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Animals, including humans, readily learn to avoid harmful and threatening situations by moving in response to cues that
predict the threat (e.g., fire alarm, traffic light). During a negatively reinforced sensory-guided locomotor action, known as
signaled active avoidance, animals learn to avoid a harmful unconditioned stimulus (US) by moving away when signaled by a
harmless conditioned stimulus (CS) that predicts the threat. CaMKII-expressing neurons in the pedunculopontine tegmentum
area (PPT) of the midbrain locomotor region have been shown to play a critical role in the expression of this learned behav-
ior, but the activity of these neurons during learned behavior is unknown. Using calcium imaging fiber photometry in freely
behaving mice, we show that PPT neurons sharply activate during presentation of the auditory CS that predicts the threat
before onset of avoidance movement. PPT neurons activate further during the succeeding CS-driven avoidance movement, or
during the faster US-driven escape movement. PPT neuron activation was weak during slow spontaneous movements but cor-
related sharply with movement speed and, therefore, with the urgency of the behavior. Moreover, using optogenetics, we
found that these neurons must discharge during the signaled avoidance interval for naive mice to effectively learn the active
avoidance behavior. As an essential hub for signaled active avoidance, neurons in the midbrain tegmentum process the condi-
tioned cue that predicts the threat and discharge sharply relative to the speed or apparent urgency of the avoidance (learned)
and escape (innate) responses.
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Significance Statement

During signaled active avoidance behavior, subjects move away to avoid a threat when directed by an innocuous sensory stim-
ulus. Using imaging methods in freely behaving mice, we found that the activity of neurons in a part of the midbrain, known
as the pedunculopontime tegmentum, increases during the presentation of the innocuous sensory stimulus that predicts the
threat and also during the expression of the learned behavior as mice move away to avoid the threat. In addition, inhibiting
these neurons abolishes the ability of mice to learn the behavior. Thus, neurons in this part of the midbrain code and are
essential for signaled active avoidance behavior.

Introduction
Animals, including humans, innately respond to unconditioned
stimuli (US) by seeking (approaching), freezing, or fleeing
(escaping) depending on the circumstances. Given the opportu-
nity, escaping usually occurs in the presence of harm (painful
foot-shock or loud stimulus) or an approaching predator

(looming stimulus), and the neural circuits responsible for these
innate defensive reactions have received significant attention in
several species (Brandao et al., 1994; Blanchard et al., 2005;
Yilmaz and Meister, 2013; Xiong et al., 2015; Peek and Card,
2016; Tovote et al., 2016; Terburg et al., 2018; Branco and
Redgrave, 2020; Hersman et al., 2020). In addition, animals read-
ily learn to cope with harmful and threatening situations that are
predictable and/or controllable. For instance, crossing a busy
street is dangerous, but humans cope with this situation very
effectively by relying on learned signals (streetlights) that predict
the danger. Similarly, in the laboratory, during a negatively rein-
forced sensory-guided locomotor behavior, known as signaled
active avoidance, rodents learn to avoid a harmful US by moving
away (e.g., shuttling in a cage) during an interval signaled by a
harmless conditioned stimulus (CS) (Mowrer, 1960; Bolles, 1970;
Mineka, 1979; LeDoux et al., 2017).
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Although signaled active avoidance has been studied for
almost a century, the basic neural circuits mediating the expres-
sion of this behavior have remained elusive. Forebrain circuits,
including PFC, amygdala, and striatal nuclei, may be important
for acquiring and modulating certain forms of avoidance behav-
ior (Amorapanth et al., 2000; Bravo-Rivera et al., 2014; Ramirez
et al., 2015), but midbrain circuits can mediate expression of sig-
naled active avoidance (Cohen and Castro-Alamancos, 2007,
2010a,b). Recently, an area in the midbrain, the pedunculopon-
tine tegmentum (PPT), which together with the cuneiform nu-
cleus forms the midbrain locomotor region (Ryczko and Dubuc,
2013; Roseberry et al., 2016; Capelli et al., 2017; Mena-Segovia
and Bolam, 2017; Arber and Costa, 2018), has been shown to be
critically involved in the expression of signaled active avoidance
(Hormigo et al., 2019). Optogenetic inhibition of CaMKII PPT
neurons (termed hereafter PPT neurons, for simplicity) abolishes
active avoidance responses driven by the CS, without impeding
escape responses driven by the US (Hormigo et al., 2016, 2019,
2020a). Conversely, frequency-dependent optogenetic excitation
of these PPT neurons drives locomotor responses at speeds span-
ning from slow avoidance responses to very fast escape responses
(Hormigo et al., 2019). However, the activity of PPT neurons
during signaled active avoidance behavior is not known.

Using calcium imaging fiber photometry in freely behaving
mice, we show that the activity of PPT neurons fully represents
signaled active avoidance by encoding the CS signal before the
avoidance movement and both the conditioned (avoidance) and
unconditioned (escape) movement responses driven by the CS
and US, respectively.

Materials and Methods
Experimental design and statistical analysis. All procedures were

reviewed and approved by the institutional animal care and use commit-
tee and conducted in adult (.8weeks) male and female mice. The
results from both sexes were combined since there is no sex difference in
the behavior measured for the strains used (Hormigo et al., 2019).

All experiments involved a repeated-measures design in which the
mice or cells serve as their own controls. Unless otherwise stated, conclu-
sions are based on within-subject comparisons. We tested for a main
effect using a two-way mixed design ANOVA followed by comparisons
with Tukey’s test. In the mixed design ANOVA, the repeated-measures
factor was the main effect (with as many levels as conditions tested) and
the other factor was the animals’ sessions (behavior). The sessions factor
is statistically independent because the fully trained animals must per-
form the signaled active avoidance trials (auditory CS trials) at the same
high level per session (by definition, one session has no effect on task
performance on the other sessions). Tukey tests were conducted for the
repeated-measures factor when the within-subjects effect (F value) was
statistically significant at a level of p, 0.01. Unless otherwise noted, all
comparisons are between conditions within the same session.

The experiment timeline included the following sequence of phases:
adeno-associated viral (AAV) vector injections, optical fiber implanta-
tion, active avoidance learning, active avoidance testing, and histology.
The active avoidance learning or testing phase commenced 5-6weeks af-
ter AAV injections.

To enable rigorous approaches, we maintain a local server with a
central database accessed through a wiki that logs all details and meta-
data related to the experiments, including all information about animals
and details about surgical procedures, behavioral sessions, electrophysio-
logical recordings, histology, and scripts used for analyses. Moreover,
during daily behavioral sessions, computers run experiments automati-
cally using preset parameters logged for reference during analysis.
Analyses are performed using scripts that automate all aspects of data
analysis from access to metadata and data files to population statistics

and graph generation (scripts and metadata will be accessible through
our website or by request).

Strains and AAVs. The following AAVs (injected undiluted) and
mouse strains were used in the present study. To measure calcium sig-
nals in CaMKII PPT neurons, we injected C57BL/6J mice (Jax 00664)
with AAV5-CaMKII-GCaMP6f-WPRE-SV40 (UPenn Vector core,
titers: 1.53� 1013 GC/ml). To inhibit CaMKII PPT neurons with optoge-
netics (green light), we injected C57BL/6J mice with AAV5-CaMKIIa-
eArchT3.0-EYFP (UNC vector core; titers: 4� 1012 virus molecules/ml).

