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HE COMBINATION OF APPETITIVE AND AVERSIVE REINFORCERS
ND THE NATURE OF THEIR INTERACTION DURING AUDITORY

EARNING
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bstract—Learned changes in behavior can be elicited by
ither appetitive or aversive reinforcers. It is, however, not
lear whether the two types of motivation, (approaching ap-
etitive stimuli and avoiding aversive stimuli) drive learning

n the same or different ways, nor is their interaction under-
tood in situations where the two types are combined in a
ingle experiment. To investigate this question we have de-
eloped a novel learning paradigm for Mongolian gerbils,
hich not only allows rewards and punishments to be pre-
ented in isolation or in combination with each other, but also
an use these opposite reinforcers to drive the same learned
ehavior. Specifically, we studied learning of tone-condi-
ioned hurdle crossing in a shuttle box driven by either an
ppetitive reinforcer (brain stimulation reward) or an aversive
einforcer (electrical footshock), or by a combination of both.
ombination of the two reinforcers potentiated speed of ac-
uisition, led to maximum possible performance, and de-

ayed extinction as compared to either reinforcer alone. Ad-
itional experiments, using partial reinforcement protocols
nd experiments in which one of the reinforcers was omitted
fter the animals had been previously trained with the com-
ination of both reinforcers, indicated that appetitive and
versive reinforcers operated together but acted in different
ays: in this particular experimental context, punishment
ppeared to be more effective for initial acquisition and re-
ard more effective to maintain a high level of conditioned

esponses (CRs). The results imply that learning mecha-
isms in problem solving were maximally effective when the

nitial punishment of mistakes was combined with the sub-
equent rewarding of correct performance. © 2010 IBRO.
ublished by Elsevier Ltd. All rights reserved.

ey words: reinforcement learning, rodent, reward, punish-
ent, shuttle-box.

onditioning involves the association of neutral stimuli with
ppetitive or aversive reinforcers. Animals direct their be-
aviors, in both natural and laboratory situations (e.g. in-
trumental conditioning experiments), in such a way as to

Correspondence to: F. W. Ohl, Leibniz Institute for Neurobiology,
renneckestr. 6, D-39118 Magdeburg, Germany. Tel: �49-391-6263-
29; fax: �49-391-6263-328.
-mail address: frank.ohl@ifn-magdeburg.de (F. W. Ohl).
bbreviations: BSR, brain stimulation reward; CR, conditioned re-
p
ponse; CS, conditioned stimulus; FS, foot shock; RT, reaction time;
TA, ventral tegmental area.

306-4522/10 $ - see front matter © 2010 IBRO. Published by Elsevier Ltd. All right
oi:10.1016/j.neuroscience.2010.01.010
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btain appetitive reinforcers (“rewards”) and avoid aver-
ive reinforcers (“punishments”). In most animal condition-

ng experiments, behavioral measures of conditioning and
f brain systems have been studied with one type of rein-
orcer (appetitive or aversive) only. Hence, the nature of
he interaction between appetitive and aversive reinforcers
uring associative learning in the same experimental situ-
tion is not well understood. Scrutinizing this interaction
xperimentally meets with substantial difficulties (see Dick-

nson, 1976; Mackintosh, 1983; Magoon and Critchfield,
008 for an overview of the underlying theoretical prob-

ems). On the procedural side there has been a lack of
earning paradigms that train the same behavior using both
ppetitive and aversive reinforcers delivered with the same
emporal contingency and titrated to achieve comparable
ffects, such that their combinatorial influence can be
uantified. Consequently, most classical work on the sub-

ect has relied on indirect methods, typically utilizing se-
uential interaction between reward-driven and punish-
ent-driven tasks.

Early work by Konorski and collaborators on stimulus
pproach and withdrawal proposed that the interaction
etween appetitive and aversive reinforcers is mutually

nhibitory in nature (Konorski and Szwejkowska, 1956;
onorski, 1967). Subsequent studies addressed the be-
avioral influence of stimuli associated with one type of
einforcer on stimuli associated with the other, using sum-
ation, retardation and counter-conditioning procedures

Dickinson and Pearce, 1977; Dickinson and Dearing,
979; Mackintosh, 1983). Here also, an aversive stimulus
as observed to suppress an appetitive response, and
n appetitive stimulus was observed to suppress an
versive response (Estes and Skinner, 1941; Dickinson
nd Pearce, 1977).

Scavio (1974) demonstrated that preconditioning stim-
li with shock impaired the further development of an
ppetitive response in rabbits. Appetitive conditioning and
voidance learning using the same stimuli indicated that
ppetitive and aversive conditioned motivational states in-
eract substractively (Bull, 1970). A conditioned stimulus
CS) associated with shock can inhibit the association of a
S paired with the omission of expected food reward

Dickinson and Dearing, 1979). The underlying motiva-
ional states of reinforcer interaction were also investigated
sing stimulus preexposure or preconditioning with one
einforcer. Fear conditioning was greatly enhanced if the
S was previously paired with food (Dickinson, 1977).

