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ABSTRACT  

Deep Brain Stimulation (DBS) is a successful novel treatment for treatment-resistant ob-
sessive-compulsive disorder and is currently under investigation for addiction and eating 
disorders. Clinical and preclinical studies have shown functional changes in the orbitofrontal 
cortex (OFC) following DBS in the ventral capsule/ventral striatum. These findings suggest 
that DBS can affect neural activity in distant regions that are connected to the site of elec-
trode implantation. However, the behavioral consequences of direct OFC stimulation are 
not known. Here, we studied the effects of direct stimulation in the lateral OFC on spatial 
discrimination and reversal learning in rats. Rats were implanted with stimulating electrodes 
and were trained on a spatial discrimination and reversal learning task. DBS in the OFC did 
not affect acquisition of a spatial discrimination. Stimulated animals made more incorrect 
responses during the first reversal. Acquisition of the second reversal was not affected. These 
results suggest that DBS may inhibit activity in the OFC, or may disrupt output of the OFC to 
other cortical or subcortical areas, resulting in perseverative behavior or an inability to adapt 
behavior to altered response-reward contingencies.   
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INTRODUCTION

Deep Brain Stimulation (DBS) is a novel treatment for treatment-resistant obsessive-compul-
sive disorder (OCD) (Denys et al., 2010; Greenberg et al., 2010; Nuttin et al., 1999) and is under 
investigation for intractable addiction and eating disorders (Luigjes et al., 2012). Despite the 
apparent success of DBS in reducing clinical symptoms, the mechanism by which DBS re-
duces symptoms remains elusive. In addition, it is not clear which target area can best be 
stimulated to result in optimal clinical effects. Preclinical animal studies have been initiated 
to answer these questions. For example, preclinical studies have shown that DBS in several 
target regions can influence behavioral processes that are altered in OCD and other compul-
sive disorders. Compulsive behavior is reduced by DBS in the subthalamic nucleus (Klavir et 
al., 2009; Winter et al., 2008), nucleus accumbens core and shell (van Kuyck et al., 2008; Mundt 
et al., 2009), globus pallidus and entopeduncular nucleus (Klavir et al., 2011). In addition, DBS 
in the ventral striatum influences anxiety (Rodriguez-Romaguera et al., 2012), impulsivity 
(Sesia et al., 2008) and drug taking behavior (Vassoler et al., 2008) and can evoke changes 
in cognitive functioning (Baunez et al., 2007). Effects of DBS on cognition are important to 
study; not only because DBS in psychiatry intends to induce changes in cognitive functioning 
that may be impaired in the disorder, but also to investigate possible cognitive side effects 
of stimulation.

A possible mechanisms through which DBS in commonly used targets for compulsivity dis-
orders could be successful, is by modulation of activity in the frontostriatal circuit, a network 
connecting prefrontal regions with the thalamus and striatum. Modulation of activity in the 
orbitofrontal cortex (OFC) could be particularly important. OCD patients show hyperactivity 
of the OFC in rest and during symptom provocation, which normalizes following successful 
pharmacological or behavioral therapy (Nakao et al., 2005; Saxena et al., 1999). Functional 
changes in the OFC of OCD patients have also been observed following DBS in the ventral 
capsule/ventral striatum (Rauch et al., 2006) and subthalamic nucleus (Le Jeune et al., 2010). 
Similarly, in rodent studies, DBS in the core of the nucleus accumbens induced altered neu-
ronal activity in OFC neurons (McCracken and Grace, 2007; McCracken and Grace, 2009) and 
affects monoamine release in prefrontal areas (van Dijk et al., 2012). These findings suggest 
that modulation of OFC activity may be required for successful treatment of compulsive 
symptoms. It would therefore be interesting to investigate whether stimulation directly in the 
OFC can also modulate activity in the frontostriatal circuit and whether it can affect cognitive 
functioning. However, the effects of manipulating OFC activity on compulsive behavior are 
not well studied. Preliminary data suggests that DBS in the OFC can reduce compulsive be-
havior in mice (de Haas et al., 2012), whereas lesioning the OFC exacerbates ‘compulsive’ lever 
pressing in a rat model of OCD (Joel et al., 2005). The effects of manipulating OFC activity on 
cognitive functioning (e.g. reversal learning) have been studied extensively in many mam-
malian species with the reproducible outcome that lesioning the OFC results in behavioral 
inflexibility (Boulougouris et al., 2007; Brown and Bowman, 2002; McAlonan and Brown, 2003; 
Schoenbaum et al., 2002). It is therefore important to investigate the cognitive consequenc-
es of stimulation in this area before it can be suggested as a new target for DBS. Here, we 
used a test that depends on OFC integrity to study the behavioral consequences of direct 
OFC stimulation. For this, we used reversal learning, a test measuring cognitive flexibility. We 
implanted rats bilaterally with bipolar stimulation electrodes in the lateral OFC and trained 
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them in a spatial discrimination and reversal task, in which they were presented with two 
reversals during which response-reward contingencies reversed (van der Meulen et al., 2007).  