Surgeries. Fiber photometry experiments involved unilaterally inject-
ing 0.4ml of AAV during isoflurane anesthesia (;1%). Subsequently, a
single optical fiber (400mm in diameter) was implanted unilaterally and
held in place with a combination of screws, cyanoacrylate, and dental
cement. A fitted thin cap of black aluminum foil was placed inside the
dental cement to block any room light from reaching the optical fiber.
Optogenetics experiments involved bilaterally injecting 0.3ml AAV per
site and subsequently implanting a dual optical fiber (200mm in diame-
ter). Animals received carprofen after surgery. The stereotaxic coordi-
nates for AAV injections and optical fiber implantations (in mm from
bregma; lateral from the midline; ventral from the bregma-l plane) in
PPT: 4.7 posterior; 1.25 lateral; 3.1 ventral. The injection cannula and
optical fibers were inserted at a 20° angle in the posterior direction.

Fiber photometry. We used a 2-channel (465 and 405nm) fiber pho-
tometry system (Doric Lenses) with alternating (20-60 and 20-50mW,
respectively) pulses of light excitation at 100Hz (per each 10ms, 465 is
on for 3ms, and 2ms later 405 is on for 3ms). The emission peak signals
(525 and 430 nm for GCaMP6f and control emissions) evoked by the
465 nm and 405 pulses were acquired at 20 kHz and measured at the end
of each pulse. To calculate Fo, the 430 signal was scaled to the 525 signal
(F) using the slope of the linear fit. Finally, F/Fo was calculated with the
following formula: (F – Fo)/Fo. Because of the nature of the behavior
studied, a swivel is essential. Our swivel contains a mechanism that locks
it in place during recording periods used for analysis. Every few trials,
the swivel was allowed to rotate (to relieve minor strain) during con-
trolled periods of the intertrial intervals (ITIs), which were excluded
from all analyses. Thus, all data excludes rotation of the swivel. In addi-
tion, an aluminum cap was implanted during surgery to assure that am-
bient light was not leaking into the implant and reaching the optical
fiber; this was tested in each animal by comparing fluorescence signals in
the dark versus normal cage illumination.

Optogenetics. The implanted dual optical fibers were connected to
patch cables using sleeves. A black aluminum cap covered the head
implant and completely blocked any light exiting at the ferrule’s junc-
tion. Furthermore, the experiments occurred in a brightly lit cage that
made it difficult to detect any light escaping the implant. The other end
of the patch cables was connected to a dual light swivel (Doric Lenses)
that was coupled to a green laser (520nm; 100 mW) to activate Arch.
The electrophysiological effects of optogenetic green light (continuous)
were previously characterized using both whole-cell recordings in slices
and single-unit recordings in anesthetized mice in vivo (Hormigo et al.,
2016, 2019). Unless otherwise noted, the behavioral experiments used
green light between 25 and 35 mW. Power is regularly measured by
flashing the connecting patch cords onto a light sensor with the sleeve
on the ferrule.

Active avoidance task in a shuttle box. Mice were trained in the
active avoidance task using procedures similar to those described previ-
ously for rats and mice (Cohen and Castro-Alamancos, 2007, 2010b;
Hormigo et al., 2016, 2019). During an active avoidance session, mice
are placed in a standard shuttle box (16.1 inch � 6.5 inch) that has two
compartments separated by a partition with side walls forming a door-
way that the animal has to traverse to shuttle between compartments. A
trial consists of a 7 s avoidance interval followed by a 10 s escape interval.
During the avoidance interval, an auditory CS is presented for the dura-
tion of the interval or until the animal produces a conditioned response
(avoidance or avoid response) by moving to the adjacent compartment,
whichever occurs first. If the animal avoids by moving to the next com-
partment, the CS ends, the escape interval is not presented, and the trial
terminates. However, if the animal does not avoid, the escape interval
ensues presenting white noise and a mild scrambled electric foot-shock
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(0.3mA) delivered through the grid floor of the occupied half of the
shuttle box. This US readily drives the animal to move to the adjacent
compartment (escape response), at which point the US terminates, and
the escape interval and the trial ends. Thus, an avoidance or avoid
response will eliminate the imminent presentation of a harmful stimulus.
An escape response is driven by presentation of the harmful stimulus to
eliminate the harm it causes. In principle, successful avoidance is highly
adaptive because it warrants the absence of harm. Each trial is followed
by an ITI (duration is randomly distributed; 25-45 s range), during
which the animal awaits the next trial.

Active avoidance task variations. We used two different basic sig-
naled active avoidance tasks (AA1 and AA2) based on the consequence
of shuttling during the ITI (intertrial crossings). In AA1, mice were free
to cross between compartments, and there was no consequence for inter-
trial crossings. In AA2, mice receive a 0.2 s foot-shock (0.3mA) and
white noise for each intertrial crossing. Therefore, in AA2, mice must
passively avoid during the ITI by inhibiting their tendency to shuttle
during active exploration between trials. AA2 tests signaled active avoid-
ance during the signaled avoidance interval and unsignaled passive
avoidance during the unsignaled ITI. In AA1 and AA2, the CS is an
8 kHz tone at 81dB.

In addition, we used a CS discrimination task (AA3) in which mice
must respond differently to a CS1 (8 kHz tone at 81dB) and a CS2
(4 kHz tone at 68dB) presented randomly. Thus, animals perform regu-
lar signaled active avoidance to CS1 (e.g., AA1 or AA2) but perform sig-
naled passive avoidance to CS2; intertrial crossings are not punished. In
AA3, if animals shuttle during the CS2 avoidance interval, they receive a
0.5 s foot-shock (0.3mA) with white noise and the trial ends. If animals
do not shuttle during the CS2 avoidance interval, the CS2 trial termi-
nates at the end of the avoidance interval (i.e., successful signaled passive
avoidance).

Finally, we also used a signaled active avoidance task with different
avoidance interval durations that are signaled by different CS (AA4).
Three different CS, CS1 (8 kHz tone at 81dB), CS2 (10 kHz tone at
82dB), and CS3 (12 kHz tone at 82dB), signal a different avoidance
interval duration of 4, 7, and 15 s, respectively. Otherwise, this task is
identical to AA2 (i.e., mice are punished for producing intertrial cross-
ings). In AA4, mice adjust their response latencies according to the dura-
tion of the avoidance interval signaled by each CS.

Behavioral measures and video tracking in the shuttle box. There are
three main variables representing task performance in the shuttle box.
The percentage of active avoidance responses (% avoids) represents the
trials in which the animal actively avoided the US in response to the CS.
The response latency (latency) represents the time (seconds) at which
the animal enters the safe compartment after the CS onset; avoidance la-
tency is the response latency only for successful active avoidance trials
(excluding escape trials). The number of crossings during the ITI (inter-
trial crossings) represents either random shuttling because of locomotor
activity in the AA1 and AA3 procedures, or failures to passively avoid in
the AA2 and AA4 procedure.

Animals are also video tracked (30 FPS) during active avoidance ses-
sions. The tracking followed color markers located on the head connec-
tor above the nose and between the ears. Several movement (tracking)
measures were derived during active avoidance. Distance was the num-
ber of pixels crossed by the animal in its trajectory during the avoidance
and escape intervals of a trial (trial distance) or during the ITI (intertrial
distance). Trial speed was the trial distance divided by the response la-
tency. Intertrial speed was the intertrial distance divided by the ITI dura-
tion. Trial velocity was the displacement divided by the response latency
(displacement was the number of pixels in a straight line between the
position of the animal at trial start and the position of the animal at trial
end when the animal avoided or escaped). Pixel measures were con-
verted to metric units using calibrations. Trial speed and intertrial speed
represent the overall movement of the animal in any direction during
those periods, whereas trial velocity represents movement in the correct
direction to avoid.