The above studies strengthen the argument that ap-

etitive and aversive reinforcers can indeed interact. How-

s reserved.

mailto:frank.ohl@ifn-magdeburg.de
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ver, once the behavior is learned, intrinsic motivation also
rives and strengthens associative learning (cf. Rolls,
008). It has been demonstrated that, irrespective of rein-
orcer presentation, response-contingent neutral stimuli
lso can have intrinsic reinforcing properties (Reed et al.,
996). Stimulus generalization gradients in appetitive and
versive reinforcement investigated with two different re-
ponses showed that gradients of effect were different for
he two types of reinforcers (Hearst, 1960).

In order to compare the potentially different roles of
eward and punishment, it is desirable to develop behav-
oral procedures which can incorporate both types of rein-
orcers within the same training session (e.g. Magoon and
ritchfield, 2008; Morrison and Salzman, 2009) as most
revious experiments measured the effect of one rein-
orcer on the previously established conditioned response
CR) by the other reinforcer. Previous work had studied
xcitatory or inhibitory interactions between sequential re-
ard- and punishment-driven learning processes (Dickin-
on, 1976, 1977; Dickinson and Mackintosh, 1978), con-
urrent schedules of reward and punishment without con-
itioned stimuli (Kelleher and Cook, 1959; Olds and Olds,
962), combinations with secondary reinforcers associ-
ted with the opposite valence (Morris, 1975; Baron et al.,
977), and non-contingent schedules of aversive and ap-
etitive reinforcers (Stein, 1965; Margules and Stein, 1968;
arder, 1970; Castro-Alamancos and Borrell, 1992). The
esign of the present set of experiments allowed us to
emonstrate an equivalence of reward and relief from
unishment in the sense of two forces acting towards a
onvergent effect. At the same time we could dissociate
heir different contributions to the early and late phases of

learning process.
Conventional reinforcers such as food and footshock

FS) involve different behavioral contingencies which are
ot easily combined in the same experiment and involve
ifferent forms of information processing. Also, a principal
ifference between appetitive and aversive reinforcers is
hat the effect of appetitive reinforcers typically saturates
ith prolonged presentation while the effect of aversive

einforcers does not. If we assume that avoidance re-
ponses must come under the control of additional positive
ncentives, the concept of combining “carrot and stick”
rises: how effective is learning if an aversive stimulus is
xperienced upon unsuccessful avoidance and an appet-

tive stimulus is experienced upon successful avoidance?
Efforts have already been made to demonstrate the

acilitation of learning using non-contingent application of
ositively reinforcing brain stimulation on aversive avoid-
nce behavior (Margules and Stein, 1968; Castro-Alaman-
os and Borrell, 1992). Also, rewarding brain stimulation
educed the aversive reinforcing property of electric shock
hen both reinforcers were paired (Cox and Valenstein,
965; Carr and Coons, 1982). Positively reinforcing pos-
erior hypothalamic brain stimulation was used as a CS to
ignal the aversive FS; however, it further reduced the self
timulation performance during the post-conditioning ses-
ions (Mogenson and Morrison, 1962). Facilitation of shut-

le-box avoidance learning was observed if the animals 1
ere allowed to self-stimulate for lateral hypothalamic
rain stimulation immediately after the avoidance learning
essions (Aldavert-Vera et al., 1997). The difference be-
ween earlier studies and our investigation is the following:
e deliver the internal reward for successful avoidance in
similar contingent way as the FS for unsuccessful avoid-
nce and thereby address the nature of their interaction.

Here, we addressed the interaction of appetitive and
versive reinforcers in Mongolian gerbils (Meriones un-
uiculatus) during 2-way hurdle crossing in a shuttle box
sing auditory stimuli as CS, FS as an aversive reinforcer
nd brain stimulation reward (BSR), that is electrical stim-
lation of the ventral tegmental area (VTA), as an appeti-
ive reinforcer. Our previous studies have demonstrated
hat Mongolian gerbils are suitable animal model to inves-
igate auditory learning (Wetzel et al., 1998, 2008; Ohl
t al., 1999, 2001). In preparatory experiments, current
trengths for FS and VTA stimulation were separately
alibrated to produce the same asymptotic level of behav-

oral performance in individual animals. After studying the
ffect of both reinforcers separately, we addressed rein-
orcer integration using FS as an aversive reinforcer upon
ach unsuccessful trial and BSR as an appetitive rein-
orcer upon each successful trial. This matched power of
he reinforcers, in principle, allowed us to determine any
ossible type of interaction in combined experiments. FS-
einforced learning is initially dominated by aversive expe-
ience which leads to subsequent relief upon successful
voidance. Therefore, the primary question we addressed
as whether effects from punishment and rewards inhibit
ach other, or alternatively, whether the relief from punish-
ent and receipt of reward input facilitate the learning
rocess (equivalence hypothesis) (Dinsmoor, 2001).

The dopamine signal from the midbrain substantia
igra pars compacta (SNc) and the VTA contributes to
ssociative learning processes in which the exact timing of
he reinforcement is vital (Schultz et al., 1997). Consistent
ith the role of dopamine as an encoder of stimulus-

esponse associations which drive an instrumental act,
opamine medications in neuropsychiatric patients im-
roved learning from success (Frank et al., 2004).

To obtain a comprehensive understanding of the ef-
ects of combining appetitive and aversive reinforcers to
rive the associative learning we studied (1) acquisition
nd extinction using separate and combined reinforcers,
2) omission of one reinforcer in the combination experi-
ent after animals had reached maximum performance

ollowed by omission of the remaining reinforcer (extinc-
ion), and (3) omissions after partial reinforcement proce-
ures.