MATERIAlS AND METHODS

All experiments were approved by the Animal Experimentation Committee of the Royal 
Netherlands Academy of Arts and Sciences and were carried out in agreement with Dutch 
laws (Wet op de Dierproeven, 1996) and European regulations (Guideline 86/609/EEC). 

Animals
Fifteen male Wistar rats (weighing 290g – 340g at time of surgery, Harlan, Horst, The Neth-
erlands) were socially housed in groups of 2-4 in a controlled environment under a reversed 
day-night schedule (white lights on from 7 p.m. to 7 a.m.) throughout the experiment. Before 
surgery, rats had unlimited access to food and water. After surgery and throughout the ex-
periment, rats were food-restricted (16 grams/animal/day), maintaining 90% of free-feeding 
body weight. 

Surgery
Rats were anaesthetized with intramuscular Hypnorm (0.22mg/kg fentanyl citrate and 7 mg/
kg fluanison, VetaPharma) and subcutaneous Dormicum (1.5 mg/kg midazolam, Roche) and 
placed in a stereotactic frame. During surgery, body temperature was maintained by a tem-
perature controller and a heating pad. Bipolar stimulation electrodes consisted of two twisted 
platinum/iridium wires (wire diameter 60 µm) with one pole 500 µm ventral to the other. Stim-
ulation electrodes were implanted bilaterally in the lateral orbital prefrontal cortex (anteri-
oposterior +3.0 mm, lateral ±3.5 mm, ventral –5.4 mm relative to bregma (Paxinos and Watson, 
2007)). Electrodes were fixed to the skull with screws and dental cement. For post-operative 
pain reduction, subcutaneous Finadyne (5 mg/kg flunixine, Schering-Plough) was given. 

Apparatus
Operant chambers (Med Associates, St. Albans, VT, USA) were equipped with two retractable 
levers placed left and right from a food dispenser. Cue lights were positioned above both 
levers and a house light was located on the opposite wall of the operant chamber. Nosepokes 
in the food dispenser were recorded by an infrared sensor. Sucrose pellet (Dustless precision 
pellets®, 45 mg, Bio-Serv) delivery in the food dispenser was signaled by illumination of a light 
in the food tray that switched off when the first nosepoke after pellet delivery was made. The 
operant chambers were connected to a Med-PC interface and controlled by Med-PC software.