Histology.Mice were deeply anesthetized with an overdose of keta-
mine. Upon losing all responsiveness to a strong tail pinch, the ani-
mal was decapitated, and the brain was rapidly extracted and

placed in fixative. The brain was sectioned (100 mm sections) in the
coronal or sagittal planes. Sections were mounted on slides, cover-
slipped with DAPI mounting media, and photographed using a flu-
orescent microscope.

Results
PPT neurons respond to auditory stimuli
In a group of C57BL/6J mice (n =9), we injected an AAV with a
CaMKII promoter to express GCaMP6f (Chen et al., 2013) in the
PPT on one side of the brain, and monitored neural activity as a
function of calcium signals imaged with fiber photometry. The
injection site is the location where bilateral optogenetic inhibi-
tion of CaMKII PPT neurons, or excitation of GABAergic synap-
ses, abolishes signaled active avoidance (Hormigo et al., 2019).
GCaMP6f expression was observed in a dorsoventral strip of
cells, which included PPT, spanning from the ventral/posterior
inferior colliculus to the dorsal/posterior substantia nigra (Fig.
1A,B). Subsequently, a single optical fiber was implanted in the
injection site using the same approach (20° angle in the posterior
direction) as the injection cannula. The optical fiber is estimated
to image a volume (2.5� 107 mm3) that extends ;200mm from
its ending (Pisanello et al., 2019; Pisano et al., 2019). We recon-
structed in 3D the estimated imaging areas based on the optical
fiber endings (Fig. 2). This imaging area covers a network of
GCaMP6f-expressing neurons within the dorsal and middle
parts of PPT (Fig. 1A, bottom panels). If the imaging
extended further than the estimated area, it may include
cells surrounding the dorsal PPT, such as the parabrachial
and cuneiform nuclei. The mice underwent auditory map-
ping sessions, signaled active avoidance sessions, and
unsignaled escape sessions while we measured calcium fluo-
rescence signals (F/Fo) from PPT neurons.

During auditory mapping sessions (177 sessions in 7 mice),
mice were placed in a small cage (half the size of a shuttle box)
and eight auditory tones of different saliency were presented in
random order (1 s tones every 4 s, each repeated 10 times). We
choose these tones because we have previously used them as CS
in signaled active avoidance procedures. The calcium signal
evoked in PPT neurons by the tones were dependent on the tone
saliency (defined by sound pressure level [SPL] in dB; Fig. 1C,D,
top); stronger calcium signals were evoked by higher-intensity
tones. For instance, the 32kHz tone delivered at 57 dB, which is
around the baseline SPL (55 dB), produced a negligible calcium
signal; while a 4 kHz tone delivered at 92dB produced a very
strong calcium signal. Reducing the saliency of the tone by low-
ering the intensity (4 kHz from 92 to 68dB or 8 kHz from 81 to
66 dB) lead to strong reductions in the evoked calcium signal.
We simultaneously tracked movement using a color marker on
the head implant. The more salient tones evoked an orienting
movement that was noticeable as a small change (5%-10%) in
speed versus the ongoing movement (Fig. 1C,D, bottom). The
results show that PPT neurons respond robustly to salient audi-
tory tones.

As a supplement, in a small group of mice (9 sessions in 3
mice), we tested the ability of six of the auditory tones to serve as
a CS in a signaled active avoidance task in a shuttle box. In each
trial of this task, an auditory CS predicts the US (foot-shock plus
white noise) during a 7 s avoidance interval. If the animal shut-
tles between cage compartments during this period, it avoids the
US (avoid). Otherwise, the US presentation drives the animal to
shuttle (escape). Avoid or escape responses are followed by a
variable ITI during which mice are free to shuttle (AA1
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procedure). In this case, six different CS were randomly pre-
sented to signal the avoidance interval (Fig. 1E). Mice learned to
avoid at high rates to each of the five salient CS, which evoked
large calcium signals in PPT neurons during the auditory map-
ping sessions (Fig. 1C,D). In contrast, the low saliency tone
(32 kHz at 57dB), which produced negligible calcium signals in

PPT neurons during the auditory mapping sessions, was not a
very effective CS to drive active avoidance responses. These
results suggest a relation between the ability to perform signaled
active avoidance and CS-evoked PPT neuron activation. To
directly test this relationship, we measured the activity of PPT
neurons during signaled active avoidance.

Figure 1. Effect of auditory tones on F/Fo calcium signals measured from PPT neurons using fiber photometry. A, Parasagittal section showing the optical fiber tract reaching PPT and
GCaMP6f fluorescence around the fiber ending expressed in CaMKII neurons. The main panel blends a dark-field image of the section with the green channel of the GCaMP6f fluorescent image.
Inset, The fluorescent image alone without blending. Bottom 2 panels, Close-ups of the GCaMP6f-labeled neurons in an area imaged by the optical fiber. Ceb, Cerebellum; Thal, thalamus; SNr,
substantia nigra pars reticulata. B, Same as in A, but from another animal. C, F/Fo calcium imaging signals evoked from PPT neurons by auditory tones (1 s) of different saliency. The tones
vary in frequency (kHz) and SPL (dB). Bottom, Movement speed obtained by tracking a color marker on the head of the animal. The traces are mean6 SEM of the auditory mapping sessions
(177 audio sessions from 7 mice). D, Area of F/Fo and speed measured during a time window (0-3 s) after tone onset. Significant Tukey test values comparing F/Fo for each tone versus pre-
tone (baseline): 16 kHz, 75 dB t(2544) = 6.1, p, 0.0001; 8 kHz, 81 dB t(2544) = 14.0, p, 0.0001; 12 kHz, 82 dB t(2544) = 13.9, p, 0.0001; 6 kHz, 86 dB t(2544) = 16.0, p, 0.0001; 4 kHz,
92 dB t(2544) = 22.0, p, 0.0001. Significant Tukey tests comparing speed for each tone versus pre-tone (baseline): 16 kHz, 75 dB t(2544) = 4.4, p = 0.048; 8 kHz, 81 dB t(2544) = 5.8, p =
0.0013; 12 kHz, 82 dB t(2544) = 6.5, p = 0.0001; 6 kHz, 86 dB t(2544) = 6.6, p, 0.0001; 4 kHz, 92 dB t(2544) = 8.8, p, 0.0001. E, Percentage of avoidance responses and response latencies for
animals performing signaled active avoidance (AA1 procedure) using six of the auditory tones tested during the auditory mapping sessions in C and D as a CS. The low saliency tone (32 kHz,
57 dB) was less effective at driving avoids compared with the other five more salient tones (9 sessions from 3 mice).
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PPT neurons robustly code signaled active avoidance
Wemeasured calcium signals in PPT neurons as mice performed
signaled active avoidance in a shuttle box (35 sessions in 5 mice,
AA1 procedure). The calcium signals plotted from CS trial onset
revealed three noticeable peaks (Fig. 3A, dashed black trace;
movement speed is shown in the bottom panels). The onset of
the CS (8 kHz at 81 dB) during the avoidance interval evoked a
sharp calcium peak (Peak 1) that was followed by a second much
slower peak (Peak 2) a few seconds later. A third sharp peak
(Peak 3) occurred during the onset of the escape interval (7 s
from trial onset), when the US is presented (if the animals failed
to avoid).

Separating the trials according to the response of the animals
(avoids vs escapes; blue vs dashed red traces in Fig. 3 from CS
onset) revealed that Peak 1 is evoked by the CS in either avoid or
escape trials, regardless of the response of the animals. Moreover,
Peak 1 is not associated with the movement to avoid since it
occurs well before initiation of the avoidance movement. Peak 2
is associated with the avoidance response since it is prominent in
avoid trials and concomitant with avoidance speed. Peak 3 is
absent in avoid trials and is associated with the escape movement
in escape trials.