EXPERIMENTAL PROCEDURES

nimals

total of 80 adult male Mongolian gerbils (Meriones unguiculatus)
btained from Tumblebrook Farms, West Brookfield, MA, USA
age: 3–6 months, weight: 85–105 g) were used in this study.
erbils were individually housed 3 days before experiments
tarted and maintained on a 12 h light/dark cycle (light on 7:00–

9:00 h) throughout the experiment. All experimental procedures
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ere approved by the Ethics Committee of the State of Sachsen-
nhalt, Germany.

urgical procedures

urgery and implantation of electrodes were performed under
etamine (100 mg/kg) (Ratiopharm GmbH, Ulm, Germany) and
ylazine (5 mg/kg) (Bayer Vital GmbH, Leverkusen, Germany)
nesthesia. Animals were fixed in a stereotaxic frame (David Kopf

nstruments, USA). Bipolar stimulation electrodes with the tips
eparated by �0.2 mm were custom made from Teflon-insulated
tainless steel microwires (diameter: 140 �m; Science Products
mbH, Germany) and implanted at the level of the VTA (2.6 mm
osterior, 1.3 mm lateral, 5.0 mm ventral to bregma) with the

ncisor bar set at �5, according to the stereotaxic atlas for gerbil
y Loskota et al. (1974). The electrode was fixed in place with
ental acrylic cement, and the procedure was repeated in the

ig. 1. Exemplary illustration of the procedure preceding shuttle-box
raining for determining the stimulation current strength for the brain
timulation reward. Plotted is the lever pressing rate of one gerbil
gainst stimulation current intensity used for VTA stimulation. Stimu-

ation current intensity was systematically increased from low levels to
igh levels (circles) and systematically decreased from high levels to

ow levels (squares). Diamond symbols indicate the mean rates of
ever pressing of the increasing and decreasing series of measure-

ents. The current intensity that produced maximal lever pressing rate
arrow) was used in the later shuttle-box experiments.

able 1. Experimental scheme for the three main experiments

xperimental group Associated reinfor

Session 1–8

xperiment 1
Group 1 (FS) FS
Group 2 (BSR) BSR
Group 3 (FS�BSR) FS�BSR

xperiment 2
Group 4 (FS�BSR¡BSR) FS�BSR
Group 5 (FS�BSR¡FS) FS�BSR

xperiment 3
artial reinforcement
Group 6 (FS�BSR¡BSR) FS�BSR

Group 7 (FS�BSR¡FS) FS�BSR
pposite hemisphere. The first self-stimulation training session
ollowed after a 4-day recovery period.

ntracranial self-stimulation

elf-stimulation training was conducted in a custom made operant
hamber (18�18�23 cm) with a metal lever in the right lower
orner. Gerbils were trained to press the lever for a brief VTA
timulation (200 ms train; 20 biphasic pulses of 0.2 ms duration at
00 Hz). Within 2–5 days, the animal learned to press the lever for
TA self-stimulation. Electrodes in both hemispheres were as-
essed initially. The electrode which supported maximum lever
ressing performance in the absence of side effects was chosen
or further optimization and shuttle-box learning.

After the gerbils showed lever pressing at stable rates, the
ptimum stimulus intensity was determined for each individual
sing ascending and descending stimulation intensities (step size
0 �A; each duration used for 5 min; Fig. 1) in two separate daily
essions. The current intensity which showed the maximum lever
ress rate (mean response rate between the ascending and de-
cending stimulus intensities) was selected as the optimum inten-
ity. The final session consisted of training the subjects with that
ptimum intensity for 30 min duration. This optimal intensity was
sed throughout the following learning tasks in the shuttle-box.
nimals that did not reach the criterion (900 bar presses in 30 min
ithin five consecutive days) were excluded from the study. After
t least 3 days of rest, the intracranial self-stimulation (ICSS)
esponders (n�54) were allotted to various shuttle-box learning
roups. The current strength determined in this way was found,
hen used as appetitive reinforcer in the conditioning experi-
ents, to produce a similar level of final performance as in the
S-conditioned animals.

huttle box learning

dentical behavior, that is, tone-conditioned hurdle crossing driven
y appetitive, aversive or the combination of both reinforcers was

nvestigated using shuttle-box conditioning procedures. After that,
he nature of their interaction was investigated by omission exper-
ments (Table 1 for overview). Animals were trained in a shuttle-
ox (38�19�22.5 cm) (Hasomed GmbH, Magdeburg, Germany)
hich had two compartments separated by a 6 cm high hurdle.
ach daily session consisted of 60 trials with an intertrial interval
uration of 20–24 s. A session began with a 3 min habituation
eriod. The CS was a series of 2 kHz pure tones (6 s, 200 ms tone
uration, 300 ms inter-tone interval). When FS was used as a
einforcer, a FS of maximally 4 s was applied through the grid floor
t the end of the CS in case the animal did not cross the hurdle
uring the 6 s CS presentation. The FS was switched off when the
nimal escaped, that is crossed the hurdle during FS presentation.

