors was suggested by Filip and Cunningham (2003), who found reduced cocaine-

stimulated locomotion following infusion of a 5-HT2C agonist into the mPFC. The finding, 

that there was only a transient effect of mPFC 5-HT depletion on the hyperactivity response to 
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cocaine, suggests, that there may be differences in the mediation of acute versus chronic 

hyperlocomotor effects of this drug. This is supported by findings with global 5-HT 

depletions (Morrow and Roth, 1996) and local injection of a 5-HT1A agonist into the dorsal 

or medial raphé nuclei (Szumlinski et al., 2004), where differential effect of the treatments 

were evident following an acute or chronic injection of cocaine.

The role of prefrontal 5-HT may derive from the important interaction of local 5-HT receptors 

with the mesolimbic dopaminergic system. For example, a stimulatory role of 5-HT1A and 5-

HT2A receptors in the mPFC on the ventral tegmental area (VTA) was reported in a series of 

recent studies combining in vivo microdialysis and electrophysiological techniques 

(Bortolozzi et al., 2005; Díaz-Mataix et al., 2005; Pehek et al., 2006). Reduced stimulation of 

prefrontal 5-HT receptors in animals with 5,7-DHT lesions following application of cocaine 

may result in modulated glutamatergic output from the mPFC to the VTA as compared to 

non-lesioned controls. A reduction of glutamatergic neurotransmission by intra-VTA 

injections of an AMPA and a NMDA antagonist was found to impair place conditioning for 

cocaine (Harris and Aston-Jones, 2003). Thus, the applied lesions might interfere with an 

important circuit within the brain’s reward and motivation system (Wise, 2002), and, thus, 

reduce the incentive value of cocaine and/ or stimuli associated with the drug. 

While the effects of 5-HT depletion of the mPFC is most likely due to the attenuation of the 

cocaine-induced attribution of incentive value to an environment, the reduction of CPP 

following depletion of the EC might be attributed to an impairment of drug-environment 

associations. This explanation is consistent with the role of the EC in learning and memory 

(Eichenbaum, 2000). Notably, the interaction between the medial temporal lobe and the 

amygdala was found to be essential for encoding of emotional memories in fMRI studies in 

humans (Dolcos et al., 2004; LaBar and Cabeza, 2006). These findings corroborated animal 

studies, which also argued for a role of the interaction between EC and amygdala in acquiring 

emotional memories (Roesler et al., 2002). More specifically, activation of the EC was also 
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evident during the presentation of cocaine-associated stimuli (Grant et al., 1996), which 

further supports the notion, that the attenuated CPP induced by 5-HT depletion of the EC was 

due to an impairment of drug-environment associations. It should be noted that the lesion 

procedure in this experiment also had some neurochemical effects in the OccC and 

hippocampus. While the negative findings from the OccC lesion experiment rule out that the 

attenuation of CPP following EC 5-HT depletion is due to the unintended reduction of 5-HT 

in the OccC, the reduced levels of DA in the hippocampus might contribute to impaired drug-

context associations. Given the neurochemical results reported for the mPFC experiment, 

were no reduction of DA-levels in the lesioned cortex was evident, the reduction of DA in the 

hippocampus is unlikely to be due to diffusion of 5,7-DHT from the EC. Thus, this 

neurochemical effect was putatively caused by changed input from the EC, induced by 

depletion of 5-HT in this brain structure.

Previous in vivo microdialysis studies found that simple visual stimulation induced an 

increase of 5-HT in the OccC, that partly mimics the one following administration of cocaine 

(Müller et al., 2007b; Pum et al., 2008). Indeed, there is a significant role of visual stimuli in 

maintaining drug-related behaviour (Di Ciano and Everitt, 2004) and in relapse to drug-

seeking (See, 2005). In human cocaine-dependent subjects, it was found that the degree of 

activation within the OccC during exposure to drug-related cues was one factor predicting 

treatment outcome (Kosten et al., 2006). Therefore, it was hypothesised, that a blockade of the 

cocaine-induced increase of 5-HT in the OccC would attenuate cocaine-induced CPP. 

However, no effects of 5,7-DHT lesions of the OccC on cocaine CPP were evident in the 

present study. The most likely explanation for this lack of effect is that in our apparatus, 

where animals are provided predominantly with proximal tactile cues, visual stimuli may have 

been less relevant for the distinction of the drug-paired and vehicle-paired side of the 

apparatus. Further studies with systematic variation of environmental features and lesioned 

brain area are needed to resolve this issue.
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In summary, we found that 5,7-DHT lesions of the mPFC reduced CPP to a cocaine-

associated environment as well as the unconditioned hyperactivity-provoking effects of 

cocaine. 5-HT depletion of the EC selectively reduced CPP, but not hyperactivity. Neither 

cocaine-induced CPP nor hyperactivity was affected by 5-HT lesions of the OccC. These 

findings suggest multiple dissociations in the role of cortical 5-HT in cocaine-induced CPP 

and hyperlocomotion. 
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 Figure and table legends 

Figure 1: A Place-preference score (mean ± SEM) of rats with sham-lesions or 5,7-DHT-

lesions (n=10-12/ group) of the medial prefrontal cortex. B Horizontal locomotion (cm; mean 

± SEM) on the cocaine-treatment days during the conditioning phase. C Horizontal 

locomotion (cm; mean ± SEM) on the saline-treatment days during the conditioning phase. (* 

p<0.05 vs. saline-control). 

