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The amygdala modulates prepulse
inhibition of the auditory startle reflex
through excitatory inputs to the caudal
pontine reticular nucleus
Jose Carlos Cano1, Wanyun Huang2 and Karine Fénelon2*

Abstract

Background: Sensorimotor gating is a fundamental pre-attentive process that is defined as the inhibition of a motor
response by a sensory event. Sensorimotor gating, commonly measured using the prepulse inhibition (PPI) of the
auditory startle reflex task, is impaired in patients suffering from various neurological and psychiatric disorders. PPI
deficits are a hallmark of schizophrenia, and they are often associated with attention and other cognitive impairments.
Although the reversal of PPI deficits in animal models is widely used in pre-clinical research for antipsychotic drug
screening, the neurotransmitter systems and synaptic mechanisms underlying PPI are still not resolved, even under
physiological conditions. Recent evidence ruled out the longstanding hypothesis that PPI is mediated by midbrain
cholinergic inputs to the caudal pontine reticular nucleus (PnC). Instead, glutamatergic, glycinergic, and GABAergic
inhibitory mechanisms are now suggested to be crucial for PPI, at the PnC level. Since amygdalar dysfunctions alter PPI
and are common to pathologies displaying sensorimotor gating deficits, the present study was designed to test that
direct projections to the PnC originating from the amygdala contribute to PPI.

Results: Using wild type and transgenic mice expressing eGFP under the control of the glycine transporter
type 2 promoter (GlyT2-eGFP mice), we first employed tract-tracing, morphological reconstructions, and
immunohistochemical analyses to demonstrate that the central nucleus of the amygdala (CeA) sends
glutamatergic inputs lateroventrally to PnC neurons, including GlyT2+ cells. Then, we showed the contribution
of the CeA-PnC excitatory synapses to PPI in vivo by demonstrating that optogenetic inhibition of this
connection decreases PPI, and optogenetic activation induces partial PPI. Finally, in GlyT2-Cre mice, whole-cell
recordings of GlyT2+ PnC neurons in vitro paired with optogenetic stimulation of CeA fibers, as well as
photo-inhibition of GlyT2+ PnC neurons in vivo, allowed us to implicate GlyT2+ neurons in the PPI pathway.

Conclusions: Our results uncover a feedforward inhibitory mechanism within the brainstem startle circuit by
which amygdalar glutamatergic inputs and GlyT2+ PnC neurons contribute to PPI. We are providing new
insights to the clinically relevant theoretical construct of PPI, which is disrupted in various neuropsychiatric
and neurological diseases.
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Background
Sensorimotor gating is the ability of sensory events to in-
hibit or “gate” motor outputs. Currently, prepulse inhib-
ition (PPI) of the acoustic startle reflex task remains the
gold standard operational measure of sensorimotor gat-
ing [1–3], used both in humans and various animal
models [2, 4]. PPI is a paradigm in which a pre-stimulus
of low intensity (“prepulse”) presented ~ 10–500 ms be-
fore a startle stimulus (“pulse”), attenuates the startle re-
sponse [1–9]. Although PPI deficits are a hallmark of
schizophrenia [1, 3], they also occur in other psychiatric
disorders, such as obsessive-compulsive disorder [5, 6],
Gilles de la Tourette syndrome [7], Huntington’s disease
[10–12], and post-traumatic stress disorder [8] and other
neurological disorders such as seizure disorders [13–15]
and nocturnal enuresis [16]. PPI impairments are associ-
ated with, and often predictive of, cognitive disruptions
and attentional problems. In fact, hallucinations, obses-
sions, and compulsions are thought to emerge as a result
of a deficient gating system that prevents the brain from
filtering out irrelevant sensory cues, actions, or thoughts
[6]. At the present time, the reversal of PPI deficits in
animal models and patients with schizophrenia is an effi-
cient tool for antipsychotic drug screening [17, 18]. Des-
pite this, the neuronal pathways and mechanisms
underlying the PPI regulatory circuitry are still unre-
solved. Therefore, identifying the cell types and synaptic
mechanisms involved in PPI is crucial to further our un-
derstanding of the neuronal underpinnings of sensori-
motor gating. Knowledge of the PPI regulatory circuitry
will also have clinical applications, expanding our in-
sights of the pathophysiology of disorders with PPI defi-
cits, towards developing and screening therapeutics for
these disorders.
The mammalian startle circuit is simple and consists of