The latency of avoidance responses driven by the CS during
the avoidance interval is longer and more variable (;3.36 0.06 s)
than the latency of escape responses driven by the US during the
escape interval (0.56 0.02 s); that is, mice respond very rapidly to
the US and slowly to the CS. Thus, to determine whether Peak 2 is
associated with avoid responses, we aligned the calcium signal

with the occurrence of avoid or escape responses (Fig. 3, from
response). This revealed a sharp calcium peak in association
with the avoid responses, which was larger than the calcium
peak evoked by the onset of the CS, but smaller than the cal-
cium peak evoked by the faster escape responses. Thus, when
the calcium signal is aligned by the occurrence of avoids, Peak 2
is fully revealed, and it is stronger than Peak 1 evoked by CS
onset. Comparison of the calcium peak amplitude, time to
peak, and area revealed that Peak 1 did not differ (Fig. 3D)
between trials that produced avoids or escape responses (0-1 s
window from CS onset). Peak 2 occurred only for avoids (2-7 s
window from CS onset); there was no obvious Peak 2 in
escapes, but the calcium signal remained elevated because of
the Peak 1 driven by the CS and could rise further as mice
began to avoid (but failed to make an avoid before US onset).
Peak 3 was very large in amplitude and area for escapes, but
absent for avoids (7-10 s window from CS onset).

During the ITI of the AA1 procedure, mice are free to shuttle
and produce intertrial crossings. While avoids, escapes, or inter-
trial crossings involve the same overt shuttling response, they dif-
fer sharply in speed; the intertrial crossings occur on average at
much slower speeds than avoids, and avoids occur at about half
the speed of escapes (Fig. 3, green). Aligning the calcium signal
with the occurrence of the responses revealed significant neural
activity in PPT neurons during intertrial crossings, but this neu-
ral activity was virtually negligible compared with the neural ac-
tivity associated with avoids and escapes. Thus, comparison of
the area of the calcium signal between avoid, escape, and

Figure 2. 3D reconstruction showing the PPT areas imaged by fiber photometry. The PPT region is the volume in semitransparent green. The small bright volumes (red, yellow, blue, pink,
cyan) around the dorsal and middle portions of PPT represent the areas imaged per animal. This was traced by identifying the location of the optical fiber endings in parasagittal histologic sec-
tions and traced the estimated imaging area protruding from the cannula ending. Semitransparent pink represents the superior colliculus (dorsal to PPT). Semitransparent blue represents the
SNr (rostral to PPT). Semitransparent orange represents the zona incerta (rostral to SNr). Figure 2 is a placeholder for Movie 1.
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intertrial crossing responses (Fig. 3D; �1 to 1 s window from
response) revealed that avoids driven by the CS produced much
stronger PPT neuron activation than spontaneous intertrial
crossings, and the strongest PPT neuron activation occurred dur-
ing the faster escape responses driven by the US.

Since these animals have high rates of avoidance responses,
and consequently relatively few escape responses, we conducted
additional sessions (Fig. 4; 32 sessions in 7 mice) in which the US
(foot-shock and white noise) was presented unsignaled. The
unsignaled US drives escape responses on every trial. To distin-
guish the contribution of white noise in the US, additional trials
in the same session presented the foot-shock alone, without
white noise. The unsignaled US evoked a strong calcium peak
that was similar to Peak 3 evoked by the US in signaled active
avoidance trials; thus, this peak was much larger than Peak 1
evoked by the CS (for comparison from the same animals, see
Fig. 4A, gray trace). Removal of the white noise from the
unsignaled US reduced the peak amplitude (not the area) of the
calcium signal and increased the time to peak. The unsignaled US
evoked fast escape responses that had faster peak speeds and
escape latencies when the white noise was included (compared
with the foot-shock alone), but the integrated movement speed or
time to peak speed was not affected by inclusion of the white
noise (Fig. 4B). Thus, in unsignaled US trials, inclusion of white
noise enhances both the sharpness of the calcium peak signal in
PPT neurons and the rapidity with which mice escape.

Speed strongly correlates with calcium signals in PPT cells
during signaled active avoidance
We conducted a cross-correlation analysis between the move-
ment speed and the calcium signal of PPT neurons during the

signaled active avoidance sessions and the unsignaled US ses-
sions. In general, speed and the calcium signal were strongly pos-
itively correlated. We compared the cross-correlations during
three different periods of the signaled active avoidance task: the
trial period (0-12 s from CS onset) separated according to the
response of the animal (avoid vs escape), and an equivalent 12 s
period during the ITI (Fig. 5A, left). This revealed strong cross-
correlations between speed and calcium signals that were strong-
est during trials leading to escape responses, followed by trials
leading to avoid responses, and much weaker during the ITI
(shuffled cross-correlations were virtually flat and not significant,
p . 0.05; data not shown). The cross-correlation for avoids had
a prominent left-tail for the negative time periods (left side of the
cross-correlogram) that spanned .1 s and was absent for
escapes. This likely reflects the fact that avoid responses are
slower than escape responses, and possibly the presence of the
calcium signal triggered by the CS (Peak 1 in Fig. 3), which pre-
cedes avoid responses. Comparison of the peak amplitude and
time to peak of the cross-correlations (Fig. 5B, left) revealed that
the calcium signal lagged the speed by ;40ms during avoids
and escapes, and approximately double than that for movement
during the ITI. A similar analysis for unsignaled US sessions
revealed stronger cross-correlations during the escape responses
compared with the ITI period (Fig. 5A,B, right). The cross-corre-
lations for the escape responses evoked by the unsignaled US
showed very little lag between speed and calcium signal, indicat-
ing that these variables are more closely related during
unsignaled escapes.

We also performed a linear regression analysis between the
speed and calcium signal (100ms bins) for the same periods used
for cross-correlations during signaled active avoidance (Fig. 5C).

Movie 1. Video of the 3D reconstruction in Figure 2. [View online]
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This revealed strong r2 values that were significant (p, 0.01) for
all sessions during all three periods. Moreover, when the calcium
signal was shuffled, none of the sessions showed a significant lin-
ear regression (Fig. 5C, right). The r2 values were much larger for

avoids and escapes compared with the ITI period, indicating that
the calcium signal is more linearly related to speed during the
faster avoid and escape responses than during the slower ITI
movement.