Experimental procedure
Approximately 1.5 weeks after surgery, rats were transported to the experimental room in 
their homecages. During the experiment, rats were attached to a cable connected to an 
isolator (DLS 100, World Precision Instruments, Sarasota, FL, USA) and stimulator (DS 8000, 
World Precision Instruments, Sarasota, FL, USA) and placed in the operant chamber. The 
cable was attached to a commutator (4 channel commutator, Plastics One, Roanoke, VA, 
USA) to allow free movement within the operant chamber. Experimental rats (n=8) received 
deep brain stimulation (120 Hz, biphasic, 200 µA, pulse width 0.08 msec) 10 minutes prior 
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and throughout all the behavioral sessions. Based on experimental data by McCreery et al 
(McCreery et al., 1990), Shannon et al (Shannon, 1992) proposed a model to determine safety 
limits for electrical stimulation: log (D) = k – log(Q), where D is the charge density per phase 
(µC/cm2/phase) and Q is the charge (µC/phase). For our electrode and stimulation settings, 
the charge density per phase is 565 µC/cm2/phase and the charge per phase is 0,016 µC/
phase, resulting in a k-value of 0,96, which is below the k-value of 1,5 that was indicated as 
safety limit (Shannon, 1992). Control rats (n=7) were attached to the stimulator, but were 
not stimulated. After finishing the behavioral session, rats were disconnected, placed back 
in their homecages and returned to the animal facility. Testing took place between 8.30 a.m. 
and 5 p.m. After the last behavioral session, a 100 µA direct current was passed through the 
electrodes to mark the final placement of the electrodes. Rats were deeply anesthetized by 
inhalation of a CO2/O2 mixture and decapitated. Brains were removed, cut on a cryostat and 
stained with cresyl violet for verification of electrode placement. 

Behavioral training
During shaping sessions, rats were trained to press a lever for a food reward. Rats were ran-
domly presented with the right or left cue light and corresponding lever. After a lever press, 
the lever was retracted, the cue light switched off and a sucrose pellet was delivered in the 
food dispenser. A successful response was followed by a variable inter-trial interval (10/20/30 
seconds). In case of an omission, cue and lever presentation ended after 60 seconds and was 
followed by a 10 second inter-trial interval. Shaping sessions consisted of 32 trials. Rats re-
ceived up to three shaping sessions per day with an inter-session interval of 2-3 hours. When 
responding to cue and lever was stable (>90% correct responses in a session) rats received 
one session during which response-reward contingencies changed from an FR1 to an FR3 
ratio, so that three lever presses had to be made on the rewarded side in order to obtain a 
sucrose pellet (lever presses did not have to be made consecutively), three lever presses to 
the unrewarded side was classified as an incorrect response. After that, rats progressed to 5 
spatial discrimination learning sessions. During discrimination sessions, rats were presented 
with left and right cue lights and levers simultaneously. Only responding to the lever on one 
side was rewarded, whereas responding to the other lever was not rewarded. The rewarded 
side was counterbalanced between rats. Discrimination sessions consisted of 64 trials with a 
variable inter-trial interval (15/25/35/45 seconds). Rats received one session per day. The day 
following the last discrimination session, rats were presented a reversal session. During the 
reversal session, response-reward contingencies were changed, so that a response to the 
previously unrewarded lever was now rewarded and vice versa. Reversal sessions consisted 
of 64 trials. Additional sessions with the reversed response-reward contingency (retention 
sessions) were given until rats reached a 90% correct response criterion. Retention sessions 
were given on the same day as the first reversal session, with an interval of at least 2 hours 
between behavioral sessions. If rats needed more than 2 retention sessions to reach criterion, 
these sessions were presented on the next day. After reaching criterion, rats were presented 
with a second reversal on the following day.

Data Analysis
All values are mean ± SEM. The total number of correct responses (3 lever presses on the 
rewarded lever) was analyzed for five sessions of discrimination learning. For reversal ses-
sions, the 64 trial session was divided into 8 blocks of 8 trials, to see changes in performance 
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throughout the behavioral sessions. We analyzed the number of correct responses per ses-
sion. Incorrect responses made after the reversal were labeled as perseverative or learning 
errors according to criteria described in Boulougouris and Robbins (Boulougouris and Rob-
bins, 2010). Errors were scored as perseverative errors if six or more errors were made consec-
utively; errors were scored as learning errors if less than six errors were made consecutively 
(see supplementary information in Boulougouris and Robbins (Boulougouris and Robbins, 
2010)). We compared the number of perseverative and learning errors made by stimulated 
and control rats. All statistical analyses were performed using PASW statistics 18. A repeated 
measures ANOVA was used. When a group or interaction effect was found, an independent 
t-test was used to test for group differences. Statistical significance was set to p ≤ 0.05. Huyn-
Feldt corrections were applied when assumptions of sphericity were violated. 
 

