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Inhibitory Pedunculopontine Neurons Gate Dopamine-Mediated Motor 
Actions of Unsigned Valence 
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1Center for Molecular and Behavioral Neuroscience, Rutgers University, Newark, NJ, USA 

 Abstract: Background: The pedunculopontine nucleus (PPN) maintains a bidirectional connectivity 
with the basal ganglia that supports their shared roles in the selection and execution of motor actions. 
Previous studies identified a role for PPN neurons in goal-directed behavior, but the cellular substrates 
underlying this function have not been elucidated. We recently revealed the existence of a monosynap-
tic GABAergic input from the PPN that inhibits dopamine neurons of the substantia nigra. Activation 
of this pathway interferes with the execution of learned motor sequences when the actions are reward-
ed, even though the inhibition of dopamine neurons did not shift the value of the action, hence sug-
gesting executive control over the gating of behavior.  

Objective: To test the attributes of the inhibition of dopamine neurons by the PPN in the context of 
goal-directed behavior regardless of whether the outcome is positively or negatively reinforced.  

Methods: We delivered optogenetic stimulation to PPN GABAergic axon terminals in the substantia 
nigra during a battery of behavioral tasks with positive and negative valence.  

Results: Inhibition of dopamine neurons by PPN optogenetic activation during an appetitive task im-
paired the initiation and overall execution of the behavioral sequence without affecting the consump-
tion of reward. During an active avoidance task, the same activation impaired the ability of mice to 
avoid a foot shock, but their escape response was unaffected. In addition, responses to potential threats 
were significantly attenuated.  

Conclusion: Our results show that PPN GABAergic neurons modulate learned, goal-directed behavior 
of unsigned valence without affecting overall motor behavior. 
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1. INTRODUCTION 

 Goal-directed behavior is the selection and execution of 
actions that are intended to lead to favorable outcomes: at-
taining a positive outcome like finding food or avoiding a 
negative outcome like a potential threat. The basal ganglia 
have long been recognized as the central hub for action se-
lection, integrating cognitive and motor functions through its 
complex circuitry of afferent and efferent connectivity [1-4]. 
An important modulator of basal ganglia function is dopa-
mine [5-9]. Decades of research have implicated dopamine 
and its effects on striatal activity as a major player in action 
selection through its role in encoding the initiation and ter-
mination of behavioral sequences [10-15] in reward-
associated learning by providing a reinforcement signal (i.e., 
the reward prediction error) [16-20], and in encoding choice 
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itself [21, 22]. To understand how dopamine activity is mod-
ulated across distinct behavioral contexts, it is essential to 
identify the major sources of excitation and inhibition to 
dopamine neurons and characterize their impact on dopa-
mine function.  

 One such major source is the pedunculopontine nucleus 
(PPN), which provides dopamine neurons with a rich and 
dense array of afferents, including cholinergic, glutamatergic 
and GABAergic [23-27]. Similar to the basal ganglia, the 
PPN has been shown to encode motor and cognitive func-
tions. Glutamatergic neurons have been identified as a cen-
tral component of the mesencephalic locomotor region due 
to their capability to initiate or stop locomotion and adjust 
muscle tone [28-32]. Cholinergic neurons have been pro-
posed to mediate adaptive behavior by signaling a deviation 
from expected associations due to changing contingencies 
[33-37]. Both cholinergic and glutamatergic neurons modu-
late the activity of dopamine neurons and the release of do-
pamine across striatal regions [23, 38-41]. In contrast to the 
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excitatory neurons, GABAergic neurons are less well-
characterized. Nevertheless, we have recently reported that 
their most prominent axonal target is the substantia nigra 
pars compacta, where they inhibit dopamine neurons and 
block goal-directed behavioral sequences [27]. 
 The role of PPN neurons in goal-directed behavior has 
previously been investigated. Inactivation or lesioning of the 
PPN led to failure in goal-directed tasks that required a 
change of behavioral strategy. When faced with a change of 
contingencies, increase of lever pressing demands or reward 
degradation, rats failed to adapt their actions and made per-
severative errors [42-44]. Furthermore, tetrode recordings in 
freely moving mice showed that PPN neurons encode previ-
ous choices and therefore influence later decisions, which are 
impacted by PPN inactivation [45]. PPN neurons have also 
been shown to respond to cues and rewards [46-50] and en-
code motivational value and salience [51-53]. Altogether, 
these studies suggest a prominent role of PPN neurons in 
adaptive behavior through their influence over the selection 
of shifting goals and the execution of selected behavioral 
responses. However, the mechanistic basis for such functions 
has not been elucidated. 
 Based on the dense connectivity of PPN GABAergic 
(PPNGABA) neurons over dopamine neurons and their influ-
ence on reinforced behavior [27], we set out to fully charac-
terize the impact of PPN inhibition on dopamine-mediated 
goal-directed behavior and identify what specific aspects of 
the behavioral sequence are affected. If PPN-mediated inhibi-
tion of dopamine neurons reduced the value of a reward, we 
would expect to find an effect only on positively reinforced 
behavior. However, if PPN inhibition regulated the expression 
of behavior by adjusting the motor response to the expected 
valence of the action, we would expect to observe a behavioral 
effect regardless of whether the outcome leads to a reward or 
prevents punishment/threat (negative reinforcement). Our 
results show that under opposite reinforcement contingen-
cies, PPNGABA neurons gate the expression of purposive be-
havior and suggest a universal role for the PPN to direct the 
choice of behavior depending on the context. 