Session 9–13 Session 14–18

Extinction —
Extinction —
Extinction —

BSR (omission of FS) Extinction
FS (omission of BSR) Extinction

BSR (omission of FS) Extinction
cers
FS (omission of BSR) Extinction
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he intensity of FS was slowly raised from 400–600 �A during the
rst training session. Since the rate of conditioning also depends
n the change in unconditioned stimulus intensity, we subse-
uently maintained a constant FS intensity of 600 �A. The appet-

tive reinforcer consisted of five blocks of 200 ms trains of electric
ulses for brain stimulation reward with inter-stimulus interval of
00 ms. This pulse train was automatically delivered without delay
hen the animal reached the other shuttle-box compartment by

one-conditioned hurdle crossing. In different groups, either the
ppetitive reinforcer, the aversive reinforcer, or the combination of
oth reinforcers was applied. A flexible cable connected with a
wivel allowed the electrical brain stimulation and easy movement
uring shuttle-box learning. The electrical stimulation was deliv-
red by an isolated pulse stimulator (Model 2100, A-M Systems
nc, Carlsborg, WA, USA). Crossing the hurdle during the CS
resentation was considered as a CR. The CR rates (number of
R/number of trials) and mean response latencies (times of

eaching the new compartment after hurdle crossing) were ana-
yzed in each session. In the first group, the CS was followed by
he aversive FS if the animal did not cross the hurdle within 6 s. In
he second group, a response was considered a CR if a hurdle
rossing occurred within 6 s of the CS period, in which case, the
R was immediately followed by BSR. In the third group, trained
ith both FS and BSR, each successful CR was followed by BSR
nd each failure to produce a CR was punished by FS. So, they
eceived the reward for successful avoidance. The three groups
entioned above (FS: footshock alone, BSR: brain stimulation

eward alone, FS�BSR: footshock and brain stimulation re-
ard combined), were trained in eight acquisition sessions

ollowed by five extinction sessions in which reinforcers were
ot associated.

The fourth and fifth groups were trained with both reinforcers
ike the FS�BSR group. After they had been trained to reach

aximum performance, in one group we omitted the BSR and in
he other group we omitted the FS during sessions 9–13. This was
ollowed by extinction training (sessions 14–18) in which we re-
oved the remaining reinforcer, presenting only the CS.

The abovementioned experiments were repeated under par-
ial reinforcement conditions. To determine the optimal probability
f combined reinforcer presentation for the partial conditioning
rocedure, pilot experiments were first conducted in non-operated
nimals studying the effect of probability of FS on the CR rate (Fig.
). Four groups of gerbils were trained with FS occurrence prob-
bilities of 0.1, 0.15, 0.2 and 0.5, respectively. Since, in these
xperiments, FS probability of 0.15 produced asymptotic CR rates
etween 30% and 50%, and FS probability of 0.2 produced as-
mptotic CR rates between 50% and 70% (Fig. 4), we decided to
se a FS probability of 0.15 for training with the combined appet-

tive-aversive reinforcer. This choice accounted for the expected
ncrease in asymptotic CR level when FS motivation would be
omplemented by BSR to achieve combined reinforcement. Five
out of 15) animals did not learn the task and were excluded from
he study. The sixth and seventh groups of animals were trained
ith BSR for hits and FS for misses (FS�BSR) with the partial

einforcement schedule, that is, in nine out of 60 trials (P�0.15),
he hits were rewarded and the misses were punished according
o a pseudorandom schedule. After reaching the desired level, like
n the other groups, one reinforcer was omitted during sessions
–13. This was followed by extinction sessions (14–18) in which

he remaining reinforcer was also removed.

ata analysis

R rates and response latencies were evaluated. To illustrate the
earning curves, mean CR rate over daily sessions in each group,

uring acquisition, omission of one reinforcer and extinction was s
lotted. Additionally, we measured the hurdle crossing rate during
he intertrial interval. The behavioral data from all experiments
ere analyzed using repeated measures analysis of variance

ANOVA) with two within-subject factors (GROUP and SESSION),
sing SPSS software for windows (version 8.0). The degrees of
reedom was corrected to more conservative values using the
reenhouse-Geiser correction procedure. After confirmation of
ignificant main effect, Tukey post hoc tests were performed to
ssess pairwise differences among groups.

istology

t the conclusion of behavioral experiments, the gerbils were
eeply anesthetized with ketamine and xylazine mixture, and 200
A current was injected for 15 min through the brain stimulation
lectrode. Thereafter, the animals were decapitated. The brains
ere rapidly isolated and frozen in isopentane immersed in liquid
itrogen and finally stored at �20 °C. Subsequently, coronal
ections of 40 �m roughly posterior to bregma were made using
sliding microtome (Leica CM 3050S, Leica Microsystems Nus-

loch GmbH, Karlsruhe, Germany). Nissl staining combined with
russian blue was performed to reveal the ion deposits around the
lectrode tips (Fig. 6). The locations of the electrode tips were
etermined with reference to the stereotaxic atlas of gerbils (Lo-
kota et al., 1974).