the cochlear nuclei, which activate giant neurons in the
caudal pontine reticular nucleus (PnC) that, in turn, dir-
ectly innervate cervical and spinal motor neurons (MNs)
[4, 19, 20] (Fig. 1). Previous animal and human studies
have shown that inhibition of this pathway by prepulses
on the level of the PnC leads to PPI [1–9]. PPI by acoustic
stimuli depends on the activation of midbrain structures
including the inferior and the superior colliculi, as well as
the pedunculopontine tegmental nucleus (PPTg) [21–24].
In addition, different cortical and subcortical areas within
the corticostriatal-pallido-pontine (CSPP) circuit regulate
PPI. In fact, manipulating the activity of the prefrontal
cortex, thalamus, hippocampus, basolateral amygdala, nu-
cleus accumbens, and dorsal striatum affects PPI [4, 25].

By receiving inputs from various sensory modalities (i.e.,
trigeminal and auditory) and directly activating spinal
motor neurons, PnC giant neurons function as key sen-
sorimotor relay neurons within the primary acoustic star-
tle circuit. These PnC giant neurons receive cholinergic
inputs from the PPTg, and general lesions of the PPTg
were shown to disrupt PPI [22, 26]. Therefore, until re-
cently, there was a consensus that PPI is mediated by cho-
linergic PPTg neurons inhibiting PnC giant neurons
within the startle pathway. However, new optogenetic and
chemogenetic rat studies clearly demonstrated that spe-
cific activation or inhibition of cholinergic PPTg neurons
does not alter PPI [27–30]. Since the majority of neurons
in the PPTg are non-cholinergic [31], it is currently sug-
gested that PPI may be a function of GABAergic and/or
glutamatergic cells in the PPTg and/or another structure
directly projecting to the PnC. In fact, fish and rodent
studies have described the crucial involvement of brain-
stem glutamatergic, GABAergic, and glycinergic inhibitory
mechanisms in PPI [29, 30, 32].
As it is now clear that PPI does not depend on PPTg

cholinergic inputs to the PnC, we aimed to identify what
structure, other than the PPTg, projects directly onto
PnC neurons and modifies PPI. One structure particu-
larly relevant is the central nucleus of the amygdala
(CeA), since various neurological disorders showing PPI
deficits also show amygdalar abnormalities. In fact, the
amygdala is a region that has received considerable at-
tention in studies of the etiology of neuropsychiatric ill-
nesses [33], and impairment of amygdala function
disrupts PPI [34–38]. We hypothesized that the CeA-to-
PnC connection provides an alternative PPI pathway, in-
dependent from the PPTg mechanisms. Our hypothesis
is based on in vivo and in vitro rat studies that corrobor-
ate the important role of the CeA in modulating the
startle pathway. The CeA receives inputs from the audi-
tory cortex and the central thalamus [39, 40] and sends
projections to the PnC [41, 42] making it a potential PPI
substrate. More precisely, tract-tracing studies in rats
showed that neurons in the rostral part of the medial
subdivision of the CeA directly innervate PnC giant neu-
rons at the core of the acoustic startle circuit [42, 43].
However, in contrast to PPI where startle magnitude is
decreased by a non-startling prepulse, early behavioral
studies focused on understanding how startle magnitude
is increased during conditioned and unconditioned states
of fear, as seen both in rats [44, 45] and in humans [46].
These studies, performed in rats, show that the acoustic
startle response is enhanced by electrically stimulating
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the amygdalobasal complex, including the CeA [44] or
by injecting NMDA bilaterally in the amygdaloid com-
plex [43]. In vivo electrophysiological recordings also re-
vealed that activating the CeA/amygdaloid complex
yields excitatory post-synaptic potentials and enhances
the acoustic responsiveness of PnC giant neurons in ro-
dents [43, 47].
It is only recently that functional imaging studies and

c-Fos expression data in rats have provided strong evi-
dence that CeA neuronal activity is increased during PPI
[48]. However, whether and how the CeA-to-PnC excita-
tory connection, specifically, contributes to PPI has
never been tested. Moreover, downstream inhibitory
PnC neuronal elements that could help reconcile the
role of CeA excitatory projections in a functionally in-
hibitory pathway remain to be identified.
Interestingly, glycinergic fibers and interneurons ex-