2. MATERIALS AND METHODS  

2.1. Animals 

 All experimental procedures were approved by Rutgers 
University’s Institutional Animal Care and Use Committee 
(IACUC) and in accordance with the standards outlined in 
the eighth edition of the Guide for the Care and Use of La-
boratory Animals (National Academy of Sciences, The Na-
tional Academies Press, Washington, D.C.). Adult male and 
female (>3 months old) VGAT::Cre mice (Jackson Labora-
tory, 028862), in which the Cre recombinase expression is 
associated with the vesicular GABA transporter, were used 
in all experiments. All animals were single-housed and main-
tained on a 12:12 light cycle (light on at 7 am), with ad libi-
tum access to water. Food restriction was implemented for 
one of the behavioral tasks (see below).  

2.2. Surgical Procedures 

 General anesthesia was induced and maintained with 
Isofluorane while animals were secured in a stereotaxic 

frame (Kopf Instruments). Body temperature was maintained 
at 37 ± 1°C with a heating pad. All surgical tools were steri-
lized with an autoclave or heat bead sterilizer. A small inci-
sion was made on the scalp, exposing the skull surface. Burr 
holes were drilled in the skull at the designated stereotaxic 
coordinates for PPN (AP and ML relative to Bregma, DV 
relative to dura: -4.3 AP, ± 1.2 ML, -3.4 DV). Viral con-
structs were infused using a microsyringe (Hamilton Com-
pany) connected to an electronic pump at a rate of 5nl/min 
and 40 nl of AAV-EF1a-DIO-hChR2(H134R)-EYFP-WPRE-
pA or AAV-EF1a-DIO-EYFP-WPRE-pa (control virus) 
were injected bilaterally into the PPN for experimental and 
control animals, respectively. Animals were housed under 
BSL-2 quarantine conditions and received postoperative care 
for 3 days post-surgery. After 3 days, they were moved to the 
BSL-1 area for continued monitoring.  
 Following the viral injection surgeries, animals were al-
lowed to recover for at least two weeks before undergoing 
chronic implantation of optic fibers above the substantia 
nigra pars compacta to target PPNGABA axons. The anesthetic 
and postoperative procedures were identical to those de-
scribed above. Burr holes were drilled at the designated stereo-
taxic coordinates (AP and ML relative to Bregma, DV relative 
to dura): -3.1 AP, ± 1.5 ML, -3.6 DV. Mice were then im-
planted bilaterally with custom-made 200 μm-diameter optic 
fibers (fiber and ferrules Thorlabs), 200μm above the substan-
tia nigra. The implants were secured with skull screws 
(McMaster Carr) and dental cement (Prime-Dent). 

2.3. Behavioral Procedures 

2.3.1. Open Field Evaluation with Anymaze 

 The animals were allowed at least six weeks after the 
injection surgeries and two weeks after the implantation sur-
geries before they participated in behavioral tasks. All mice 
were handled by the experimenter in the animal facility for 
10 min, twice per day for 3 days before testing. They were 
then subjected to a single-trial, open-field session to test the 
efficacy of the optic stimulation [27]. Animals were brought 
to the experimental room and allowed 20 min of room ac-
climation in their home cages. During the trial, a split patch 
cord (Thorlabs) was connected to the implanted optic fiber 
ferrules. Optic stimulation (10 s pulse train: 20 Hz, 20 ms) 
was provided by a blue laser (473 nm, CrystaLaser) connect-
ed to the patch cord via a rotary joint (Doric Lenses Inc). To 
ensure a constant stimulation power across trials and ani-
mals, the laser output was titrated with an optical power 
monitor (Thorlabs) before each session to be at 6 mW with 
the above stimulation parameters. Once an animal was at-
tached to the patch cord, it was released into an open field 
arena (40 x 40 cm) and its behavior was tracked with ANY-
maze tracking software (Stoelting Co.). Each trial consisted 
of the following: 5 min of free exploration without laser 
stimulation, followed by 10 min of stimulation epochs (30s 
epochs as follows: 10s laser off, 10s laser on and 10s laser 
off; (n = 20 epochs per trial; (Fig. 1, 1C)). After the testing 
phase, animals were returned to their home cages.  