RESULTS

ll results were obtained in an auditory shuttle-box learn-
ng paradigm. In a 2-compartment shuttle-box, Mongolian
erbils were trained to change the current compartment by
rossing a hurdle as the CR to the onset of a series of pure
ones. Three experiments were conducted to investigate
otentially different effects of appetitive and aversive rein-
orcers as well as the nature of their interaction when both
ypes of reinforcers were combined within a single session.
n Experiment 1, acquisition and extinction of the CR were
tudied in three experimental groups, using either reward
f hits by electrical BSR, punishment of misses by electri-
al footshock (FS), or a combination of both in the same
ession (FS�BSR). In Experiment 2, effects of the omis-
ion of one type of reinforcer (appetitive or aversive) in
nimals that had been trained using the combined appet-

tive-aversive reinforcers were studied using a continuous
einforcement schedule. In Experiment 3, the analogous
mission experiment was conducted under a partial rein-
orcement schedule. Table 1 gives an overview of the
xperimental groups. In all experiments, CR rates and
eaction times were analyzed using a GROUP�SESSION
epeated measures analysis of variance (ANOVA) with
ESSION as the repeated factor.

xperiment 1. Effects of appetitive, aversive, or
ombined appetitive-aversive reinforcers on
cquisition and extinction of the CR

n three experimental groups, animals were trained by
ppetitive reinforcer (BSR on hits), aversive reinforcer (FS
n misses), or combination of both reinforcer (BSR on hits
nd FS on misses) in the tone-cued shuttle-box task. Fig.
a shows the mean CR rates during acquisition and ex-
inction of the CR.

Analysis of the CR rates during the acquisition ses-

ions (1–8) indicated a significant GROUP�SESSION
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nteraction [F(6.1,45.7)�6.1, P�0.005], and main effects
f SESSION [F(3,45)�52.56, P�0.001] and GROUP

F(2,15)�9.9, P�0.005]. The differences in the CR rate in
he three groups decreased over the course of learning. In
roup FS�BSR, early (sessions 1–3) acquisition was ac-
elerated by the combination of both reinforcers. Tukey
ost-hoc comparisons confirmed significant differences
etween the groups during the first three sessions but not
uring later (sessions 4–8) stages of acquisition. Specifi-
ally, group FS�BSR reached significantly higher CR
ates compared to group FS during the first session
P�0.001) and compared to group BSR during sessions 2
nd 3 (P�0.001). There was no significant difference be-
ween groups BSR and FS observed during the first ses-
ion of training (P�0.05). However, group FS performed
etter than group BSR (P�0.005) during the second and
hird sessions.

Analysis of reaction time (see Experimental Proce-
ures) was restricted to sessions 4 – 8, after learning
ad stabilized (Fig. 2b). Reaction time analysis in the
hree groups showed no effect of GROUP�SESSION
nteraction [F(4.21,31.5)�1.56, P�0.2], but main effects
f SESSION [F(2.1,31.5)�7.4, P�0.005] and GROUP

F(2,15)�10.6, P�0.005]. Subjects trained with the com-
ination of both reinforcers showed significantly shorter
Ts compared to group FS (P�0.05), but not compared

o group BSR (P�0.05). RTs did not differ between

ig. 2. Effect of reinforcer type on acquisition and extinction of a CR. I
ollowing misses (FS, dark grey), brain stimulation reward following hits
gainst training session. The break in the graphs indicates the transitio

ndicated by open symbols). Significant (P�0.05) pairwise differences
SR. (b) Mean reaction time (�SEM) during acquisition sessions (4–
roups FS and BSR (P�0.05), except for the last ses- p
ion (P�0.05). RTs in group FS tended to be longer than
n groups BSR and FS�BSR, indicating a speed-up of RT
ith the involvement of rewarding stimuli. The evaluation of
ean number of intertrial crossing across the eight acquisi-

ion sessions showed no significant differences between the
hree groups [F(2,105)�1.51, P�0.25].

The last session of acquisition (session 8) served as a
aseline for extinction analysis. All groups showed a clear
xtinction of the conditioned hurdle crossing over sessions
Fig. 2a). Main effects for factor SESSION [F(2.6,39.1)�55.5,
�0.0001] and for factor GROUP [F(2,15)�6.2, P�0.05] but
o significant GROUP�SESSION interaction [F(5.21,39.1)�
.66, P�0.05] was found. Tukey post hoc analysis revealed

hat the main effects were carried by differences between
roup FS�BSR on the one hand and groups FS and BSR on

he other while groups FS and BSR did not differ significantly
rom each other (P�0.05).

xperiment 2. Effects of omission of one reinforcer
fter completed training with a combined
ppetitive-aversive reinforcer (continuous
einforcement schedule)

ecause of the qualitatively different nature of appetitive
nd aversive reinforcers, quantitative comparisons be-

ween their effects are not trivially achieved. For exam-
le, a direct comparison of the effect of reinforcer (ap-

e groups (n�6 in each group), learning was driven by FS punishment
ht grey), or both (FS�BSR, black). (a) Mean CR rates (�SEM) plotted
quisition training (sessions 1–8) to extinction training (sessions 9–13,
ated by symbols: * BSR vs. FS�BSR; � FS vs. FS�BSR; � FS vs.
n the thre
(BSR, lig
n from ac
etitive, aversive or combined appetitive-aversive) on
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he acquisition of a CR in Experiment 1 was made
ossible by the adjustment of reinforcement parameters

o values that would produce indistinguishable asymp-
otic CR rates. This, of course precluded an analysis of
otential effects of three reinforcement types on the
etention of an already acquired CR. To study potential
ffects of the different reinforcer type on the retention of
n already acquired CR, in a second experiment, we

rained two groups of animals to a high level of perfor-

ig. 3. Effects of removing one reinforcer in animals trained with the
chedule. After training with the combined reinforcers (black filled) dur
�6, dark grey squares) and FS was omitted in the other (retaining BSR

he previously retained reinforcer was also omitted (extinction). (a) Me
ines) plotted against training session (* indicates significant group d
7–8), omission sessions (9–13) and extinction sessions (14–15).