Figure 3. Effect of signaled active avoidance on F/Fo calcium signals measured from PPT neurons. A, F/Fo calcium and speed traces (mean6 SEM) from signaled active avoidance (AA1 proce-
dure) sessions (35 sessions from 5 mice). At time 0, traces are aligned from the CS onset (left panels) or from the response occurrence (right panels). The traces include all trials averaged together
per session (dashed black) or separated according to the animal’s response in the trial: avoids (blue) and escapes (dashed red). Also shown are the intertrial crossings (ITCs; produced during the ITI)
aligned from response occurrence (green). The CS and US terminate when the mice avoid or escape, respectively; the mean6 SEM avoid and escape response latencies (from CS or US onset, respec-
tively) are noted. B, Close-up of the traces in A. Peak 1 in the F/Fo calcium signal evoked by the CS for both avoids and escapes occurs before the onset of response movement (speed). Peak 2 in the F/
Fo calcium signal is associated with a rise in speed during avoidance responses and is fully revealed when the trace is aligned from the avoidance response occurrence (right panels). This F/Fo Peak 2 is vir-
tually inexistent during ITCs, which involve the same movement as avoidance responses but performed more slowly. C, Area of F/Fo and speed measured in 1 s windows from CS onset (left) and from
response occurrence (right) for avoids, escapes, and ITCs. Filled symbols represent a significant difference (Tukey test p, 0.01) compared with a pretrial window shown on the left (Pre). D, The left 3 pan-
els compare F/Fo peak amplitude, time to peak, and area between avoids and escapes for 3 windows from CS onset (0-1, 2-7, and 7-10 s). Right, Comparison of F/Fo area between avoids, escapes, and
ITCs for a window around response occurrence (�1 to 1 s). Significant Tukey test values comparing F/Fo (from CS onset) between avoids versus escapes: Peak Amplitude (7-10 s), t(20) = 57.24,
p, 0.0001; Time to Peak (0-1 s), t(20) = 4.46, p = 0.0049; Time to Peak (2-7 s), t(20) = 9.38, p, 0.0001; Area (2-7 s), t(20) = 3.75, p = 0.015; Area (7-10 s), t(20) = 35.17, p, 0.0001. Significant
Tukey test values comparing F/Fo area (from response): t(38) = 28.33, p, 0.0001 (avoids vs escapes); t(38) = 10.20, p, 0.0001 (avoids vs ITCs); t(38) = 38.54, p, 0.0001 (escapes vs ITCs).
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In addition, to determine whether the calcium signal at CS
onset was reflecting different neural processing than the calcium
signal at the end of the CS period (when animals avoid), we com-
pared the cross-correlations between the initial 2 s after CS onset
and the last 2 s before CS termination when animals avoid (for
the same avoidance trials). The results revealed that the cross-
correlation between the calcium signals and speed was much
stronger during the 2 s around avoidance than during the 2 s af-
ter CS onset (Tukey t(29) = 14.8, p, 0.0001; cross-correlation
peak or area). Since the calcium signals were similarly strong
during these two periods of the avoidance trials, these results
suggest that the PPT neural activity during these two periods
reflect different neural processes (e.g., sensory detection and de-
cision-making at CS onset vs avoidance response generation at
CS offset).

Together, these results show that PPT neurons respond
robustly to the CS that signals the US during signaled active
avoidance behavior. In addition, PPT neurons respond even
more sharply during avoidance and escape responses, with larger
calcium signals associated with faster speeds. Thus, PPT neural
activity has a full representation of signaled active avoidance.

PPT calcium signals closely track active avoidance responses
In order to determine the relation between calcium signals and
avoidance responses, we trained animals in three additional tasks
that change the manner in which animals avoid.

First, animals that were trained in the basic signaled active
avoidance AA1 procedure (used in Figs. 3-5) were trained in the
same task with the exception that intertrial crossing responses
are punished (AA2 procedure; 35 sessions from 5 mice). During
AA2, mice almost entirely stop producing intertrial crossings
without impairment in their avoidance rate. Interestingly, we

found that in AA2 they consistently shifted their avoidance
response latencies to longer values and increased the speed at
which they avoid compared with AA1. This increases the separa-
tion between the CS onset and the avoidance response, and
sharpens the response speed during a trial. One interpretation is
that mice become more cautious about when to shuttle, postpon-
ing their decision to avoid until they are certain it is the correct
option, and at that instance respond with more urgency. We
found that these changes are reflected in the calcium signals
measured from PPT neurons. Figure 6A shows the average traces
for the same animals performing AA1 and AA2 (Fig. 7 shows be-
havioral measures for these sessions). From CS trial onset, both
the speed and the calcium signals shift to the right in accordance
with the increase in avoidance response latency. From response
occurrence, both the peak speed and calcium signal during
avoidance responses were larger for AA2 compared with AA1
procedures (Fig. 6B). Thus, the activity of PPT neurons closely
tracks the changes in the avoidance response associated with the
AA2 procedure.

Second, we trained mice (48 sessions from 6 mice) in a dis-
criminative task (AA3 procedure) in which two different CS are
presented randomly. CS1 (8 kHz at 81dB; this is the same CS
used in AA1 and AA2) requires mice to shuttle during the avoid-
ance interval to actively avoid the US (this is akin to AA1 and
AA2). In contrast, CS2 (4 kHz at 68dB) requires the mice to not
shuttle during the avoidance interval to passively avoid presenta-
tion of the US for 0.5 s (if they shuttle). In other words, AA3
measures signaled active avoidance responses to CS1 and sig-
naled passive avoidance responses to CS2. Mice perform this
task very effectively (Fig. 7). As shown in Figure 6C, the speed
from trial onset during avoids driven by CS1 is much larger than
the speed during passive avoids driven by CS2, which is virtually

Figure 4. Effect of unsignaled US presentations on F/Fo calcium signals measured from PPT neurons. A, F/Fo calcium and speed traces (mean 6 SEM) from all unsignaled US sessions (32
sessions from 7 mice). At time 0, traces are aligned from US onset. Shown are trials evoked by the US (red) or the US without white noise (US-WN, dashed blue). Also shown for comparison is
the trace evoked by the CS in signaled active avoidance (avoid) trials from Figure 3A (for the same animals). B, F/Fo and speed peak amplitude, time to peak, and area measured during a 0-4 s win-
dow from US onset. The measures compare the effect of the US with (red) and without (cyan) white noise. Also shown is the latency of the escape response (bottom right). Significant Tukey test
values comparing F/Fo between US versus US-WN: Peak Amplitude, t(27) = 9.7, p, 0.0001; Time to Peak (seconds), t(27) = 5.3, p = 0.0008; Significant Tukey test values comparing speed between
US versus US-WN: Peak Speed, t(27) = 14.1, p, 0.0001; Latency, t(27) = 14.0, p, 0.0001. psignificant at the levels indicated in the legend. n.s., not significant.
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flat. Since there are no active responses to
CS2 during AA3, only the traces for
active avoids are plotted from the
response occurrence in Figure 6C (right).
Interestingly, while the calcium signal
evoked by CS1 was similar to the signal
observed during AA1 and AA2 active
avoidance responses, the calcium signal
evoked by CS2 was virtually flat in corre-
spondence with the absence of a change
in speed during passive avoidance
responses; there was only a small peak at
the onset of CS2 presentation at the start
of the trial consistent with the signal
evoked in mapping sessions (Fig. 1C,D).
These results show that passive avoidance
is not associated with an increase in the
calcium signal of PPT cells. We also con-
firmed that mice (n =9) can use this CS2
(4 kHz at 68 dB) very effectively to per-
form active avoidance, displaying active
avoidance rates .90% when this CS sig-
nals the active avoidance interval.

Third, we trained mice (25 sessions
from 5 mice) in a signaled active avoid-
ance task in which three different CS cor-
respond to different durations of the
avoidance interval (AA4 procedure). In
AA4, CS1 (8 kHz at 81 dB), CS2 (10 kHz
at 82 dB), and CS3 (12 kHz at 82dB) were
associated with 4, 7, and 15 s avoidance
interval durations, respectively. In AA4,
mice shift their avoidance response
latencies, so that the CS that signals a
shorter avoidance interval drives
faster avoidance response latencies
(Figs. 6E,F, 7). From trial onset, the
calcium signal matched the speed of
the avoidance response. Moreover, the
calcium signal of the shortest avoidance
interval (CS1) was associated with the
sharpest increase in calcium from response
occurrence during avoidance responses.
However, the peak speed of the responses
to the three CS did not differ. In other
words, the mice adjust the time at which
they avoid, but when they do avoid, they
do it at about the same speed. Thus, PPT
neuron activation reflects the speed but also
the urgency of the avoidance response.