2.3.2. Runway Task 

 Prior to this task, mice were food restricted to increase 
motivation during training. Training on the runway task 
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commenced once the animals reached 85% of their baseline 
bodyweight. The runway is an elongated rectangular arena 
(64 cm* 11.5 cm* 12.5 cm), with a gate at one end blocking 
access to the rest of the runway. All trials started in the start-
ing zone (8 cm* 11.5 cm* 12.5 cm) with the gate closed. At 
the other end of the runway, the reward zone (8 cm* 11.5 cm 
*12.5 cm) consistently contained one piece of food reward 
during all trials. To acclimate animals to the runway, mice 
were placed in the starting zone for 2 min, after which the 
gate opened, and they were allowed free exploration for 10 
min. A food reward (white chocolate chip) was placed at the 
end of the runway (in the reward zone) as reinforcement. 
During the training phase, every animal underwent four non-
consecutive trials per session. After 1 min in the starting 
zone, the gate opened, and the mouse was allowed to navi-
gate to the reward zone in order to consume the food reward. 
If any of the following behaviors took place, the mouse was 
immediately taken out of the runway and placed in the home 
cage as a time-out punishment: (1) if it did not exit the start-
ing zone in 10 s, (2) if it paused for more than 1s in the run-
way, (3) if it started to walk back to the starting zone while 
in the runway, or (4) if it did not start eating within 3 s of 
arriving at the reward zone. If animals received a time-out 
punishment, they did not have an opportunity to make up for 
the missed trial. Each day, one randomly selected trial was 
run with the patch cords attached to the optic fiber implants 
for habituation. Animals moved to the testing phase once 
they completed four consecutive unpunished trials. The test-
ing phase lasted for 14 days, and each day the animals un-
derwent four trials. For two of the trials, laser stimulation 
was not delivered (blank trials), and the trials served as with-
in-group controls. For the two experimental trials (laser tri-
als), laser stimulation was administered for 5 seconds at 4 
possible time points: (1) immediately after the starting zone 
gate opened and the animal gained access to the runway 
(STIM 1), (2) when the animal crossed the midpoint of the 
runway (STIM 2), (3) when the animal reached the end of 
the runway before entering the reward zone (STIM 3), or (4) 
five seconds after the animal entered the reward zone (STIM 
4; (Fig. 1, 1D). The four types of laser trials were counter-
balanced, and the animal velocity and position were recorded 
using the ANYmaze software. All trials were manually mon-
itored and terminated immediately after the animal finished 
the food reward so that the time spent in the food zone could 
be used as a representation of time spent consuming the food 
reward.  

2.3.3. Active Avoidance Task 

 Animals entered the training phase of the active avoid-
ance task only after they fully recovered their baseline body 
weight from food restriction. For two consecutive days, the 
animals were habituated to the experimental room and test-
ing chamber. The active avoidance chamber consisted of an 
open arena (60 cm* 28.5 cm) divided into two identical 
halves, each containing an individual grid tile. Each grid tile 
was connected to a separate shocker capable of delivering 
weak electrical currents through the connected tile only. 
LED light panels were placed under each grid tile to serve as 
visual stimuli (Fig. 2A). After acclimation, the training phase 
began. Each day the animals underwent one training session 

consisting of 3 min of acclimation followed by 54 trials of 
the active avoidance task. Each trial started with one of the 
two light panels lighting up for 5 s, which served as the con-
ditioned stimulus (CS). After 5 s of CS presentation, a weak 
electric shock (0.4 mA) was delivered through the metal grid 
above the lit panel as the unconditioned stimulus (US). The 
shock lasted for 5s, during which the light panel stayed on. 
After the 10s CS presentation, both the light panel and the 
shocker were turned off, and animals had an intertrial inter-
val (ITI) of 25-35 s before the next trial commenced. To pre-
clude side biases, each session was pseudorandomized so 
that the left and right grid tiles delivered the CS + US com-
bination for an equal number of times. During training, an 
active avoidance trial was considered successful when the 
animal started the trial on the lit grid tile but managed to 
avoid the electric shock by moving to the other grid tile. If 
the animal started the trial on the unlit tile and moved into 
the lit tile during the shock, the trial was discarded.  Training 
performance was determined by the number of active avoid-
ance responses made. Once the animals reached the thresh-
old of 70% successful active avoidance performance for 3 
consecutive days, they were moved to the testing phase. One 
animal was not able to reach the threshold and was excluded 
from the experiment.  
 The active avoidance testing protocol was identical to the 
training protocol, with the addition of a 5 s laser stimulation 
(20 Hz, 20 ms pulses; 473 nm) time-locked to the onset of 
the CS in 50% of the trials. Animal performance under stim-
ulation was recorded with the ANYmaze system for analysis. 
The testing phase lasted for five days, after which one single 
session of escape testing (i.e., unavoidable shock) was per-
formed. During this session, the light and the shock were 
presented concomitantly for five seconds and were followed 
by a 25-35 s ITI. The laser stimulation was present in every 
trial and was time-locked to the onset and offset of the 
shock. The trials were pseudorandomized so that the left and 
right tiles were activated an equal number of times, and the 
session concluded after the animal received 10 shocks.   