ig. 4. Mean CR rate�SEM using different probabilities of FS p

�0.2(n�5), P�0.15(n�4) and P�0.10(n�3). This experiment was a pilot stu

ates between 30% and 50% and was selected as the probability for the comb
ance using combined appetitive-aversive training
session 1– 8), and then omitted either the appetitive or
he aversive reinforcer while continuing the other (ses-
ion 9 –13). Subsequently (session 14 –18), the previ-
usly remaining reinforcer was also omitted, effectively
esulting in an extinction session. This omission ap-
roach was carried out in two versions, one employing
ontinuous reinforcement (Experiment 2) and one em-
loying partial reinforcement (Experiment 3).

appetitive-aversive reinforcement using a continuous reinforcement
ons 1–8, BSR was omitted in one group (retaining FS reinforcement,
ement, n�6, light grey triangles) in sessions 9–13. In sessions 14–18
ates (�SEM) for the two experimental groups (dotted vs. continuous
, P�0.05). (b) Mean reaction time (�SEM) for acquisition sessions

on following misses. The probabilities studied were P�0.5(n�5),
combined
ing sessi

reinforc
an CR r
resentati

dy for Experiment 3. FS probability of 0.15 produced asymptotic CR
ined appetitive-aversive reinforcement in Experiment 3.
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Two experimental groups were trained in an identical
ashion using combined appetitive-aversive reinforcers
FS�BSR) during acquisition training (sessions 1–8; Fig.
a). Consequently, the statistical analysis of the CR rates
emonstrated that the two groups acquired the same level of
erformance at the same rate: the ANOVA revealed a main
ffect for SESSION [F(2.9,29.2)�114.3, P�0.001], but not

or GROUP [F(1,10)�1.28, P�0.05] or the interaction
ROUP�SESSION [F(2.9,29.2)�1.02, P�0.05]. Likewise,
nalysis of reaction time indicated no significant differences

ig. 5. Effects of removing one reinforcer in animals trained with the c
ates (�SEM) for both groups were plotted against training session. A
mitted in one group (retaining FS, n�5, dark grey squares) and FS
–13. In sessions 14–18 the previously retained reinforcer was also

ig. 6. Localization of stimulation sites for BSR using histological ana
pproximately 2.6 and 2.8 mm posterior to bregma. The sections we
eaction product around the electrode location in the stimulated hemi

entral tegmental area from panels a and c (rectangular areas). Anatomical
ompacta; SNr, substantia nigra pars reticulata; VTA, ventral tegmental area.
etween the experimental groups (GROUP�SESSION
F(3.4,34.4)�0.6, P�0.5]; SESSION [F(3.4,34.4)�22.7, P�0.001];
nd GROUP [F(1,10)�0.005, P�0.5]).

Following omission of either FS or BSR (sessions
–13; Fig. 3a), CRs continued at high rates which re-
ained constant across all five sessions, reflected by an
bsence of a SESSION effect [F(2.6,26.5)�0.33, P�0.5]
nd of a GROUP�SESSION interaction [F(2.6,26.5)�0.70,
�0.5]. However, a main effect for factor GROUP was

ound [F(1,10)�8.9, P�0.05]. The omission of BSR caused

appetitive-aversive reinforcers under partial reinforcement. Mean CR
ing with both reinforcers (black filled) during sessions 1–8, BSR was
ted in the other (retaining BSR, n�5, light grey triangles) in sessions
extinction). Asterisks indicate significant group differences, P�0.05.

c) Exemplary photomicrographs of two coronal sections (40 �m) from
d with Prussian Blue followed by Nissl staining. Note the blue color
b, d) Magnification of the area surrounding the stimulation site in the
ombined
fter train

was omit
lysis. (a,
re staine
sphere. (
structures: IP, interpeduncular nucleus; SNc, substantia nigra pars
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slight drop in responding whereas the omission of FS
ad no effect. Paired t-tests were used to compare the last
ession of acquisition and the first session of omission in
ach group. A non-significant difference in BSR (FS omit-
ed) (t�1.75, df�5, P�0.14) and significant difference in
roup FS (BSR omitted) (t�2.61, df�5, P�0.04) were
ound. Significant differences in reaction time (Fig. 3b) were
ound during the omission sessions (GROUP�SESSION
F(2.46,24.6)�2.73, P�0.05]; SESSION [F(2.46,24.6)�0.90,
�0.05]; and GROUP [F(1,10)�15.04, P�0.005]). In sum-
ary, an increase in reaction time was observed for omission
f reward but not for omission of punishment.