These results indicate that PPT neu-
rons shift their activity in accordance
with the timing and urgency of the active
avoidance response and do not discharge
during passive avoidance.

CS processing in PPT is required for signaled active
avoidance learning
The previous results show that neural activity in PPT neurons
robustly represents signaled active avoidance behavior, including
sharp neural responses during presentation of the CS.
Expression of signaled active avoidance in trained mice requires
these PPT neurons because optogenetically inhibiting them

during a trial, including both the avoidance and escape inter-
vals, blocks avoidance responses to the CS without blocking
escape responses to the US (Hormigo et al., 2019). In naive
mice that express eArchT3.0 in PPT neurons (CaMKII-PPT-
Arch mice; Fig. 8A), we explored whether inhibiting these
PPT neurons with light only during the avoidance interval
(ALCS trials) would affect the ability of the mice to learn the
behavior. Under these conditions, PPT neurons would not be
able to process the neural activity evoked by the CS or by
emerging avoidance responses.

Figure 5. Cross-correlations between speed and F/Fo calcium signals of PPT neurons during signaled active avoidance
behavior and unsignaled US-evoked escape behavior. A, Cross-correlation analysis between speed and F/Fo calcium for sig-
naled active avoidance (AA1 procedure, left) and unsignaled US sessions (right). In the signaled active avoidance sessions,
the trial period (0-12 s from CS onset) was compared with the same amount of time during the ITI period (�12 to 0 s pre-
ceding each trial period). Moreover, the cross-correlations during the trial period were computed separately for trials leading
to avoids and escapes. For unsignaled US sessions, the same analysis was done comparing US presentations with or without
white noise. All unsignaled US trials produce escape responses. B, Peak amplitude and time to peak for the cross-correlations
(xCorr) shown in C. The time to peak denotes the lag between the speed and F/Fo calcium signal. Significant Tukey test val-
ues for xCorr Peak amplitude in signaled active avoidance: t(58) = 23.3, p, 0.0001 (Avoids vs Escapes); t(58) = 22.3148,
p, 0.0001 (Avoids vs ITI); t(58) = 45.61, p, 0.0001 (Escapes vs ITI). Significant Tukey test values for xCorr Time to Peak in
signaled active avoidance: t(54) = 6.1, p = 0.0002 (Avoids vs ITI); t(54) = 6.54, p, 0.0001 (Escapes vs ITI). Significant Tukey
test values for xCorr Peak Amplitude in Unsignaled US: t(56) = 5.83, p = 0.0003 (US vs US-WN); t(56) = 36.52, p, 0.0001
(US vs ITI); t(56) = 42.36, p, 0.0001 (US-WN vs ITI). Significant Tukey test values for xCorr Time to Peak in Unsignaled US:
t(56) = 4.65, p = 0.0048 (US vs US-WN); t(56) = 14.19, p, 0.0001 (US vs ITI); t(56) = 9.53, p, 0.0001 (US-WN vs ITI). C,
Regression analysis between speed and F/Fo during signaled active avoidance for the periods noted in A. Plotted is the r

2 for
the ITI, avoid, and escape periods of each session. Right, The same analysis after shuffling the F/Fo signal. All r

2 values for
the 3 periods in the left panel were statistically significant (p, 0.01), indicating a significant linear relation between speed
and F/Fo (none in the right panel was significant). This relation increases sharply during avoidance and, especially, escape
movement compared with spontaneous ITI movement. psignificant at the levels indicated in the legend. n.s., not significant.
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Figure 6. Effect of behavioral task contingency changes on avoidance responses and on F/Fo calcium signals of PPT neuron. A, F/Fo calcium and speed traces (mean 6 SEM) comparing
avoidance responses from the same animals performing AA1 and AA2 signaled active avoidance sessions (35 sessions from 5 mice). In AA2, animals must passively avoid during the ITI. This
task contingency change leads to longer latency active avoidance responses. The behavioral data for these sessions are shown in Figure 7. B, Top panels, Comparison of F/Fo peak amplitude
and time to peak for 2 windows from CS onset (0-1 and 1-7 s) and 1 window around avoidance response occurrence (�1 to 1 s) for avoidance responses during the AA1 and AA2 procedures.
Bottom panels, Comparison of peak speed and time to peak speed for the same windows in the top panels. Significant Tukey test values comparing F/Fo peak amplitude between AA1 versus
AA2: t(30) = 7.48, p, 0.0001 (0-1 s); t(30) = 4.56, p= 0.003 (1-7 s); t(30) = 11.82, p, 0.0001 (�1 to 1 s). Significant Tukey test values comparing F/Fo time to peak between AA1 versus
AA2: t(30) = 9.16, p, 0.0001 (1-7 s). Significant Tukey test values comparing peak speed between AA1 versus AA2: t(30) = 6.82, p, 0.0001 (1-7 s); t(30) = 12.19, p, 0.0001 (�1 to 1 s).
Significant Tukey test values comparing time to peak speed between AA1 versus AA2: t(30) = 6.56, p, 0.0001 (1-7 s). C, F/Fo calcium and speed traces (mean 6 SEM) comparing signaled
active avoidance responses to CS1 and signaled passive avoidance responses to CS2 for animals performing AA3 (48 sessions from 6 mice). In AA3, mice actively avoid during CS1 and passively
avoid during CS2. The behavioral data for these sessions are shown in Figure 7. D, Top panels, Comparison of F/Fo peak amplitude and time to peak for 2 windows from CS onset (0-1 and 1-7

Hormigo et al. · Midbrain Activity during Active Avoidance J. Neurosci., May 12, 2021 • 41(19):4262–4275 • 4271



We found that naive CaMKII-PPT-Arch mice (n =5; Fig. 8B,
C, open black squares) trained with ALCS trials during two
blocks of 5 sessions (50 trials/session) did not learn signaled
active avoidance. The avoidance rate in the first block was
;10%. For comparison, a single block of 5 sessions in No Opsin
controls subjected to the same optogenetic light (ALCS trials)
show a ;90% avoidance rate (n =5 mice; Fig. 8B,C, closed gray
circles). The CaMKII-PPT-Arch mice received a test session
(Test 1) consisting of CS presentations without US if they failed
to avoid (n =25 trials; Fig. 8B,C, open black squares) to test
avoidance responses driven by the CS in the absence of further
training. To test for spurious avoidance responses because of
motor activity, these sessions also included randomly presented
No CS trials in which the CS is not presented during the avoid-
ance interval (n =25 trials; Fig. 8B,C, closed red squares). The
avoidance rate during the test session was very low (;20%) and
not different compared with No CS trials, indicating that the CS
had not acquired any ability to evoke active avoidance responses.
Thus, although the CS predicts the US, it is unable to acquire the
ability to evoke avoidance responses if PPT neurons are inhibited
during the avoidance interval. Subsequent training of the
CaMKII-PPT-Arch mice with regular CS trials without optoge-
netics (ACS trials) during two blocks of 5 sessions (50 trials/ses-
sion) resulted in gradual learning of signaled active avoidance. A
test conducted on the next day (Test 2) revealed large differences
in avoidance rates between CS and No CS trials, indicating
that the CS had acquired the ability to evoke avoidance
responses during training without optogenetic light. These
results indicate that PPT neurons must process the avoidance
interval for the CS to drive avoidance responses (i.e., for
effective signaled active avoidance learning to occur).
Finally, we also show the effect of PPT neuron inhibition on
the ability (speed) of animals to perform escape responses
driven by the US. As shown in Figure 8D, the same optoge-
netic PPT inhibition that was effective at abolishing active
avoidance to an ACS had negligible effects on the speed with
which the same animals escape the US (n = 5 mice, peak
speed, Tukey t(16) = 1.6, p = 0.3; Control vs Green Light in

PPT of CaMKII-PPT-Arch mice). Thus, the level of PPT in-
hibition sufficient to block signaled active avoidance does
not suppress escaping, as previously shown (Hormigo et al.,
2019).