2.3.4. Novel Object Interaction Task 

 Mice were first habituated to being connected to the 
patchcord for optogenetic stimulation in an open field over at 
least two 15 min sessions. Subsequently, they were habituat-
ed to a box of 30*45 cm with a white floor, white walls, and 
no objects for 15 min. General locomotor activity was meas-
ured during the habituation sessions. After habituation, a 
novel object (a torch) was placed in the center of the box, 
and we measured the animals’ interactions with the object in 
a 15-min session. When the animals entered within a 50mm 
radius of the novel object (head first, entries of other parts of 
the body did not count), a blue laser for optogenetic stimula-
tion was activated. The pulse train was the same as described 
above. When mice left this stimulation zone, the laser 
stopped. If they stayed for longer than 10 s, the laser paused 
for a duration of 5 s and resumed again unless the mice had 
left the zone by then. We measured the time mice spent with-
in this radius and only considered the time their heads were 
oriented towards the object as “interaction with the object”, 
to rule out the possibility that mice intended to retreat but 
were too slow or unable to do so. 
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2.4. Immunohistochemistry and Histological Verification 
of Injection and Implantation Site 

 Following the completion of all experiments, animals 
were euthanized with an intraperitoneal injection of pento-
barbital solution (250 mg/kg) and perfused with 0.1 M phos-
phate buffer solution (PBS) followed by 4% paraformalde-
hyde solution. Brains were removed, and sagittal sections 
were collected using a vibrating microtome (Leica) at 50 μm 
thickness. Sections selected for staining were 300 μm apart 
on the mediolateral axis. Immunohistochemical processing 
was initiated by blocking the sections with 10% normal don-
key serum (Jackson Immunoresearch) in PBS-Triton for 1.5 
h. Primary antibodies against choline acetyltransferase (host: 
goat, 1:500, AB144P, Millipore), tyrosine hydroxylase (host: 
mouse, 1:1000, T2928, Sigma; or host: rabbit, 1:500, 
AB152, Millipore), and green fluorescent protein (conjugat-
ed with Alexa 488; host: rabbit, 1:1000, A21311, Invitrogen) 
were incubated overnight. Secondary antibodies conjugated 
with different fluorophores were incubated on the following 
day for 3.5 h (Cy5, anti-goat 705-175-147, anti-rabbit 711-
175-152, anti-mouse 715-175-150; Alexa405, anti-rabbit 
711-475-152; all 1:250, Jackson Immunoresearch). Sections 
were then rinsed with PBS and mounted with a mounting 
medium (Vectashield). Sections containing the PPN were 
used for the anatomical verification of the expression of 
ChR2 in PPNGABA neurons. Cholinergic neurons identified 
by the presence of a positive reaction to Anti-ChAT served 
as the approximate boundary of the PPN. Sections containing 
the SNc were assessed for the location of the optic fibers. 
The fiber tip had to be 200-400 um above the SNc, identified 
by TH-positive neurons. 

2.5. Statistical Analysis 

 The significance level was set at P ≤ 0.05. Parametric 
testing was used whenever possible to test differences be-
tween two or more means. Normality was tested using the 
Shapiro-Wilk tests, and Levene’s test was conducted to as-
sess homogeneity. Mild violations of normality and homo-
geneity were accepted. For severe violations of normality 
and homogeneity in the active avoidance task, the non-
parametric Mann-Whitney-U test was used. Main effects and 
interactions were followed up by planned comparisons when 
found significant and Bonferroni corrected. Statistical tests 
were done using SPSS (IBM) and Matlab (MathWorks). 

