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Abstract
Both cocaine and social interaction place preference conditioning lead to increased neuronal expression of the immediate early gene EGR1 in the nucleus accumbens, a central
region of the reward pathway, suggesting that both drug
and natural rewards may be processed in similar brain regions. In order to gain novel insights into the intrinsic in vitro
electrical activity of the nucleus accumbens and adjacent
brain regions and to explore the effects of reward conditioning on network activity, we performed multielectrode array
recordings of spontaneous firing in acute brain slices of mice
conditioned to either cocaine or social interaction place
preference. Cocaine conditioning increased the spike frequency of neurons in the septal nuclei, whereas social interaction conditioning increased the spike frequency in the nucleus accumbens compared to saline control animals. In addition, social interaction conditioning decreased the amount
of active neuron clusters in the nucleus accumbens. Our
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findings suggest that place preference conditioning for both
drug and natural rewards may induce persistent changes in
neuronal network activity in the nucleus accumbens and the
septum that are still preserved in acute slice preparations.
© 2015 S. Karger AG, Basel

Introduction

Dyadic social interaction constitutes the basis of psychotherapeutic interventions for addiction and other
psychiatric disorders in humans [1–3]. In rats, only 4 episodes of social interaction are sufficient to not only reverse place preference from cocaine to social interaction,
but also to inhibit the cocaine-induced reexpression of
cocaine-conditioned place preference (CPP) [4, 5]. Furthermore, in a concurrent CPP paradigm, intraperitoneal
injections of 15 mg/kg cocaine and social interaction
compete as rewards of the same reward strength [4, 6].
Mice exhibit similar behavioral effects but with a higher
sensitivity to cocaine [7]. When comparing the expression profiles of the immediate early gene (IEG) early
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Table 1. Schedule of behavioral experiments

sal
coc CPP
int CPP

Day 1

Day 2

Day 3

Day 4

Day 5

Day 6

Day 7

Day 8

Day 9

Day 10

Pretest

sal
coc 1
int 1

sal

sal
coc 2
int 2

sal

sal
coc 3
int 3

sal

sal
coc 4
int 4

sal

CPP test

The schedules for sal, coc and int CPP are shown.

to tap water and pelleted chow (Tagger, Austria). The experiments
were performed during the light phase of a continuous 12-hour
light/dark cycle. The animals were individually housed for 7 days
before the start of the behavioral experiments. All experiments
were approved by the Austrian National Animal Experiment Ethics Committee.
CPP Apparatus
Conditioning of C57BL/6N mice was conducted in a custommade 3-chamber CPP apparatus (64 cm wide × 32 cm deep × 31
cm high) made of unplasticized polyvinyl chloride. The middle
(neutral) compartment (10 × 30 × 30 cm) had white walls and a
white floor. Two doorways led to the 2 conditioning compartments (25 × 30 × 30 cm each) with walls showing either vertical or
horizontal black-and-white stripes of the same overall brightness
and with stainless steel floors containing either 168 holes (diameter
0.5 cm) or 56 slits (4.2 × 0.2 cm each). The time spent in each compartment was video recorded and analyzed offline with manual
timers. The CPP apparatus was cleaned with a 70% camphorated
ethanol solution after each session. All experiments were performed under fluorescent ceiling light (58 W, 1 m distance) and
device-generated white noise.
Acquisition of Cocaine CPP
For the acquisition of cocaine CPP, the conditioning procedure
consisted of a pretest session on day 1, 8 consecutive training days
in an alternate day design (1 training session per day, a total of 4
training sessions each) and a CPP test on day 10 (table 1). The
stimuli were either an intraperitoneal injection of 15 mg/kg cocaine (weight given for the pure base, HCl salt dissolved in saline
and injected at a volume of 10 ml/kg) or only a saline injection.
Pretest, training and CPP test sessions were of equal duration (15
min each). Pretest bias for any of the 2 conditioning chambers was
declared if the animal spent more time in one of the conditioning
chambers during the pretest session, and the initially nonpreferred
chamber was subsequently paired with cocaine.