pressing the glycine transporter type 2 (GlyT2) are
closely apposed to the PnC giant neurons in rodents [49,
50]. Although the role and source of activation of these
GlyT2+ neurons are unclear in the context of PPI, gly-
cine neurotransmission has been shown to inhibit rat
PnC giant neurons and contribute to PPI at the level of
the startle-initiating Mauthner cells, within the goldfish
auditory startle circuit [32, 51].
The present study was undertaken to test the hypoth-

esis that glutamatergic CeA neurons contribute to PPI

by sending inputs to the PnC, including GlyT2+ neurons
in mice. Here we used tract-tracing, morphological re-
constructions, and neurochemical analyses and exam-
ined synaptic properties of glutamatergic CeA inputs
terminating primarily onto GlyT2+ PnC neurons, using
transgenic GlyT2-eGFP and GlyT2-Cre mice. We vali-
dated our findings in vivo by specific optogenetic inhib-
ition and activation of CeA-PnC glutamatergic synapses,
as well as optogenetic inhibition of GlyT2+ PnC neurons
during startle and PPI testing.

Results
CeA glutamatergic neurons send inputs to the PnC
lateroventral region in mice
As previously reported in rat tracing studies [42, 43], we
first confirmed that the retrograde tracer Fluoro-Gold,
injected unilaterally within the mouse PnC (Fig. 2a, b),
labeled neurons in various brain regions. The cytoarchi-
tectural analysis of the gliotic lesion [53] (Fig. 2d)
showed that Fluoro-Gold was injected within the PnC,
delineated by 7th nerve fibers. As expected, Fluoro-Gold
labeled neurons in various regions including the caudate
putamen, the intra-amygdaloid division of the bed nu-
cleus of the stria terminalis, and the lateral hypothal-
amus. Fluoro-Gold also labeled neurons located in the
mouse pedunculopontine tegmental area (PPTg) (Add-
itional file 1: Figure S1; N = 4) and in the CeA (Fig. 2f; N

Fig. 1 Neuronal circuits contributing to the acoustic startle response and PPI. The mammalian primary acoustic startle pathway (red pathway)
consists of primary auditory neurons that activate cochlear root and cochlear nuclei (CN), which then relay the auditory information to the giant
neurons of the caudal pontine reticular nucleus (PnC) in the brainstem. PnC giant neurons then directly activate cervical and spinal motor
neurons (MNs). During PPI (dark blue pathway), acoustic prepulses are thought to inhibit startle via the activation of the inferior (IC), superior
colliculi (SC), and the pedunculopontine tegmental nucleus (PPTg). The PPI pathway is also under the influence (light blue pathway) of midbrain
and cortico-limbic structures including the basolateral amygdala (BLA), which activates the nucleus accumbens (NAcc) which in turn inhibits the
ventral pallidum (VP). Together, these PPI structures form the cortico-striato-pallido-pontine (CSPP) network. Here, we propose that CeA-PnC
excitatory synapses (dotted dark blue pathway within the dotted red rectangle) regulate PPI alongside the CSPP circuit. HPC: hippocampus; mPFC:
medial prefrontal cortex; SN: substantia nigra; VTA: ventral tegmental area
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Fig. 2 The CeA sends projections to the PnC. a Left, Sagittal representation of the mouse brain illustrating the Fluoro-Gold injection site in the PnC
(yellow circle) and the retrograde labeling site in the CeA (red circle, dotted line). Right, Schematic of the hypothesis being tested. b Representative
coronal PnC slice showing the extent of the Fluoro-Gold injection. The outer dotted circle indicates the fluorescent Fluoro-Gold injection halo. The
inner dotted circle represents the center of the gliotic lesion, medial to the 7th cranial nerve and within the cytoarchitectural boundaries of the PnC.
Inset: Representative image of the injection site in a coronal PnC slice, shown at lower magnification. c Representative Nissl-stained PnC section. The
darker region surrounded by a dotted circular area indicates the gliotic lesion made by the Fluoro-Gold injection. d Representative image showing the
Fluoro-Gold injection site in the PnC mapped to the Paxinos and Franklin Mouse Brain Atlas [52]. e Representative coronal section showing CeA
neurons retrogradely labeled with Fluoro-Gold (cyan). f Higher magnification of the CeA neurons shown in e and retrogradely labeled with Fluoro-
Gold. Representative of N = 4 mice. Scale bars: b–d 200 μm, e 500 μm, f 100 μm
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= 4). Labeled CeA cell bodies clustered near the border
of the dorsomedial portion of the anterior amygdalar
complex, ipsilateral to the PnC injection site.
The CeA comprises an array of distinct neuronal pop-