Discussion
Using calcium imaging fiber photometry in freely behaving mice
performing signaled active avoidance, we found that PPT neu-
rons in the midbrain locomotor region sharply activate during
presentation of the auditory CS that predicts the threat before
onset of the avoidance movement. PPT neurons activate further
during the succeeding CS-driven avoidance movement or during
the US-driven escape movement. PPT neuron activation was
weak during spontaneous exploratory movements but correlated
sharply with movement speed and, therefore, with the urgency
of the response. Thus, neurons in the midbrain tegmentum pro-
cess the CS that predicts the threat, and discharge during the
occurrence of conditioned (avoidance) and unconditioned

/

s) for AA3 procedure active avoidance responses during CS1 and passive avoidance responses
during CS2. Bottom panels, Comparison of peak speed and time to peak speed for the same
windows as the top panels. Significant Tukey test values comparing F/Fo Peak Amplitude
between CS1 versus CS2: t(42) = 24.59, p, 0.0001 (0-1 s); t(42) = 34.73, p, 0.0001 (1-7
s). Significant Tukey test values comparing peak speed between CS1 versus CS2: t(42) =
10.41, p, 0.0001 (0-1 s); t(42) = 32.99, p, 0.0001 (1-7 s). E, F/Fo calcium and speed
traces (mean6 SEM) comparing avoidance responses to CS1, CS2, and CS3 for animals per-
forming AA4 (25 sessions from 5 mice). In AA4, the 3 distinct CS tones (8, 10, and 12 kHz at
;80 dB) signal different active avoidance interval durations of 4, 7, and 15 s. Mice adjust
their active avoidance response latency according to the duration of the signaled active
avoidance interval. The behavioral data for these sessions is shown in Figure 7. F, Top panels,
Comparison of F/Fo peak amplitude and time to peak for 2 windows from CS onset (0-1 and
2-7 s) and 1 window around response occurrence (�1 to 1 s) active avoidance responses
during CS1, CS2, and CS3 (AA4 procedure). Bottom panels, Comparison of peak speed and
time to peak speed for the same windows as the top panels. Significant Tukey test values for
F/Fo peak amplitude (0-1 s): t(38) = 6.74, p, 0.0001 (CS1 vs CS3); t(38) = 5.55, p = 0.001
(CS2 vs CS3). Significant Tukey test values for F/Fo peak amplitude (1-15 s): t(38) = 5.84, p =
0.0005 (CS1 vs CS2); t(38) = 8.69, p, 0.0001 (CS1 vs CS3). Significant Tukey test values for
F/Fo peak amplitude (�1 to 1 s): t(38) = 4.11, p = 0.0164 (CS1 vs CS3). Significant Tukey
test values for F/Fo time to peak (1-15 s): t(38) = 4.05, p = 0.0179 (CS1 vs CS3); t(38) = 3.61,
p = 0.0381 (CS2 vs CS3). Significant Tukey test values for peak speed (1-15 s): t(38) = 8.29,
p, 0.0001 (CS1 vs CS2); t(38) = 11.48, p, 0.0001 (CS1 vs CS3). Significant Tukey test val-
ues for time to peak speed (1-15 s): t(38) = 4.51, p = 0.0078 (CS1 vs CS3). psignificant at
the levels indicated in the legend. n.s., not significant.

Figure 7. Behavioral performance during the different signaled active avoidance proce-
dures. Percentage of active avoidance responses (top), response latency (middle), and inter-
trial crossings (bottom) for the different signaled active avoidance procedures shown in
Figure 6 (AA1, AA2, AA3, and AA4). In AA3, the correct response to CS2 is a passive avoid-
ance (top, shown in gray). The middle panel also shows in gray the avoidance latencies (i.e.
response latency excluding escape latency). Significant Tukey test values for Active
Avoids: t(42) = 54.25, p, 0.0001 (CS1 vs CS2 in AA3); t(38) = 5.27, p = 0.0018 (CS1
vs CS2 in AA4); t(38) = 5.41, p = 0.0013 (CS1 vs CS3 in AA4). Significant Tukey test
values for latency: t(38) = 9.54, p, 0.0001 (CS1 vs CS3 in AA4); t(38) = 8.63,
p, 0.0001 (CS2 vs CS3 in AA4). Significant Tukey test values for avoid latency:
t(23) = 9.63, p, 0.0001 (AA1 vs AA2); t(38) = 10.98 p, 0.0001 (CS1 vs CS3 in AA4);
t(38) = 9.21, p, 0.0001 (CS2 vs CS3 in AA4). Significant Tukey test values for inter-
trial crossings: t(23) = 10.42, p, 0.0001 (AA1 vs AA2).
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(escape) responses. Using optoge-
netics, we found that these neurons
must discharge during the signaled
avoidance interval for naive mice to
effectively learn signaled active avoid-
ance behavior. Together, the results
point to the PPT area in the midbrain
locomotor region as an essential hub
for signaled active avoidance behavior.

PPT neurons respond to auditory
tones, including the CS
The PPT is reciprocally connected
with the basal ganglia, has ascending
cholinergic projections to the thalamus
and other forebrain areas, and has de-
scending projections to the deep nuclei
of the cerebellum and the medulla
(Inglis and Winn, 1995; Mena-Segovia
et al., 2004; Mori et al., 2016;
Roseberry et al., 2016; Caggiano et al.,
2018). We found that PPT neurons
discharge at short latency to presenta-
tion of the CS during signaled active
avoidance and discharge to auditory
tones of different frequencies as a func-
tion of SPL; the calcium response
increases as the stimulus becomes
louder. Indeed, PPT neurons have been
shown to discharge to auditory tones in
cats and rats, and this activity can drive
substantia nigra dopamine neurons
through tegmentonigral connections
(Reese et al., 1995; Pan and Hyland,
2005); indeed, PPT neuron activation
can be reinforcing (Yoo et al., 2017).
The source of the auditory afferents that
drive the PPT neurons is uncertain but
may include direct or indirect projec-
tions to the midbrain tegmentum from
cochlear root neurons (López et al.,
1999; Nodal and Lopez, 2003), from the
cochlear nuclei (Kandler and Herbert,
1991), and/or from the auditory cortex
(Schofield and Motts, 2009). In addition,
neurons in the adjacent cuneiform
nuclei, which are also part of the mid-
brain locomotor region, discharge to
sensory stimuli via afferents from supe-
rior colliculus (Westby et al., 1990).
Consistent with the auditory mapping
sessions, PPT neurons discharged to the
CS during signaled active avoidance ses-
sions. Thus, PPT and the related loco-
motor region have direct access to
auditory sensory inputs that can
function as effective CS to learn be-
havioral contingencies.