Animals
Male C57BL/6N mice aged 8 weeks were obtained from Charles
River Laboratories (Sulzfeld, Germany). The animals were housed
at a constant room temperature of 24 ° C and had ad libitum access

Acquisition of Social Interaction CPP
For the acquisition of social interaction CPP, the conditioning
procedure consisted of a pretest session on day 1, 8 consecutive
training days in an alternate day design (1 training session per day,
a total of 4 training sessions each) and a CPP test on day 10. The
stimuli were either a 15-min dyadic social interaction session with
a sex- and weight-matched male conspecific preceded by an intraperitoneal injection of 10 ml/kg saline or only a saline injection.
Pretest, training and CPP test sessions were of equal duration (15
min each). Pretest bias for any of the 2 conditioning chambers was
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growth response protein 1 (EGR1) – alias Zif268,
KROX24, NGFI-A – after the acquisition and expression
of CPP for either cocaine or social interaction, both conditioning stimuli lead to increased expression of EGR1 in
the nucleus accumbens core and shell, which are central
regions of the reward pathway as well as in other associated brain regions [8]. These results strongly support the
idea that both natural and drug rewards are processed in
similar brain regions [9–13].
The use of IEGs (e.g. EGR1 or cFos) as indicators of
neuronal activation has the drawbacks of cell type expression specificity, since not all neurons in the central nervous system express all types of IEGs, as well as stimuluscoupling uncertainty [14]. Furthermore, IEG upregulation is slow as compared to electrical network activity
upon immediate synaptic transmission [15].
In order to gain novel insights into the intrinsic in vitro
electrical activity of the nucleus accumbens and adjacent
brain regions and to explore the effects of reward conditioning on network activity, we performed in vitro multielectrode array (MEA) recordings of mice conditioned
to either cocaine (as a prototypic drug reward) or social
interaction (as a natural reward) as compared to nonconditioned controls.
In this study, we demonstrate for the first time that
cocaine conditioning increased the spike firing frequency
in the lateral/medial septal nuclei and social interaction
conditioning increased spike firing in the nucleus accumbens. This suggests that reward conditioning by both
drug and natural rewards may induce long-lasting changes in neuronal plasticity that are preserved in acute slice
preparations of the above-mentioned brain regions.

Saline Control Experiments
For the saline control experiments, the procedure consisted of
a pretest session on day 1, 8 consecutive training days (1 training
session per day) and a CPP test on day 10. The stimulus was an
intraperitoneal injection of 10 ml/kg saline, followed by 15 min in
the conditioning compartments for all training sessions.
Slice Preparation
Coronal slices were prepared from C57BL/6N mice. The animals were anesthetized 30–45 min after the start of the CPP test
session with isoflurane (Forane®, Abbott Laboratories) and decapitated. The brains were rapidly removed and immersed in icecold oxygenated (95% O2, 5% CO2) artificial cerebrospinal fluid
(aCSF) containing (in mmol/l): NaCl 125, NaHCO3 25, D-glucose
25, KCl 2.5, NaH2PO4 1.25, CaCl2 2 and MgCl2 1 [16]. The brains
were trimmed with a scalpel blade and the remaining parts were
glued onto the stage of a vibrating microtome (VT1200S, Leica
Microsystems, Germany) to cut three 400-μm-thick coronal slices.
The slices were incubated for 10–15 min in 32–34 ° C warm oxygenated protective aCSF [17] containing (in mmol/l): N-methyl-D-glucamine 110, HCl 110, KCl 2.5, NaH2PO4 1.2, NaHCO3 25,
D-glucose 25, MgSO4 10 and CaCl2 0.5. After protective recovery,
the slices were transferred to normal aCSF at room temperature
and were allowed to recover for at least 1 h before they were used
for electrophysiological recordings.
MEA Recordings
The slices were transferred to the 3D MEA (MEA60-200-3DGND, Quane Biosciences, Lausanne, Switzerland) chamber
and fixed with a platinum-framed grid with nylon fibers (weight
∼0.3 g). The MEA was then inserted into the recording apparatus
(MEA2100-System, Multi Channel Systems, Reutlingen, Germany) and superfused with oxygenated aCSF at 32–34 ° C for at least
5 min. Spontaneous action potential discharge activity was recorded with a sampling rate of 25 kHz, and the position of the brain
slices on the electrode field was photographed on an inverted microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) using a
digital camera after recording.
Data Analysis
The recorded traces were analyzed using MC_Rack software
(Multi Channel Systems). All data streams were 50 Hz high-passfiltered, and spike detection was performed with a threshold of 5
SD from noise. Electrodes were assigned to the respective brain
region (nucleus accumbens, dorsal striatum or septal nuclei) according to the position of the electrodes on the photographs
(fig. 1). As a small number of spikes was also recorded on reference
electrodes, recording electrodes were classified as active if the spiking frequency exceeded 0.0333 Hz. Mean frequencies per animal
were calculated for the respective brain regions and used for correlation of spike frequencies versus time spent in the stimulus-associated compartments.
For statistical analysis, GraphPad Prism (Kruskal-Wallis H test
followed by Dunn’s multiple comparisons test and Mann-Whitney
U test), IBM SPSS Statistics (Spearman correlation), GraphPad
QuickCalcs (χ2 for 2 × 2 contingency tables; http://graphpad.com/
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quickcalcs/) or VassarStats (χ2 for 4 × 2 or 3 × 2 contingency tables
and Cohen’s D; http://vassarstats.net/) were used as appropriate.
The level of statistical significance was predefined at p < 0.05, and
testing was always 2-sided.