ulations, including inhibitory neurons that have been
classified according to different amygdala markers [54].
The CeA also contains excitatory neurons exhibiting
VGLUT2 immunoreactivity, as shown in guinea pigs
[55]. Since recent evidence suggests that midbrain gluta-
matergic inputs targeting the pontine startle circuit are
important for sensory gating in zebrafish [29, 30], we
next focused on how axons from CeA excitatory neu-
rons course within the PnC (Fig. 3; N = 4). In mice
injected with the viral vector AAV-CamKIIα-eYFP into
the CeA (Fig. 3a), NeuroTraceTM staining allowed us to
confirm that the cell body of eYFP+ CeA neurons was ef-
ficiently targeted by the viral injection (Fig. 3b–e). Our
results show that 11.29% (27 ± 13 somata) of CeA neu-
rons labeled with NeurotraceTM were eYFP+ (N = 4). Al-
though it is often assumed that CamKIIα is specific to
excitatory cells, some GABAergic projection neurons
also express CamKIIα [56]. Therefore, we also identified
the neurochemical nature of the CamKIIα-eYFP+ CeA
neurons (Fig. 4a, b) using an in situ hybridization assay
(RNAscope). We observed that eYFP+ CeA neurons ex-
press VGLUT2 (Fig. 4c–f, N = 3), and, as expected, these
neurons were not co-labeled with a GABA antibody
(Additional file 1: Figure S2). In fact, within the medial
CeA, almost all (83% ± 8%) eYFP+ CeA neurons
expressed VGLUT2. Finally, we observed that eYFP+

CeA axons course predominantly ipsilaterally in PnC
sections and are localized in the lateroventral portion of
the PnC (Fig. 3f).

Optogenetic inhibition of CeA-PnC excitatory synapses
decreases PPI
Following our histological analyses, we assessed the po-
tential role of the CeA-PnC excitatory connection during
PPI, in vivo. We first aimed to determine if silencing
amygdala neurons sending inputs to the PnC would alter
baseline startle in the absence of a prepulse. To silence
CeA-PnC excitatory synapses in WT mice, we trans-
duced CeA excitatory cells with Archaerhodopsin-3
(Arch3.0) by injecting the optogenetic viral vector
rAAVDJ/CamKIIa-eArch3.0-eYFP. We tested non-
injected mice (control) and mice injected with the con-
trol rAAVDJ/CamKIIa-eYFP for comparison. Following
the unilateral intracranial injection, an optic fiber was
implanted at the level of the PnC to photo-inhibit CeA
fibers/terminals expressing Arch3.0 (Fig. 5a, left).
To test our hypothesis that silencing CeA-PnC excita-

tory synapses does not alter baseline startle elicited by a
pulse-alone stimulation (“pulse”), we photo-inhibited
CeA-PnC excitatory synapses with green light prior to

and concurrent with the acoustic stimulation at increas-
ing sound levels, and then, we measured the startle re-
sponse as a readout (Fig. 5a, middle). In all mice, sound
intensities of and beyond 90 dB led to a measurable
acoustic startle reflex, characterized by a whole-body
flexor muscle contraction [2, 19, 20]. We found no dif-
ferences when we compared the startle amplitude ob-
tained with and without photo-inhibition of CeA-PnC
excitatory synapses from eArch3.0-expressing animals to
animals injected with the control virus and non-injected
controls (Fig. 5b). These results, which were replicated
using yellow light in mice injected with Halorhodopsin
(pAAV DJ-CamKIIa-NpHR3.0-eYFP; Additional file 1:
Figure S3A-B), confirm that inhibiting CeA-PnC excita-
tory synapses prior to and during a startle stimulation
does not alter baseline startle. Our observations are con-
sistent with previous rat studies demonstrating that le-
sions of the CeA do not block the acoustic startle
response itself [57].
We then tested whether silencing CeA-PnC excitatory