Figure 2: A Place-preference score (mean ± SEM) of rats with sham-lesions or 5,7-DHT-

lesions of the entorhinal cortex (n=9-11/ group). B Horizontal locomotion (cm; mean ± SEM) 

on the cocaine-treatment days during the conditioning phase. C Horizontal locomotion (cm; 

mean ± SEM) on the saline-treatment days during the conditioning phase. (* p<0.05 vs. 

saline-control). 

Figure 3: A Place-preference score (mean ± SEM) of rats with sham-lesions or 5,7-DHT-

lesions of the occipital cortex (n=10-12/ group). B Horizontal locomotion (cm; mean ± SEM) 

on the cocaine-treatment days during the conditioning phase. C Horizontal locomotion (cm; 

mean ± SEM) on the saline-treatment days during the conditioning phase. (* p<0.05 vs. 

saline-control). 

Table 1: Concentration of dopamine (DA) and serotonin (5-HT) expressed as pg/ mg tissue (± 

SEM) in post-mortem samples of various brain areas of animals with sham lesions (n=21) or 

5,7-DHT lesions (n=23) of the medial prefrontal cortex. PFC - medial prefrontal cortex, NAC 

- Nucleus Accumbens, EC - entorhinal cortex, OccC - occipital cortex (* p<0.05; *** p<0.001 

vs. sham). 
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Table 2: Concentration of dopamine (DA) and serotonin (5-HT) expressed as pg/ mg tissue (± 

SEM) in post-mortem samples of various brain areas of animals with sham lesions (n=21) or 

5,7-DHT lesions (n=20) of the entorhinal cortex. PFC - medial prefrontal cortex, NAC - 

Nucleus Accumbens, EC - entorhinal cortex, OccC - occipital cortex (* p<0.05; *** p<0.001 

vs. sham). 

Table 3: Concentration of dopamine (DA) and serotonin (5-HT) expressed as pg/ mg tissue (± 

SEM) in post-mortem samples of various brain areas of animals with sham lesions (n=21) of 

5,7-DHT lesions (n=23) of the occipital cortex. PFC - medial prefrontal cortex, NAC - 

Nucleus Accumbens, EC - entorhinal cortex, OccC - occipital cortex (** p<0.01 vs. sham). 
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     sham   lesion 
_____________________________________________________________________ 
PFC  DA        34.98 (± 18.64)         37.95 (± 18.25) 
  5-HT        27.40 (± 5.01)           2.93 (± 0.58)*** 
NAC  DA    1461.44 (± 480.76)       602.84 (± 135.70) 
  5-HT      177.07 (± 91.43)         83.99 (± 14.75) 
Striatum DA      688.76 (± 199.42)       569.68 (± 60.69) 
  5-HT        30.74 (± 13.28)         43.78 (±13.82) 
Hippocampus DA        26.17 (± 8.58)         27.40 (± 9.02) 

  5-HT        38.17 (± 7.00)        18.36 (± 2.17)*
EC  DA        64.37 (± 22.89)        42.47 (±12.76) 
  5-HT        34.15 (± 8.27)        26.63 (± 4.64) 
OccC  DA        95.16 (± 97.30)        85.66 (± 36.57) 
  5-HT        15.69 (± 5.79)        11.66 (± 6.85) 
_____________________________________________________________________ 

Pum et al.           Table 1 
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     sham   lesion 
_____________________________________________________________________ 
PFC  DA        69.45 (±21.00)         46.60 (±21.20) 
  5-HT        20.89 (±1.30)         28.80 (±5.00) 
NAC  DA      674.30 (±92.80)       981.60 (±276.30) 
  5-HT      157.60 (±31.80)       234.10 (±59.80) 
Striatum DA    1042.10 (±201.80)     1095.30 (±241.00) 
  5-HT        97.40 (±19.20)         86.90 (±19.00) 

Hippocampus DA      111.19 (±30.88)         22.98 (±13.02)*
  5-HT        31.90 (±12.80)        14.70 (±3.00)
EC  DA      111.19 (±307.88)        10.60 (±3.00) 

  5-HT        37.50 (±4.70)        14.20 (±1.80)***
OccC  DA          8.60 (±5.30)                 9.60 (±5.80) 

  5-HT        12.60 (±2.00)           7.70 (±1.00)*
_____________________________________________________________________ 

Pum et al.           Table 2 
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     sham   lesion 
_____________________________________________________________________ 
PFC  DA        15.71 (± 1.90)         48.45 (± 26.31) 
  5-HT        37.70 (± 3.04)     4865.18 (± 4803.95) 
NAC  DA    1388.48 (± 216.70)     1058.21 (± 159.34) 
  5-HT      245.78 (± 44.56)       259.64 (± 33.79) 
Striatum DA      871.50 (± 80.55)       862.59 (± 106.92) 
  5-HT      101.58 (± 15.84)       110.88 (± 19.00) 
Hippocampus DA          8.92 (± 2.43)         27.14 (± 10.22)
  5-HT        70.94 (± 13.83)       147.22 (± 44.24)
EC  DA        81.40 (± 18.84)        80.46 (± 21.41) 
  5-HT      322.10 (± 64.56)      254.73 (± 54.60) 
OccC  DA        36.48 (± 15.63)                 9.78 (± 4.11) 

  5-HT      148.93 (± 39.08)         32.10 (± 5.15)**
_____________________________________________________________________ 

Pum et al.           Table 3 
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