3. RESULTS 

3.1. Inhibition of Dopamine Neurons by PPNGABA Axons 
Blocks Specific Components of a Reinforced Behavioral 
Sequence 

 We have previously shown that inhibiting dopamine neu-
rons by activating PPNGABA afferents interrupts goal-directed 
action sequences in an operant task [27]. To determine 
whether the inhibitory effect interferes with the overall en-
gagement in goal-directed behavior or with specific compo-
nents of it (i.e., the initiation, execution of the task or con-
sumption of the reward), we tested mice in an appetitive 
conditioning task that allows the parcellated analysis of the 
motor sequence. For this purpose, we expressed ChR2 in 

PPNGABA neurons of VGAT::Cre mice and implanted optic 
fibers above the substantia nigra (Fig. 1A, B). Before train-
ing, mice were tested in the open field to confirm the previ-
ously reported decrease in exploratory locomotion during 
PPNGABA axon stimulation [27]; only mice that showed the 
described response to the laser were included in the experi-
mental group (mixed ANOVA, interaction: F(1,7) = 54.55,  
p < 0.001, n = 9; univariate ANOVA, control vs. experi-
mental: F(1,7) = 41.678,  p < 0.001, control: n = 3, experi-
mental: n = 6; Fig. 1C).  
 Next, we trained the mice in a custom-made runway task 
where animals learned to traverse a corridor without inter-
ruption to retrieve a food reward at the opposite end (see 
Methods for details). To analyze the performance of mice 
during this task, the runway was segmented into 4 zones: the 
starting zone (closed by a gate) to evaluate action initiation, 
the first and second halves of the runway to evaluate action 
execution and vigor, and the reward zone to evaluate reward 
retrieval and consummatory behavior. Mice learned to com-
plete the task following an average of 34.44 ± 0.88 trials, 
taking an average of 3.78s ± 1.44s in each trial. Following 
training, we tested mice by delivering a 5s-long, bilateral 
optogenetic stimulation train through the implanted optic 
fibers at the following locations along the runway: in the 
starting zone at gate opening (STIM 1) to test the stimulation 
effect on action initiation, at the midpoint of the runway 
(STIM 2) to test ongoing action execution, at the end of the 
runway before entering the reward zone (STIM 3) to test the 
stimulation effect on action transition from running to re-
ward retrieval, and in the reward zone to test the effect on 
reward consumption (STIM 4; Fig. 1D). We found that 
optogenetic stimulation in experimental animals (n = 6) dur-
ing STIM 1 trials delayed the initiation of the motor action, 
and they remained significantly longer in the starting zone 
than the controls (n = 3; Fig. 1E left; mixed ANOVA, inter-
action: F(1,7) = 6.676, p = 0.036, n = 9 [sphericity assumed]; 
repeated measures ANOVA on experimental group: F(1,5) = 
21.573, p = 0.006, n = 6). Interestingly, STIM 1 trials also 
produced an effect on the vigor of the execution of the task, 
shown by a significantly slower speed in experimental ani-
mals in the first half of the runway (Fig. 1E right; mixed 
ANOVA, interaction:  F(1,7) = 7.029, p = 0.033, n = 9 (sphe-
ricity assumed); repeated measures ANOVA on the experi-
mental group: F(1,5) = 49.208,  p < 0.001, n = 6). Similarly, 
we found that during STIM 2 trials (stimulation at the mid-
point of the runway), action execution was affected, as shown 
by a significant reduction in the speed of experimental animals 
(Fig. 1F); mixed ANOVA, interaction:  F(2,14) = 5.118, p = 
0.021, n = 9 (sphericity assumed); repeated measure ANOVA 
on experimental group: F(2,10) = 19.518,  p < 0.001, n = 6). 
STIM 3 trials tested if the stimulation affects the completion 
of the task (reaching the end of the runway) when mice tran-
sition from running to retrieving the reward.  The combined 
time mice spent in the reward zone from entering to the end 
of food consumption was notably increased in 3 out of 6 
experimental mice (Fig. 1G). However, no differences were 
observed between groups in STIM 4 trials, suggesting that 
PPN-mediated inhibition of dopamine activity does not  
interfere with reward retrieval and consumption (Fig. 1H); 
mixed ANOVA, interaction:  F(2,14) = 0.779, p = 0.478,  
n = 9 (sphericity assumed); repeated measure ANOVA on 
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Fig. (1). Stimulation of PPNGABA axons in the substantia nigra affects action initiation and execution but not consumptive behavior. (A) 
Schematic description of the experimental preparation. (B) Histological verification of the optic fiber placement above the substantia nigra 
and adjacent to YFP-positive PPN axons expressing ChR2. (C) Optogenetic stimulation in the open field reduced spontaneous locomotor 
activity (as in [27]) and was used as the inclusion criterion for subsequent experiments. (D) Runway design: all animals started the trials in 
the starting zone. The total length of the runway was divided into two equally long halves and contained a reward zone at the opposite end of 
the runway. Stimulation was delivered at one out of four possible locations along the runway (STIM 1, 2, 3 and 4; order counterbalanced). (E) 
In STIM 1 trial, experimental animals spent significantly longer in the starting zone and reduced their speed in the first half of the run-
way. (F) STIM 2 significantly reduced the speed of mice in the second half of the runway. (G) STIM 3 caused an increase in time spent in the 
reward zone (from entering to finishing reward consumption) in a subset of animals but did not reach significance. (H) STIM 4 did not affect 
reward consumption as measured by the time spent in the reward zone. Abbreviations: SNc, substantia nigra pars compacta; SNr, substantia 
nigra pars reticulata. Scale bar in B: 150 µm. Datapoints in E-H represent individual animals. Data represented as mean ± SEM. (A higher 
resolution/colour version of this figure is available in the electronic copy of the article). 
 