synapses alters PPI. To do so, the photo-inhibition
started with prepulse onset and lasted until the end of
the interstimulus intervals (ISIs) between prepulse and
pulse (Fig. 5a, right) [26–29]. Although photo-inhibition
had no impact on pulse-alone stimulations interspersed
with PPI trials (Fig. 5c), photo-inhibition of CeA-PnC
excitatory connection during the prepulse significantly
decreased PPI by 25–43% at ISI between 30–300 ms in
eArch3.0-expressing animals, but not in the control ani-
mals (Fig. 5d). Similarly, in mice injected with Halorho-
dopsin, photo-inhibition significantly decreased PPI by
16–29% when the prepulse was presented 50–300 ms
before the startling pulse (Additional file 1: Figure S3C),
without altering startle magnitude in pulse-alone trials
(Additional file 1: Figure S3A-B). Since silencing the
CeA-PnC excitatory connection during the prepulse and
the subsequent ISI led to a decrease in PPI, these results
support our hypothesis that CeA excitatory neurons
regulate part of the behavioral PPI.
Next, we tested whether photo-activation of CeA-PnC

excitatory synapses prior to a pulse-alone stimulation
could mimic the effect of an acoustic prepulse and lead
to PPI (Fig. 6a). WT mice injected with the control AAV
eYFP vector were used to test for a possible blue light-
induced heat effect. These mice were compared to WT
mice injected with the optogenetic AAV vector
rAAVDJ-CamKIIα-ChR2 in the CeA. In all mice, CeA-
PnC excitatory synapses were photo-activated with short
trains of blue light at 5 Hz and 20 Hz, concurrent with a
startling pulse-alone stimulation. As shown in Fig. 6b,
photo-activation of CeA-PnC excitatory synapses con-
current with an acoustic pulse-alone stimulation (Fig.
6b, left) or startling pulses interspersed with PPI trials
(Fig. 6b, right) did not affect baseline startle. However, in
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Fig. 3 (See legend on next page.)
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all mice, CeA-PnC excitatory synapses were also photo-
activated shortly prior to a startling pulse, at intervals
used for acoustic PPI. Photo-activation at 5 Hz or 20 Hz
prior to a startling stimulation produced a PPI effect
across different ISIs (between photo-activation and
acoustic pulses) only in WT mice injected with ChR2
(Fig. 6c). Interestingly, the 20 Hz photo-activation
tended to be more efficient than the 5 Hz photo-
stimulation train, yielding PPI values 18–41% of PPI elic-
ited by the acoustic prepulses (all mice combined). Over-
all, the light-induced PPI effect was smaller than PPI
induced by an acoustic prepulse, which resulted in a 35–
60% PPI. Importantly, our results confirm that CeA

excitatory neurons sending inputs to the PnC can inhibit
startle at intervals relevant for PPI.
Finally, we tested whether photo-stimulation of CeA-

PnC excitatory synapses (at 20Hz) enhances the effect of
the acoustic prepulse and potentiates PPI. Therefore, we
paired the photo-stimulation with pulse-alone stimula-
tions or with acoustic prepulses and ISIs during PPI trials,
using mice injected with AAV-CamKIIα-ChR2-eYFP
(Additional file 1: Figure S4; N = 6). Photo-stimulation did
not alter baseline startle responses (Additional file 1: Fig-
ure S4A; p > 0.05) or PPI (Additional file 1: Figure S4B; p
> 0.05). Based on our results, we conclude that CeA-PnC
excitatory synapses are maximally activated following