RESUlTS

Histology
After histological verification, two animals were excluded from data analysis. Figure 1 shows 
the placement of the electrode tips in experimental animals that were included in data anal-
ysis. Final group sizes were n=7 for the control group and n=6 for the stimulated group. 

Discrimination Learning
Figure 2A shows the performance during five sessions of discrimination learning for stim-
ulated and control rats. A main effect of time was found (F(1.837, 20.205)=137.691, p<0.001) 
indicating that learning took place 
over sessions. No significant interac-
tion or group effects were observed, 
suggesting acquisition of a spatial 
discrimination was not influenced by 
DBS in the lateral OFC. Response la-
tencies to the lever were not different 
between groups (data not shown). 

Reversal Learning
Performance during first and second 
reversal is shown in Figure 2B. All rats 
needed at least one retention sessions 
after the 64 trial reversal sessions to 
reach 90% correct response criterion. 
If rats did not reach the 90% correct 
response criterion in the first retention 
session, they were given additional 
retention sessions until criterion was 
reached. Figure 2B only shows the first 
retention sessions following reversal, 
in which all rats participated. Follow-
ing the first reversal, 5 (of 7) control 

Bregma 4.20 mm

Bregma 3.72 mm

Bregma 3.24 mm

Bregma 3.00 mm

Figure 1 Representation of electrode placements in experimental 
animals (n=6). The black marks indicate the tip of the stimulating 
electrodes. Figure adapted from Paxinos & Watson (2007). 
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rats and all (n=6) stimulated rats needed more than one retention session. Following the sec-
ond reversal, 3 (of 7) control rats and 1 (of 6) stimulated rats needed more than one retention 
session. Response latencies to the lever were not different between groups (data not shown). 
For the number of correct responses during the first reversal session, a repeated measures 
ANOVA showed a main effect for block (F(7,77)=18.851, p<0.001, a significant block*DBS inter-
action (F(7,77)= 4.411, p<0.001 and a between subjects effect for DBS (F(1,11)=8.442, p=0.014. 
An independent t-test showed blocks 3, 6 and 8 different between groups, (t(11)=2.732. 
p=0.019), (t(11)=4.211, p=0.001) and (t(11)=2.487, p=0.030) respectively. A trend was found for 
block 5 (t(11)=2.111, p=0.058). For other reversal sessions, no significant differences were found. 
We then analyzed the type of errors made by stimulated and control animals (see Figure 3). 
For perseverative errors, a repeated measures ANOVA showed a main effect for session for the 
first reversal (F(1,11)=56.482, p<0.001) and for group (F(1,11)=5.453, p=0.040). An independent 
t-test showed that the DBS group made more perseverative errors in the first reversal session 
(t(11)=-3.784, p=0.003) but not in the retention session following the first reversal. The amount 
of perseverative errors made after the second reversal and the amount of learning errors made 
after the first and second reversal did not differ between groups.                                    
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Figure 2 A. Performance during five sessions of discrimination learning. Bars indicate number of correct responses. 
Black bars indicate control animals (n=7), grey bars indicate animals stimulated in the OFC (n=6). DBS in the OFC did 
not affect acquisition of spatial discrimination learning. Data are represented as mean ± SEM. B. Number of correct 
responses during reversal learning. The 64 trial reversal sessions were divided into 8 blocks of 8 trials to see perfor-
mance during reversal sessions. Control animals (n=7) are shown in black, stimulated animals (n=6) in grey. Data are 
represented as mean ± SEM. R1.1 – first reversal, R1.2 – retention session after first reversal, R2.1 – second reversal, R2.2 
– retention session after second reversal. Only retention sessions in which all rats participated are shown.  Asterisks 
indicate blocks where stimulated and control rats show a significant difference (p<0.05) in the number of correct 
responses. 
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DISCUSSION