the experimental group: F(2,10) = 4.825, p = 0.034, n = 6 
(sphericity assumed); post hoc Bonferroni corrected: blank 
vs. Stim 3: p = 0.402; blank vs. Stim 4: p = 0.278; Stim 3 vs 
Stim 4: p = 0.143). These results demonstrate that the inhibi-
tory effect of PPNGABA neurons on dopamine neurons delays 
action initiation and reduces the vigor of the execution of 
goal-directed behavior but does not have an effect on innate, 
consumptive behavior.  

3.2. Optogenetic Activation of PPNGABA Axons Impairs 
Active Avoidance Behavior 

 Dopamine neurons have been shown to encode a variety 
of aversive stimuli and contribute critically to the generation 
of goal-directed behavioral sequences to avoid threat or harm 
[54-56]. We, therefore, aimed to determine whether learned 
actions in response to stimuli signaling aversive outcomes 
are also delayed or interrupted by dopamine inhibition by 
PPNGABA axons. Mice were trained in an active avoidance 
paradigm in which they were conditioned to avoid a mild 
foot shock by crossing to the alternative side of the testing 
chamber following the presentation of a visual cue (see 
Methods for details; Fig. 2A). During the training phase, 

active avoidance performance for all animals steadily im-
proved until it reached a pre-defined 70% threshold (Fig. 
2B). During the testing phase, the onset of the conditioned 
stimulus (light) was paired with PPNGABA axon stimulation in 
the substantia nigra in 50% of the trials. We found that the 
stimulation prevented experimental animals (n = 6) from 
engaging in avoidance behavior, i.e., they did not cross over 
to the alternative side of the chamber as control animals did 
(n = 2) and therefore received a mild foot shock (Fig. 2C). 
Accordingly, the percentage of successful active avoidance 
trials significantly dropped in experimental animals when 
stimulated (Fig. 2D; 2x2 (trial type x group) 2-way ANOVA, 
interaction: F(1,12) = 11.573, p = 0.005;  control vs experi-
mental group: F(1,12) = 18.574, p = 0.001, n = 8). This ef-
fect did not cause any extinction of the learned behavior nor 
a decrease in their willingness and motivation to complete 
the task: during the blank trials (no laser delivery), the exper-
imental animals performed at a level (80% ± 14%) that is 
comparable both to their own pre-testing performance (80% 
± 8%) and that of the control animals (75% ± 15%; mixed 
ANOVA, interaction: F(1,6) = 0.04, p = 0.85, n = 8). In a 
small percentage of trials (‘escape’ trials), mice received a 
foot shock simultaneously with laser stimulation without the 
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Fig. (2). Stimulation of PPNGABA axons in the substantia nigra impaired active avoidance but not escape behavior. (A) Active avoidance trials 
consisted of the presentation of a conditioned stimulus (CS, light) followed by a shock on the same side of the chamber after a 5s delay. In 
50% of the trials, the CS was paired with optogenetic stimulation. Escape trials consisted of a mild foot shock paired with laser stimulation 
(i.e., without preceding CS). (B) Mice learned the active avoidance task within 13-14 days (each line represents one animal). (C, D) Experi-
mental animals performed significantly worse than controls during the laser trials in the active avoidance task. No difference between experi-
mental and control animals was observed during blank trials. The performance of control animals remained consistent between blank and 
laser trials. The shaded area in D represents SEM. (E) No difference in the ability to escape the foot shock was observed between groups dur-
ing laser trials. Datapoints in D and E represent individual animals. Data represented as mean ± SEM. (A higher resolution/colour version of 
this figure is available in the electronic copy of the article). 
 
conditioned stimulus (i.e., the light and stimulation were 
presented concomitantly with the foot shock). In contrast to 
the active avoidance trials, the behavior during escape trials 
was not affected: experimental animals escaped the shock-
paired side of the chamber in less than 5 seconds (i.e., before 
the end of the optogenetic stimulation) in almost all the tri-
als, and their success rate in escaping did not differ from 
controls (Mann-Whitney U test: U = 7.5, z = 0.655, p = 
0.643, n = 8; Fig. 2E). These results suggest that under nega-
tive reinforcement contingencies, motor actions are gated by 
PPNGABA neurons. Together with the previous results in the 
appetitive runway task, our data show that PPNGABA neurons 
engage in modulating action responses of both appetitive and 
aversive valence, suggesting a role in gating goal-directed 
behavior under salient contingencies.  