(See figure on previous page.)
Fig. 3 CeA glutamatergic projections course within the lateroventral portion of the PnC. a Left, Sagittal representation of the mouse brain
illustrating the AAV-CamKIIα-eYFP injection site targeting CeA neurons (green circle) and CeA projection fibers terminating at the level of the PnC
(red circle). The dotted line illustrates the PnC level at which coronal cut sections were obtained to visualize CamKIIα-eYFP+ axons originating
from the CeA. Right, Schematic of the hypothesis being tested. b Representative CeA coronal sections showing eYFP+ fluorescence (green) and
NeuroTraceTM staining (magenta). The white rectangle shows the area imaged in panels c–e. Inset, Nissl stain image of the injection site in the
CeA. Arrowheads represent the injection needle tract, dorsal to imaging site. The black square corresponds to the white square area on the
fluorescence image. c White arrows indicate CeA cells positive for CamKIIα-eYFP (green). d NeuroTraceTM stain (magenta) labels CeA cells bodies
(white arrows). e White arrows indicate CeA cells positive for CamKIIα-eYFP and NeuroTraceTM. f Representative image of CamKIIα-eYFP+ CeA
fibers (green) coursing within a PnC coronal section stained with NeuroTraceTM (magenta). The three arrowheads indicate the 7th cranial nerve.
Inset, lower magnification of the PnC coronal section with PnC delineated landmarks. The arrowhead indicate the location of the track left by the
implanted optic fiber for PPI in vivo experiments. Representative of N = 4 mice. Scale bars: c, e 400 μm, d–f 50 μm

Fig. 4 CeA neurons targeted with the AAV-CamKIIα-eYFP viral injection are VGLUT2+. a Schematic of the hypothesis being tested. b Representative
image of a CeA coronal section at low magnification, hybridized with eYFP (magenta) and VGLUT2 (green) probes. White rectangle shows area
imaged in panels c–f. c–f Arrowheads indicate CamKIIα-eYFP+ medial CeA neurons co-expressing VGLUT2 mRNA. Representative of N = 3 mice. Scale
bars: b 500 μm, c–f 25 μm
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acoustic prepulses in vivo and that additional photo-
stimulation of CeA-PnC excitatory inputs during acoustic
prepulses and ISIs does not further enhance PPI.

CeA glutamatergic neurons send inputs to PnC inhibitory
neurons
We next aimed to reconcile the glutamatergic nature of
CeA-PnC inputs and their role in a functionally inhibi-
tory pathway. Since glycinergic neurons are found in the
PnC and in close proximity to PnC giant neurons, we
hypothesized that CeA excitatory inputs activate glyci-
nergic PnC neurons, providing an inhibitory component
to the PPI phenomenon. To test our hypothesis, we

injected the AAV viral vector AAVDJ-CamKIIα-
mCherry into the CeA of transgenic mice expressing
eGFP under the control of the glycine transporter 2
(GlyT2) promoter [50]. Orthogonal imaging and mor-
phological reconstruction analyses revealed close puta-
tive synaptic appositions between CamKIIα-mCherry+

CeA projections and GlyT2+ PnC neurons (Fig. 7a-c; N
= 6). In addition, PSD-95, a post-synaptic protein at ex-
citatory synapses, co-localized with these appositions
confirming that CamKIIα-mCherry+ CeA fibers form ex-
citatory synapses with GlyT2+ PnC neurons (Fig. 7c).
Next, we recorded basic electrical properties of