Here, we report that DBS of the lateral OFC impairs cognitive flexibility in a spatial rever-
sal-learning paradigm. In the current study, OFC stimulation did not affect acquisition of 
spatial discrimination learning, but during reversal learning, stimulated animals made an 
increased number of errors. They did not use negative feedback to switch responding to 
the newly rewarded side, but kept lever pressing on the side that was rewarded before the 
reversal. The increased number of errors made during reversal learning and the persistent 
response to the non-rewarding lever can be regarded as an expression of behavioral inflex-
ibility. The behavior in itself (the lever press) is appropriate, but the changing task demands 
have rendered the behavior inappropriate or disadvantageous in the current situation (after 
the reversal), as the animal will obtain fewer rewards if it does not switch its behavior. The 
perseverative responding to the previously rewarded lever occurred during the first reversal 
that was presented, but not during a second reversal. DBS in the OFC did not affect response 
latencies during discrimination or reversal sessions. 

Behavioral inflexibility has been described in rodents as well as in human and non-human 
primates with permanent OFC damage (Boulougouris et al., 2007; Dias et al., 1996; Hornak 
et al., 2004).  In addition, a dissociation between involvement of the OFC in reversal learning 
and the medial prefrontal cortex in extra dimensional set-shifting is observed across species 
(Brown and Bowman, 2002), making reversal learning a valid translational paradigm. Our 
findings may suggest that direct stimulation in the OFC can influence functionality of the 
OFC, resulting in perseverative responding during reversal learning. The observed impair-
ment during reversal learning in animals receiving high-frequency stimulation in the OFC 
resembles deficits in reversal learning described following lesions in the OFC. Permanent 
lesions in the OFC result in impairments in the ability to disengage from a previously reward-

Figure 3 Number of perseverative and learning errors made during reversal learning. Errors were classified as perse-
verative if six or more errors were made consecutively. Errors were classified as learning errors if less than six errors 
were made consecutively. A. Number of perseverative errors made during reversal learning. Control animals (n=7) 
are shown in black, stimulated animals are (n=6) shown in grey. Animals receiving DBS in the OFC make significantly 
more perseverative errors following the first reversal. B. The number of learning errors did not differ between control 
and stimulated animals. R1.1 – first reversal, R1.2 – retention session after first reversal, R2.1 – second reversal, R2.2 – 
retention session after second reversal. Data are represented as mean ± SEM. Asterisk indicates significant difference 
between control and stimulated rats. 
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ed response after altered response-reward contingencies during initial, but not subsequent 
reversals (Boulougouris et al., 2007; Dias et al., 1997; Schoenbaum et al., 2002), similar to our 
present results. These findings suggest that the OFC may be particularly important during in-
itial stages of reversal learning, when behavior has to be adjusted to novel task demands. As 
later stages of reversal are not affected by OFC damage or stimulation in the OFC, other brain 
areas may be more important during subsequent reversals (Dias et al., 1997). This is support-
ed by the observation that OFC lesions made after experience with reversal learning does not 
impair behavior, whereas OFC lesions made before reversal learning induce perseverative 
responding  (Boulougouris et al., 2007; Boulougouris and Robbins, 2009). In this experiment, 
we stimulated throughout all stages of behavioral training. The current stimulation protocol 
shows that the behavioral deficit observed after stimulation is specific for the adaptation of 
behavior following a reversal and does not affect learning of a spatial discrimination. More-
over, the similar response latencies in stimulated and control animals suggest that motor 
responses to obtain the reward are not influenced by OFC stimulation. 
  