PPT neurons activate during
avoidance and escape responses
In addition to discharging at the onset
of the CS, PPT neurons discharged

Figure 8. Effect of PPT neuron inactivation during the avoidance interval on signaled active avoidance learning. A, Parasagittal
section showing the optical fiber tract reaching PPT and eArchT3.0 expression around the fiber ending expressed in CaMKII neu-
rons (CaMKII-PPT-Arch mice). The main panel blends a bright-field image of the section with the green channel of the eYFP fluo-
rescent image. Inset, The fluorescent image alone without blending. Cx, Cortex; Ceb, cerebellum; Hippo, hippocampus; Thal,
thalamus; Str, striatum. B, Percentage of avoidance responses, latency, and intertrial crossings for mice that express eArchT3.0 in
PPT neurons (CaMKII-PPT-Arch; 5 mice). Plots represent 6 blocks of sessions. In the initial 2 blocks (5 sessions per block), naive
mice perform ALCS trials during which optogenetic green light is delivered bilaterally to inhibit PPT neurons together with the CS
during the avoidance interval (AA1 Procedure). The third block (Test 1) tests the ability of the mice to avoid during presentation
of the CS without optogenetic light (the escape interval and US are not presented if the animal does not avoid). No CS trials are
presented randomly for comparison (solid, red squares). In No CS trials, the CS is omitted during the avoidance interval to check
for spurious avoids because of normal movement. The fourth and fifth blocks are identical to the first 2 blocks but without opto-
genetic light. The final block is a repeat of the test done in the third block. Gray filled circles in the first block represent a group
of No Opsin mice (that do not express eArchT3.0; n = 4) implanted with dual cannulas in PPT and subjected to the same optoge-
netic light protocol as the experimental mice. These mice learned the task in the first block indicating that the impairment in the
experimental mice was caused by inhibiting PPT neurons, not by the light itself. Significant Tukey test values comparing CS trials
(without US) and No CS trials in the two test sessions: t(4) = 5.6, p = 0.009 (Test 2). C, Trial speed, trial velocity, and intertrial
speed for the data shown in B. D, Overlay of speed for escape responses triggered by presentation of the US during the absence
(control) or presence of green light in the PPT of CaMKII-PPT-Arch mice. Escape response speed is similar in both conditions.
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during both avoidance and escape responses during signaled
active avoidance. Avoidance responses driven by the CS pro-
duced much stronger PPT neuron activation than spontaneous
movement. Indeed, the level of PPT activation during shuttling
in the ITI was almost negligible compared with the activation
during avoidance responses. The largest level of PPT neuron
activation occurred during escape responses driven by the US.
However, escape responses also include the effect of the foot-
shock and white noise. The white noise contributes to the sharp-
ness of the calcium signal and the peak speed of the escape move-
ment, but most of the effect is caused by the foot-shock. In
general, PPT activation correlated strongly with speed and the
apparent urgency of the response. The relevance of the urgency
of the response was evident in the AA4 procedure, where mice
adjust their avoidance response according to the duration of the
avoidance interval (signaled by a distinct CS). In this procedure,
mice produce avoidance responses of similar peak speed to the
three CS in AA4, but the PPT activation was stronger for the
more urgent response evoked by CS1, which signals a shorter (4
s) avoidance interval. Interestingly, using the AA3 procedure, we
also found that signaled passive avoidance (CS2 in AA3) did not
produce PPT activation. Thus, it seems that only signaled active
avoidance, not signaled passive avoidance, is represented by neu-
ronal activity in PPT.

Our findings are in good agreement with previous studies
that have shown that PPT and midbrain locomotor region neu-
rons discharge in relation to movement speed, which they con-
trol through descending projections to caudal brainstem
(Garcia-Rill and Skinner, 1988; Roseberry et al., 2016; Capelli et
al., 2017; Caggiano et al., 2018). Furthermore, we revealed an
integrated activation of PPT neurons during signaled active
avoidance that completely represents this behavior, including the
conditioned cue and both the conditioned and unconditioned
responses. Thus, consistent with an essential role as a hub for sig-
naled active avoidance, PPT circuits have all the elements needed
to perform this behavior. It is no surprise that inhibiting these
neurons, or exciting GABAergic neurons, in PPT blocks the
expression of active avoidance behavior (Hormigo et al., 2019).
Moreover, the large difference in PPT neuronal activation
between avoidance and escape responses likely explains why the
same level of optogenetic inhibition blocks avoidance responses
but not escape responses (Fig. 8D). One possibility is that the
PPT is a common pathway for expression of both avoidance and
escape responses, which differ in neuronal activation levels
because of the distinct sensory afferents and, especially, intensity
levels produced by CS and US. While our main focus is on the
learned avoidance behavior, the dorsal periaqueductal gray in the
midbrain has been shown to play an important role in producing
escape responses (Bandler et al., 1985; Brandao et al., 1994), and
afferents from this area may account for the US-driven escape-
related activity we observed in PPT.

An important consideration for future work regards the affer-
ents that produce the CS-driven avoidance-related activity in
PPT. One scenario is that this activity is driven by the coopera-
tion between multiple areas, including the output of the basal
ganglia, the zona incerta, the superior colliculus, and other
nuclei, such as the amygdala and the neocortex, all of which have
direct or indirect projections to this area. Indeed, the discharge
of superior colliculus neurons during avoidance responses
resembles the activity we observed in PPT (Cohen and Castro-
Alamancos, 2010b), but solely suppressing this activity does not
impair signaled active avoidance (Cohen and Castro-Alamancos,
2007; Hormigo et al., 2019). Moreover, both the basal ganglia

and zona incerta provide GABAergic afferents to PPT that can
powerfully suppress active avoidance responses (Hormigo et al.,
2016, 2020a). These GABAergic inputs may control (facilitate or
impede) the ability of other afferents to drive avoidance
responses in PPT (Hormigo et al., 2020b). Future work will focus
on identifying the sources of the CS-driven avoidance-related ac-
tivity that arises in PPT.

PPT neuron activation is required for learning signaled
active avoidance
The finding that PPT neuronal activation is required for signaled
active avoidance learning is intriguing. In this experiment, where
we inhibited PPT neurons during the avoidance interval, the CS
predicts the US, but mice appear to learn nothing about this rela-
tion. One reason learning does not develop is because mice fail
to experience avoidance responses during these learning sessions
(mice escape on every trial in response to the US but barely
avoid). Thus, while the Pavlovian contiguity between the CS and
US is present, the operant reinforcement contingency (conse-
quence) of removing the CS (and US) during an avoidance
response is not experienced at a sufficient rate to drive learning.
In essence, our interpretation is that, by failing to experience the
avoidance response, mice do not learn the behavior. Moreover,
when the animals are tested without optogenetic stimulation
(Test 1) they do not display any appreciable response to the CS,
including freezing (trial speed is not different between CS and
No CS trials in Test 1). Thus, mice may have also failed to ac-
quire the Pavlovian fear association that is thought to be the first
component of active avoidance learning.

What is the role of PPT in signaled active avoidance?
The results reinforce the notion that the PPT area is an essential
hub for the acquisition and expression of signaled active avoid-
ance and raise a few points. First, the rapid PPT neuronal activa-
tion at CS onset (Peak 1) driven by auditory afferents may serve
as a wake-up call to prepare the PPT for a possible upcoming
avoidance response. Second, the avoidance response signal
observed in PPT (Peak 2) is likely driven by afferents that origi-
nate from a distributed network that makes the decision to avoid.
An important future goal will be to determine the origin of the
inputs that drive Peak 2. This may include direct or indirect pro-
jections to PPT from forebrain areas (e.g., amygdala, accumbens,
frontal cortex) and/or midbrain areas (e.g., superior colliculus,
substantia nigra) known to regulate avoidance. Finally, escape
responses driven by the US are associated with a stronger PPT
activation (Peak 3) than avoidance responses. The afferents
recruited by the US that drive Peak 3 may originate in the same
network as the afferents that drive Peak 2 or, more likely, in a dif-
ferent network.
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