The analysis of the extinction sessions (session 14–18;
ig. 3a) revealed clear extinction (main effect of SESSION:

F(2.7,27.7)�2.07, P�0.001]), but no differences between the
wo experimental groups (GROUP: [F(1,10)�0.14, P�0.05];
ROUP�SESSION [F(2.7,27.7)�0.93, P�0.05]). These re-

ults suggest that, after omission of one reinforcer, the
trength of the conditioning was the same during extinction.

xperiment 3. Effects of omission of one
einforcer after completed training with a
ombined appetitive-aversive reinforcer (partial
einforcement schedule)

he same type of experiments as described above was
epeated using partial reinforcement because we specu-
ated that the effect of omitting the internal reward during
he continuous reinforcement procedure could be due to
he reinforcer history. Specifically, the small decrease in
R rate in group FS (omission of BSR) not seen in group
SR (omission of FS) could simply reflect that, when highly

rained animals showing significantly more hits than
isses, omission of BSR during hits implied a greater

hange in reinforcement than omission of FS during
isses. We therefore adjusted the probability of FS and
SR association (partially reinforced), such that the final
erformance of animals trained with the combined appet-

tive-aversive reinforcers was near 50% CR rate.
Under the partial reinforcement condition using com-

ined appetitive-aversive reinforcers (Fig. 5), significant
cquisition (sessions 1– 8) of the CR was observed
SESSION: [F(3.0,24.1)�12.5, P�0.001]) that was expectedly
ndistinguishable for the two experimental groups (GROUP:
F(1,8)�0.3, P�0.5]; GROUP�SESSION: [F(3,24.1)�0.71,
�0.5]).

Subsequent omission of one reinforcer under partial re-
nforcement (session 9–13) led to clear changes in the CR
ate development (SESSION: [F(2.6,21.0)�5.8, P�0.05])
nd significant group differences (GROUP: [F(1,8)�11.4,
�0.05]; GROUP�SESSION: [F(2.6,21.0)�3.6, P�0.05]).
hese results demonstrate that under partial reinforcement
onditions, omission of FS for misses decreased the CR rate
ut omission of BSR for hits did not. Analysis of the extinction
urves (session 14–18; Fig. 5) revealed a main effect
or SESSION [F(2.8,23.1)�8.7, P�0.005] and GROUP�
ESSION remained significant [F(2.8,23.1)�6.54, P�0.005]

ut not for GROUP [F(1,8)�2.82, P�0.1]. d
DISCUSSION

n essence, we found that acquisition of a new behavior,
one-conditioned hurdle crossing, can be learned either by
ppetitive or aversive reinforcers and is facilitated by the

nteraction of the two as predicted by an equivalence hy-
othesis. This facilitated learning, characterized by very
ast acquisition and close to 100% performance level, is
xtremely unusual in a 2-way shuttle-box paradigm, and
as only described in rats for a particular genetically-
elected strain (Aguilar et al., 2004; Corda et al., 2005).
aken together, our results demonstrate a strong learning

mprovement caused by the functional interaction between
ppetitive and aversive reinforcers. The acquisition of the
R under the influence of combined appetitive-aversive

einforcers (Fig. 2a; sessions 1–8) suggests that the suc-
essful avoidance effect associates with the stimulation
ffect of intrinsic reward, therefore leading to faster acqui-
ition. Our present findings also support previous studies
Tanimoto et al., 2004; Stark et al., 2004) indicating that
he termination of aversive stimuli itself is rewarding.
herefore, addition of intrinsic reward to the relief from
unishment in a time-dependent manner accelerated the
erformance. Although the nature of interaction of appeti-
ive reward and relief from aversive influences is not ex-
licitly known, evidence of some functional convergence of
he two influences in the human orbitofrontal cortex has
een obtained (Kim et al., 2006).

After reaching an asymptotic level of performance with
ultiple trials (i.e., at the stage of retrieval of conditioning)
correlate of the strength of the consolidated memory can
e obtained from the extinction phenomenon in non-rein-
orced trials. In general, avoidance responses with aver-
ive reinforcers have appeared more resistant to extinction
han appetitive conditioning (Mackintosh, 1983), presumably
ecause of underlying fear resulting from the first classical

one-shock conditioning stage of instrumental learning. In our
esults (Fig. 2a), however, no significant difference in extinc-
ion was observed between the groups trained with appetitive
r aversive reinforcer. This is probably due to differences in
xperimental procedures. In our experiment direct stimulation
f the internal reward system was used instead of a natural
eward, e.g. food, which nevertheless suggests that internal
eward-driven learning in principle, can be as resistant to
xtinction as avoidance learning.

As already suggested by the higher final level of per-
ormance, the strength of conditioning as revealed by ex-
inction was much higher in the group trained with com-
ined reinforcers (Fig. 2a). This group showed high resis-
ance to extinction probably because response feedback
y VTA stimulation for avoidance creates powerful long-

asting stimulus-response habits (Graybiel, 2008). Even
artial extinction required several sessions, and it is not
bvious from the available data whether full extinction can
e obtained. The strength of conditioning in this group may
e explained by an additive effect in the internal reward
ystem. We have previously found in the FS-reinforced
voidance conditioning that a transitory strong increase of

opamine level occurs in medial prefrontal cortex when
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fter perfection of the initial escape strategy the animals
xperience a number of first successful FS avoidances
Stark et al., 2004). This has been interpreted as a corre-
ate of relief from punishment. As the successful avoidance
rials are also rewarded with brain stimulation there should
e some additive effect in terms of dopamine release.
onsidering dopamine release as a predictive measure of

he speed of learning (Stark et al., 1999) and final memory
onsolidation in the shuttle-box (Stark et al., 2004) the
omparison of the present three experiments might allow
ven some inferences about recruitment of the dopaminer-
ic system. Although the final level of performance was (by
esign) indistinguishable between groups FS and BSR,

he latter was slowest in developing this CR level and
astest in extinction. This might suggest that the dopamine
elease during relief of punishment in the FS-reinforced group
as larger or at least more effective. This interpretation is
upported by the fact that dopamine seems to play different
oles for learning processes in different brain areas (cf. Gal-
istel, 2006; Hernandez et al., 2006; Day et al., 2007). Also,
opamine cannot govern all motivational processes, thus the
elative engagement of other systems should be explored.
or example, an interaction of the serotonergic raphe nuclei