Results

CPP for Cocaine and Social Interaction
Mice conditioned to cocaine CPP developed a strong
place preference for the cocaine-paired compartment
(coc) compared to the saline-paired compartment (sal;
fig. 2a; n = 6; Kruskal-Wallis H test, p = 0.0055, H = 8.99;
Dunn’s multiple comparisons test, coc vs. sal, p = 0.016),
with 1 of 6 mice producing place aversion.
In 7 of 12 mice, social interaction conditioning also
induced CPP, as characterized by significantly more time
spent in the social interaction-paired compartment (int;
fig. 2c; n = 7; Kruskal-Wallis H test, p = 0.0016, H = 10.78;
Dunn’s multiple comparisons test, int vs. sal, p = 0.0089).
In contrast, 5 of 12 social interaction-conditioned mice
developed conditioned place aversion (CPA), shown as
significantly less time spent in the social interactionpaired compartment (fig. 2d; n = 5; Kruskal-Wallis H test,
p = 0.038, H = 6.14; Dunn’s multiple comparisons test, int
vs. sal, p = 0.027).
Control animals did not show any obvious preference
(fig. 2b; n = 6; Kruskal-Wallis H test, p = 0.58, H = 1.22).
Electrical Activity in Different Brain Regions of
Cocaine- and Social Interaction-Conditioned Mice
In order to explore the effects of conditioning on the
network activity in the nucleus accumbens, we first assessed the proportion of electrically active neurons with
spike frequencies >0.0333 Hz in saline-treated, cocaineand social interaction-conditioned mice (fig. 3). In saline controls, the median action potential firing frequency was higher in the septal nuclei than in the nucleus
accumbens and dorsal striatum (table 2; nucleus accumbens 0.07 Hz, dorsal striatum 0.11 Hz and septal nuclei
0.28 Hz). Also, the prevalence of electrically active sites
was higher in the septal nuclei compared to the nucleus
accumbens and dorsal striatum (table 3; nucleus accumbens 9.9%, dorsal striatum 12.4% and septal nuclei
37.4%).
In the nucleus accumbens, the median spike frequencies of social interaction-conditioned mice were significantly higher than in saline control mice (table 2; sal 0.070
Hz, coc 0.093 Hz, int 0.12 Hz; Kruskal-Wallis H test, p =
0.019, H = 7.94; post hoc Dunn’s multiple comparisons
Kummer /El Rawas /Kress /Saria /Zernig
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declared if the animal spent more time in one of the conditioning
chambers during the pretest session, and the initially nonpreferred
chamber was subsequently paired with social interaction.

a

c

b

d

Fig. 1. Brain regions and typical recordings. a Photograph of a coronal slice mounted on the MEA. b A schematic of the recorded regions
as well as sample recordings from the nucleus accumbens (c) and the septal nuclei (d), with detected spikes shown in red. The dotted

test, sal vs. int, p = 0.017; p value corrected for 3 multiple
comparisons).
In the septal nuclei, the median spike frequencies
reached the highest level in mice conditioned to cocaine,
and they were significantly increased in comparison to
those in saline controls (table 2; sal 0.28 Hz, coc 0.49 Hz,
int 0.36 Hz; Kruskal-Wallis H test, p = 0.027, H = 7.20;
post hoc Dunn’s multiple comparisons test, sal vs. coc,
p = 0.025; p value corrected for 3 multiple comparisons).
In contrast, the mean frequencies were similar for all
conditions in the dorsal striatum (table 2; sal 0.11 Hz, coc
0.14 Hz, int 0.12 Hz; Kruskal-Wallis H test, p = 0.24, H =
2.82). Furthermore, there was no difference between animals showing CPP or CPA for social interaction in any of
the investigated regions.
Social interaction-conditioned mice showed significantly fewer sites of spontaneous activity in the nucleus
accumbens as compared to saline control mice (table 3;
sal 9.9%, coc 7.7%, int 6.2%; χ2 (total), p = 0.024, χ2 = 7.46,
Cramer’s V = 0.06; post hoc χ2, sal vs. int, p = 0.019, χ2 =
7.49; p value Bonferroni-corrected for 3 comparisons).
In the dorsal striatum, social interaction-conditioned
mice showed significantly fewer sites of spontaneous activity in comparison to cocaine-treated mice (table 3; sal
12.4%, coc 13.7%, int 10.9%; χ2 (total), p = 0.018, χ2 = 8.07,