In reversal learning, the response to the previously rewarded lever has to be withheld, while a 
response to the previously non- rewarded lever must be initiated. A defect in the former pro-
cess is associated with perseverative errors, while learning errors signal a defect in the latter 
process (Tait and Brown, 2007). Perseverative responding to the previously rewarded lever 
during reversal learning after OFC stimulation or permanent lesions to the OFC is not likely 
to be the result of impaired response inhibition, considering the intact ability to withhold 
responding to a non-rewarded lever during spatial discrimination learning. Also, devaluation 
studies have demonstrated intact response inhibition in OFC-lesioned animals when the 
outcome that could be obtained by a lever press was devalued beforehand (Ostlund and 
Balleine, 2007). Behavioral inflexibility following permanent damage to the OFC or decreased 
OFC functionality may be the result of impaired control of the OFC over subcortical regions, 
such as the basolateral amygdala and striatum (Stalnaker et al., 2007; Schoenbaum et al., 
2009). Although we cannot draw any conclusions on the effects of DBS in the OFC on neu-
ronal activity from the current study, the similarity of behavioral impairments observed after 
stimulation compared to lesions suggests that high frequency DBS in the lateral OFC either 
reduces activity in this area, or disrupts output of the OFC to other cortical or subcortical ar-
eas, thereby impairing communication in OFC circuitry and inducing behavioral inflexibility. 

The clinical efficacy of DBS in a target area does not necessarily result from direct changes 
in activity in the structure where the electrode is implanted. Rather, the therapeutic effect 
of DBS may be due to axonal stimulation resulting in alterations throughout a functional 
network (Deniau et al., 2010; McIntyre and Hahn, 2010). Stimulation in different nodes within 
a functional circuit apparently results in similar clinical efficacy by affecting the same projec-
tion fibers (Lehman et al., 2011).  OFC projections could be hypothesized as a target area for 
DBS electrode implantation, provided stimulation of this area results in normalization of OFC 
hyperactivity without adverse effects. However, direct stimulation of the OFC increased the 
number of perseverative errors during reversal learning, suggesting that behavioral inflex-
ibility transiently increases instead of decreases after OFC stimulation. The present results 
suggest that caution should be exerted before applying high frequency stimulation of the 
OFC in disorders with behavioral flexibility as a core symptom and that cognitive side effect 
should be monitored closely. It is relevant to note that it is not known yet if the DBS-induced 
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inflexibility is sustained upon continuous stimulation. Whether low frequency stimulation 
in the OFC may have opposite behavioral effects, resulting in increased cognitive flexibility 
remains to be seen. 

There are some limitations to our study. First, it was performed in healthy rats that do not 
show a hyperactive OFC or alterations in frontostriatal circuitry. We do not know whether 
OFC stimulation would normalize OFC hyperactivity in resting state and in which way im-
paired functional activity during cognitive performance may be affected by DBS. This would 
require the use of animal models that show prefrontal hyperactivity. However, we are not 
aware of a currently available animal model of compulsions for which OFC hyperactivity has 
been directly demonstrated. However, the use of healthy animals does permit to study the 
effects of DBS in new target areas on physiological functioning and normal behavior. An-
other limitation in the present study is the duration of stimulation in this experiment. DBS 
started 10 minutes before and lasted throughout a behavioral session, but animals were 
not chronically stimulated in between behavioral sessions. Acute effects observed after the 
start of stimulation may differ from effects following long-term stimulation. Although we 
observed DBS-induced inflexibility in the first reversal presented, it is not known yet if con-
tinuous stimulation has a similar effect.

CONClUSION

This study shows that DBS in the lateral OFC selectively impairs performance on an initial 
reversal in a spatial reversal learning paradigm. Stimulated rats continue responding to the 
previously rewarded lever. This perseveration is short lasting and discrimination learning is 
not affected. These findings demonstrate that during a cognitive task depending on intact 
frontostriatal circuitry, DBS in the OFC resulted in behavioral deficits that parallel deficits ob-
served after loss of function in the OFC.  
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