3.3. Activation of PPNGABA Neurons Reduces Retreat Be-
havior Without Prior Experience of Negative Outcomes 

 Previous studies have shown that exploratory behavior of 
novel objects is organized in bouts of approaches followed 
by avoidance behavior (i.e., retreats) and that avoidance re-
sponses to novel stimuli and potential threats are blocked by 
ablating dopamine neurons projecting to the so-called tail of 
the striatum (TS) [54, 57]. Further, dopamine neurons that 
encode stimulus intensity and value project to the caudal end 

of the striatum, including the TS [58]. Because PPNGABA 
neurons innervate the lateral substantia nigra and their  
activation decreases dopamine release in the caudal part  
of the striatum [27], we set out to investigate whether 
PPNGABA neurons are capable of modulating avoidance re-
sponses to novel objects. To this end, mice were exposed to a 
novel object in a testing cage, and their location with respect 
to the object was recorded during the trial. When mice en-
tered within a 50 mm radius of the object (stimulation zone), 
and their head was oriented towards it, optogenetic stimula-
tion was delivered for 10 s (or until the animals exited the  
50 mm radius; stimulation parameters as described above; 
Fig. 3A). The stimulation did not cause the experimental 
mice (n = 9) to engage in more or fewer bouts of approach-
avoidance compared to control mice (n = 3; univariate 
ANOVA, control vs experimental group: F(1,10) = 0.302,  
p = 0.595, n = 12; Fig. 3B). However, in comparison to  
control animals, experimental animals interacted for a longer 
time with the novel object, therefore suggesting less  
engagement in retreat behavior (Fig. 3C; univariate ANO-
VA, control vs. experimental group: F(1,10) = 6.603,  
p = 0.028, n = 12). Importantly, the stimulation did not pro-
duce a motor effect that reduced their ability to retreat, as both 
groups moved similarly within the stimulation zone (Fig. 3D; 
univariate ANOVA, control vs. experimental group: F(1,10) 
= 2.706, p = 0.131, n = 12) and experimental mice exited the 
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Fig. (3). Stimulation of PPNGABA axons in the substantia nigra diminishes retreat responses in a novel object interaction task. (A) Optogenetic 
stimulation was delivered when mice entered a radius of 50mm within the novel object. Stimulation duration was either 10s or until mice left 
the 50mm radius. (B, C) Experimental animals engaged in the same number of interaction bouts as control animals but had significantly long-
er interaction bouts with the novel object. (D, E) Optogenetic stimulation neither reduced distance traveled nor changed head orientation to-
wards the object in experimental animals, suggesting that the increased interaction time in C was not due to motor impairment. Datapoints in 
B and E represent individual animals. Data represented as mean ± SEM. (A higher resolution/colour version of this figure is available in the 
electronic copy of the article). 
 
stimulation zone on average after 7.7s ± 0.8s SEM (i.e., be-
fore the laser was off; laser duration: 10s). Furthermore, ex-
perimental mice were oriented towards the novel object for 
as long as controls did (Fig. 3E; univariate ANOVA, control 
vs. experimental group: F(1,10) = 0.474, p = 0.507, n = 12), 
suggesting a similar type of active engagement with the ob-
ject while animals were inside the zone. Overall, experi-
mental animals increased the interaction time with the object 
from the first visit, as opposed to controls which gradually 
increased their interactions by presumably learning that the 
object posed no threat (data not shown). These data suggest 
that dopamine neurons receiving inhibitory input from the 
PPN have a role in the initiation, potentially through rein-
forcement [54], of avoidance behavior, which the PPN is 
able to modulate. Our data thus show that the inhibitory in-
put from the PPN to dopamine neurons is capable of modu-
lating learned, goal-directed behaviors, not only when asso-
ciated with a reward or punishment but even if the positive 
outcome (avoidance of a threat) is innate.  

4. DISCUSSION 

 The results presented here demonstrate that PPNGABA 
neurons participate in the modulation of goal-directed behav-
ior through their connectivity with dopamine neurons of the 
substantia nigra. We first showed that PPNGABA-mediated 
inhibition of dopamine neurons perturbed discrete elements 
of a goal-directed behavioral sequence, delaying the initia-
tion and execution (vigor) of actions without affecting re-
ward consumption. Next, we showed that the same experi-
mental manipulation impaired the ability of animals to initi-
ate conditioned avoidance behavior following the presenta-
tion of a cue that predicts a foot shock, whereas the escape 