Fig. 2. Behavioral experiments using cocaine versus social interaction CPP. Time spent in the CPP apparatus compartments for mice
conditioned to coc CPP (n = 6) (a), saline control mice (n = 5) (b),
and mice conditioned to either int CPP (n = 7) (c) or int CPA (n =
5) (d). Shown are group means ± SEM. neu = Neutral compartment. * p < 0.05 for time spent in coc/int versus sal (Kruskal-Wallis
H test followed by Dunn’s multiple comparisons post hoc test).
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line indicates the threshold of 5 SD from noise.

Fig. 3. Distribution of spike frequencies.
Median spike frequencies ± 25th and 75th
percentile for sal-, coc- and int-conditioned mice in the nucleus (ncl.) accumbens, dorsal striatum and septal nuclei.
* p < 0.05.

Table 2. Differences in median spike frequencies

Nucleus accumbens
Dorsal striatum
Septal nuclei

Median spike frequency, Hz

Kruskal-Wallis H

Dunn’s multiple comparisons, p value

sal

coc

int

p

H

sal:coc

sal:int

0.070
0.11
0.28

0.093
0.14
0.49

0.12
0.12
0.36

0.019
0.24
0.027

7.94
2.82
7.20

0.23
–
0.025

0.017
–
0.82

coc:int
>0.99
–
0.16

Median spike frequencies for sal-, coc- and int-conditioned animals in the nucleus accumbens, dorsal striatum and septal nuclei, as
well as the statistical analysis (Kruskal-Wallis H test followed by Dunn’s multiple comparisons test; p value corrected for 3 multiple
comparisons).

Table 3. Differences in electrically active sites

χ2 (total)

Active:inactive (%)

Nucleus accumbens
Dorsal striatum
Septal nuclei

sal

coc

int

57:521 (9.9)
182:1,284 (12.4)
195:327 (37.4)

44:531 (7.7)
67:1,020 (6.2)
209:1,320 (13.7) 344:2,819 (10.9)
184:393 (31.9) 386:811 (32.2)

Post hoc χ2 (p value)

χ2

p value

V

sal:coc sal:int

7.46
8.07
4.98

0.024
0.018
0.083

0.058
0.036
0.047

0.55
0.92
0.17

coc:int

0.019 0.74
0.37
0.016
0.12 >0.99

Proportions of active versus inactive electrodes for sal-, coc- and int-conditioned animals in the nucleus accumbens, dorsal striatum
and septal nuclei, as well as results of the statistical analysis [χ2 (total) followed by post hoc χ2 (p value); p value corrected for 3 multiple
comparisons].

Correlation of Spike Frequencies and Cocaine and
Social Interaction Conditioning
Although differences in electrical network activities
were observed in the nucleus accumbens, dorsal striatum
46
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and septal nuclei, no significant correlation between the
time spent in the cocaine-paired compartment and spike
frequencies of any of the brain regions was obtained (data
not shown).
However, the spike frequencies in the septal nuclei, but
not those in the nucleus accumbens or dorsal striatum,
were inversely correlated with the time spent in the social
interaction-paired compartment (Spearman correlation;
p = 0.043, r = –0.60).
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Cramer’s V = 0.04; post hoc χ2, coc vs. int, p = 0.016, χ2 =
7.74; p value Bonferroni-corrected for 3 comparisons).
No difference was found between treatment groups in
the septal nuclei (table 3; sal 37.4%, coc 31.9%, int 32.2%,
p = 0.083, χ2 = 4.98, Cramer’s V = 0.05).