Daw et al., 2002) and the lateral habenula (Matsumoto and
ikosaka, 2007) with the midbrain dopamine system may
ncode motivational states during opponent appetitive and
versive processes (Seymour et al., 2005).

The purpose of the selective reinforcer omission ex-
eriments in the groups trained with combination of both
einforcers after reaching stable performances was to ex-
mine how the two reinforcers interact at high performance

evels to maintain that level. While omission of FS did not
hange the maximum performance level, omission of re-
ards led to a drop of performance (Fig. 3a). At first glance

his does not seem astonishing from the point of view of a
umber of events. During asymptotic performance, there
as only occasional FS while almost all trials were rein-

orced by BSR. Nevertheless in view of the more effective
nfluence of FS on acquisition and retention during extinc-
ion (see above), some drop of performance might be
xpected. Taken together, the effects show that at high
erformance, omission of one or the other reinforcer must

ead to highly asymmetric results and suggest that reward
s more important to maintain high levels of performance
han punishment. It should be noted that this interpretation,
hile addressing the mechanistic level of events, is in
ccordance with Konorski’s psychological model of oppo-
ent processes and the motivational states between them:
amely, predicted appetitive stimuli (hope), predicted aver-
ive stimuli (fear), absence of predicted appetitive stimuli
frustration), and absence of predicted aversive stimuli
relief) events (for recent review see Seymour et al., 2007).
hus, we provide an experimental framework of results
hich supports the current motivational hypothesis that
rgues for the functional relevance of aversive inhibitors
relief from punishment) and appetitive excitors (expecta-
ion of reward). The conclusion from this part of the study
uggests that punishment accelerated the initial acquisi-

ion while reward maintained the vigor of learned re- s
ponses. However, the drop in performance followed by
he omission of reward for hits was reversible and ap-
roached the previous level.

The decreased CR rate, observed after omission of
eward in animals trained with the combined appetitive-
versive reinforcer, might be attributable to the reinforcer
istory during continuous reinforcement, namely, the pre-
ictability of reward. Therefore, partial conditioning allowed
s to manipulate the effect of reinforcer history by violating
he reinforcer expectation in an unpredictable fashion. The
omparison of results from omission of one reinforcer in
ontinuous and partial reinforcement highlights the fact
hat the strength of reinforcers during fully predicted con-
inuous and partial reinforcement conditions are different
Figs. 3a and 5). Under partial reinforcement, omission of
S decreased the performance and omission of BSR had
o effect in contrast to continuous reinforcement where the
pposite effect was found. The conclusions derived from
mitting one reinforcer suggest that in a fully predicted, con-

inuously reinforced environment, reward was found to be
ore effective, at least at the beginning of the omission
hase, but, in an unpredictable, partially reinforced situation,
unishment is more effective—in each case due to different

requencies of occurrences of rewards and punishments.
Despite the substantial progress in our understanding

f appetitive and aversive reinforcement, the old question
f which brain systems integrate them (e.g. Valenstein and
alenstein, 1964) needs further exploration (Leknes and
racey, 2008). Orbitofrontal cortex successfully encodes

he expected aversive and appetitive outcomes during
earning (Schoenbaum et al., 1998). Subsequent to a dem-
nstration with event-related fMRI that medial parts of
rbitofrontal cortex in humans are activated by an appeti-
ively conditioned CS and lateral parts by an aversively
onditioned CS (Gottfried et al., 2002), results of a visual
onditioning task showed that appetitively and aversively
einforced activations map onto the same area in medial
rbitofrontal cortex, suggesting that they interact there
Kim et al., 2006). From a clinical perspective, it was
eported that Parkinson patients in a trial-and-error based
earning experiment with reward or no reward feedback, if
evoid of L-dopa medication, learned more from mistakes,
hile patients with high levels of medication learned more

rom successes (Frank et al., 2004).

CONCLUSION

e found that acquisition of a new behavior, tone condi-
ioned hurdle crossing, can be learned by using either
ppetitive or aversive reinforcer and is facilitated by the

nteraction of the two. Addition of brain stimulation reward
o relief from punishment accelerated performance. Both
einforcers operated together to drive learning, but their ef-
ects were still dissociable. In conclusion, we demonstrate
hat training by “carrot and stick” combined is a superior
ethod to facilitate learning and to counteract extinction. It is
oteworthy that, in the combination of both reinforcers, re-
ard and relief from punishment are only equivalent in the

ense of a convergent learning effect but cannot replace
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ach other for reaching maximal learned performance. Our
nding of converging and dissociable effects on acquisition
nd maintenance of learning has implications for optimizing
ducational and rehabilitational strategies.
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