motor response was unaffected. Last, we showed that activa-
tion of PPNGABA neurons decreases the perception of threat 
associated with a novel object, leading to more engagement 
with, and less retreat from, the object.  Taken together, our 
results suggest that PPNGABA neurons interfere with the inte-
gration of sensory cues that predict positive or negative out-
comes, therefore effectively blocking the learned actions 
necessary to reach a goal (approach or avoid). Interestingly, 
however, we recently showed that activation of PPNGABA 
neurons also blocks the initiation and execution of self-paced 
reinforced behavior that is not associated with any cues [27], 
suggesting that rather than a failure to associate a cue with an 
outcome, PPNGABA neurons specifically block actions that 
are modulated by their valence, regardless of whether these 
are positively or negatively reinforced (leading to a reward 
or the removal of a threat; i.e., unsigned). These effects are 
in agreement with the role of dopamine over striatal regions 
associated with the initiation of actions [59-62], the modula-
tion of action vigor [63-66] and the encoding of valence [67-
69]. 
 Striatal dopamine signals are critical for the initiation and 
execution of goal-directed action sequences. Both striatal 
projection neurons (SPNs) and dopamine neurons of the sub-
stantia nigra increase their firing rate prior to the initiation of 
goal-directed behavior the disruption of which leads to delay 
or abortion of planned behavior [10]. Optogenetic inhibition 
of dopamine neurons decreases the probability of action ini-
tiation of learned sequences [12], while both optogenetic 
excitation and inhibition of SPNs increase latency to action 
initiation [70, 71]. These behavioral observations resemble 
the effects that we showed on the runway, where stimulation 
of the PPNGABA terminals before action initiation (starting 
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chamber) significantly delayed learned behavior, likely 
through the inhibition of dopamine release [27] and the sub-
sequent perturbation of SPN activity. During action execu-
tion, such as lever pressing, dopamine levels increase [72], 
and direct pathway SPNs maintain an elevated firing rate 
extending over the entire motor sequence [11]. A decrease in 
striatal dopamine levels changes the balance between the 
activity of direct and indirect SPNs and biases the basal gan-
glia output towards the indirect pathway, interrupting ongo-
ing actions, possibly in favor of alternative actions [71]. By 
inhibiting dopamine release in the striatum [27], activation of 
PPNGABA neurons may be shifting the striatal output in favor 
of the activation of indirect SPNs.  
 By stimulating PPNGABA axons in the lateral part of the 
substantia nigra (where PPN axons show their densest distri-
bution), dopamine neurons projecting to the caudal parts of 
the dorsolateral striatum (including the TS) were most likely 
inhibited [73]. Dopamine activity in these striatal areas en-
codes stimuli of positive value but also stimulus intensity, 
including stimuli that signal potential threats and lead to 
avoidance behavior [54, 74, 75]. The effect of inhibition of 
dopamine neurons by the PPN on the initiation and execution 
of the runway task supports the effect of a reduction of do-
pamine release in the dorsolateral striatum [10, 11, 76]. In 
contrast, the behavioral effects observed in the active avoid-
ance and novel object interaction tasks suggest a reduction of 
dopamine release in the TS [54, 57]. Dopamine in the TS 
suppresses engagement with a novel object, and the ablation 
of TS-projecting dopamine neurons inhibits avoidance be-
havior, like a retreat from a novel stimulus [54]. The pro-
longed interaction time with the novel object and the reduc-
tion of foot shock avoidance resemble the effects of TS abla-
tions in the literature. Our data thus suggest that PPN inputs 
recruit specific circuits within the dopaminergic midbrain 
that will modulate striatal functions across distinct regions. 
Future experiments will aim to elucidate whether midbrain 
inhibition by PPN neurons generates a wide-ranging reduc-
tion in dopamine that simultaneously affects multiple striatal 
regions or whether specialized midbrain circuits are recruited 
based on their input-output connectivity.  

CONCLUSION  

 Evidence from earlier work, together with the above find-
ings, show the ability of the PPN to disrupt ongoing behav-
iors or stop goal-directed actions from being initiated direct-
ly via its inhibitory projections to the dopamine midbrain. 
Behavioral sequences during spontaneous exploratory behav-
ior can also be stopped by the PPN in favor of alternative 
behaviors. Goal-directed behaviors of distinct associative 
contingencies can be interrupted: reward-associated actions 
and threat-related behaviors (with and without previous as-
sociation with a negative outcome) that are essential for an 
adapted interaction with the environment and, ultimately, 
survival. This suggests a modulatory role of the PPN in the 
decision-making process where several alternative actions 
are possible and governed by the potential outcome of the 
action on two axes: the value of the outcome (positive or 
negative) and the potential associated risk attached to the 
action that would lead to that outcome. This could mean in-
terrupting reward-related actions if some alternative action 
can lead to an outcome of higher value or biasing risk as-

sessment towards engagement with a new stimulus instead of 
avoidance because this might increase the chances of finding 
food, for example. This pathway might be relevant for symp-
toms such as bradykinesia and freezing of gait in Parkinson’s 
disease, maladapted risk-seeking behaviors, and the devel-
opment of phobias.  
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