In the present study, we used in vitro extracellular
MEA recordings of acute mouse brain slices containing
the nucleus accumbens core and shell (i.e., nucleus accumbens), the medial and lateral septum (i.e., septal nuclei) as well as the dorsal striatum to assess signatures of
network activity underlying reward conditioning.
In saline-treated control mice, different proportions of
sites produced spontaneous activity in the nucleus accumbens and the striatum (i.e., 9.9 and 12.4% active electrodes, respectively) as well as the septal nuclei (i.e., 37.4%
active electrodes). This difference could be explained by
the different neuron populations present in these regions.
In the nucleus accumbens and the striatum, the predominant neuron type are GABAergic projection neurons for
which spontaneous network activity in vitro is controversial, and irregular spike discharges can occur [18–20].
Five different interneuron types account for a few percent
of the whole neuronal population [21]. Of those, cholinergic interneurons and NPY+ GABAergic interneurons
show regular electrical activity in vitro, which is independent of synaptic input [18, 22–24]. Thus, it seems likely
that the spontaneously active neurons we recorded in
these regions are these different types of interneurons.
The septal region can be divided into the lateral septum,
containing mainly GABAergic neurons which coexpress
calretinin or calbindin but not parvalbumin (PV) [25],
and the medial septum. This contains GABAergic neurons (∼75% of total neurons), some coexpressing PV
(∼35%), cholinergic neurons (∼9%) and glutamatergic
neurons [26, 27]. Both subregions are known to contain
spontaneously active neurons, and in the medial septum,
PV+ GABAergic neurons have been found to be fast spiking [28, 29]. In the present study, the septum showed a
higher median action potential firing frequency (0.28 Hz)
compared to the nucleus accumbens and the striatum
(0.07 and 0.11 Hz, respectively). Both the higher spike
frequency and the higher prevalence of spontaneously active cells suggest that the neurons recorded in the medial
septum were fast-spiking PV+ GABAergic neurons.
Conditioning to cocaine as a prototypical drug reward
resulted in a significant increase in activity in the septal
nuclei. However, the spike frequency was not correlated
to the time spent in the cocaine-paired compartment.
One possible explanation for this finding is enhanced excitatory input to a specific type of neurons in the septal
nuclei due to cocaine application, which has been shown
at least for other brain regions [30–33].

Social Interaction and Cocaine
Conditioning in Mice

Place conditioning for social interaction decreased the
number of neurons that were spontaneously active in the
nucleus accumbens; however, those neurons that still
fired did so at a higher rate. One possible explanation for
these findings is that social interaction leads to a stronger
activation of an inhibitory neuron type that then fires at
a higher frequency and therefore inhibits the other spontaneously active neurons. This activation could also be
due to increased excitatory synaptic input to that specific
neuron type. Interestingly, animals expressing CPP or
CPA for social interaction did not differ in their electrical
activity in any of the investigated regions. This suggests
that the increased spontaneous activity in the nucleus accumbens is not related to the different behavioral outcomes of CPP or CPA for social interaction.
It is commonly accepted that the nucleus accumbens
is involved in reward and addiction [for reviews, see 34–
36]. However, the involvement of septal nuclei in brain
circuits for addiction is less clear. Olds and Milner [37]
showed that electrical self-stimulation had the most reliable reward effect if performed in the septal region, and
strong connections exist between the septal nuclei and
other brain regions of the reward pathway [28, 38–41].
The current work thus for the first time presents direct
evidence of an alteration in network activity in this region
that is associated with drug and natural reward conditioning. These electrophysiological findings are reminiscent of activation data obtained with IEG markers that
indicate that conditioning to cocaine or dyadic social interaction does not only engage the nucleus accumbens
proper but involves the neighboring regions as well [5].
So far, network activity in different neuron types has
mainly been assessed in the nucleus accumbens; however,
reports so far are inconsistent and the cellular mechanisms
that generate the spontaneous activity are unknown [18–
20, 23, 24, 42]. The hyperpolarization-activated cyclic nucleotide-gated channels have been associated with spontaneous pacemaker activity [43], and PV+ GABAergic neurons in the medial septum express hyperpolarization-activated cyclic nucleotide-gated channels [44]. Although in
the nucleus accumbens different hyperpolarization-activated cyclic nucleotide-gated subunits have been discovered, it is so far unknown which neuron types express
these channels to generate pacemaker activities [45, 46].
In summary, our results for the first time demonstrate
that reward conditioning for both drug or natural reward
leads to increased electrical network activity in the septal
nuclei or the nucleus accumbens, but not in the dorsal
striatum, which did not seem to be affected by reward
conditioning. The increased neuronal activation in areas
Pharmacology 2015;95:42–49
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Discussion

relevant for the reward system indicates persistent changes induced by drug and social interaction reward in neuronal networks.
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