CamKIIα-eYFP+ CeA neurons expressing ChR2 while

Fig. 5 Silencing CeA-PnC excitatory projections during acoustic prepulses and ISIs decreases PPI. a Schematic of acoustic startle reflex and PPI
protocols performed using non-injected WT control mice, mice injected with eYFP only (light ON or OFF), and mice injected with
Archaerhodopsin (Arch3.0; light ON or OFF). The rightmost schematic represents the hypothesis being tested. b Graph showing no significant
effect of green light presented prior to and during 70–120 dB acoustic pulses on basal startle amplitude among animal groups [mouse group:
(F(1,11) = 1.417, p = 0.268); light: (F(1) = 0.00155, p = 0.969); sound intensity × light interaction: (F(1,6) = 0.206, p = 0.974)]. c Graph showing no
significant main effect of light during 120 dB pulses presented before (basal) vs. randomly during the PPI task, on mean baseline startle amplitude
among animal groups (F(1) = 3.124, p = 0.105). d Graph showing that green light paired with acoustic prepulses and ISIs significantly decreased
PPI only in mice injected with Arch3.0, at ISIs between 30 and 300ms. We found a significant effect of ISI (F(1,7) = 24.863, p < 0.001), light: (F(1) =
10.201, p = 0.009), and light × ISI interaction: (F(1,7) = 4.057, p < 0.001) on PPI (Two-way RM ANOVA). N = 8 mice per group. Data are represented
as mean ± SEM. *p < 0.05, **p < 0.01
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Fig. 6 (See legend on next page.)
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(See figure on previous page.)
Fig. 6 Photo-stimulation of CeA-PnC excitatory synapses induces PPI. a Representation of the PPI protocols performed using acoustic prepulses
(top) or blue light prepulses (middle) in WT mice injected with eYFP only and mice injected with ChR2. The bottom schematic represents the
hypothesis being tested. b In all mice, control (acoustic) ASR was assessed using acoustic pulse-alone startling stimulations (black bars). In
addition, in WT mice injected with ChR2-eYFP, pulse-alone stimulations were paired with optogenetic stimulation trains of CeA-PnC glutamatergic
synapses at 5 Hz (red bars) and 20 Hz (dark blue bars). Similarly, mice injected with the control vector AAV-eYFP were used to test possible blue
light-induced heat effects at 5 Hz (white bars) and 20 Hz (gray bars) paired with pulse-alone stimulations. Left, Graph showing no significant main
effect of blue light photo-stimulation paired with acoustic pulse-alone stimulations (70–120 dB) on mean basal startle amplitude, among animal
groups. There was no effect of viral vector type (F(1,4) = 2.096, p = 0.082) or viral vector × sound intensity interaction (F(1,24) = 0.578, p = 0.944).
Right, Graph showing no significant main effect of blue light photo-stimulation paired with 120-dB pulses presented during the PPI task, on mean
baseline startle amplitude among animal groups. There was no effect of viral vector type (F(1,4) = 1.250, p = 0.298) or viral vector × sound
intensity interaction (F(1,4) = 0.109, p = 0.979). c In all mice, control (acoustic) PPI was assessed using acoustic prepulses (black bars). In subsequent
trials, photo-stimulation of CeA-PnC glutamatergic synapses at 5 Hz and 20 Hz replaced the prepulses in mice injected with the control AAV-eYFP
vector (white and grey bars) and in mice injected with ChR2-eYFP (red and dark blue bars). The graph shows that only in mice injected with
ChR2, optogenetic stimulation used as prepulses elicited PPI values 18–41% of acoustic prepulse, at ISI between 10 and 500ms. (F(1,14) = 6.152, p
< 0.001). N = 8 mice per group. Data are represented as mean ± SEM. *p < 0.05, **p < 0.01

Fig. 7 CamKIIα+ CeA fibers closely apposed to GlyT2+ PnC neurons. a Top, Schematic of the hypothesis being tested. Bottom, Orthogonal view of
a close apposition between CamKIIα-mCherry+ CeA excitatory fibers (magenta) and the soma of a GlyT2+ PnC neuron (green) indicated by the
arrowhead in all three views. b Three-dimensional reconstruction of putative synaptic contacts between CamKIIα-mCherry+ CeA fibers (magenta)
and GlyT2-eGFP+ neurons expressing PSD-95 (blue; arrow). Few putative synaptic appositions did not show PSD-95 staining (arrowheads). c
Volume rendering and angular sectioning of the PSD-95+ putative synaptic contact shown in b. Representative of N = 6 mice. Scale bar in a
is 50 μm
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confirming their sensitivity to blue light photo-
stimulation (N = 10 mice; n = 26 neurons). For this,
in vitro patch clamp recordings were performed in acute
CeA slices of mice expressing the Cre recombinase en-
zyme in GlyT2+ neurons (i.e., GlyT2-Cre mice). These
GlyT2-Cre mice were previously injected with the
AAVDJ-CamKIIα-ChR2-eYFP viral vector in the CeA
and a Cre-dependent tdTomato viral vector in the PnC,
to transduce CeA excitatory cells with ChR2 and GlyT2+

PnC neurons with tdTomato, respectively (Fig. 8a and
Additional file 1: Figure S5A). Spontaneous excitatory
post-synaptic currents (sEPSC) with a mean amplitude
of 13.26 ± 0.1 pA were recorded in CamKIIα-eYFP+

CeA neurons held at − 70mV, and current injections
elicited action potentials firing at a maximum rate of
14.6 ± 5.4 Hz (Additional file 1: Figure S5C). More im-
portantly, photo-stimulation induced large current re-
sponses (821.15 ± 20.3 pA maximum amplitude),
indicating that our stimulation protocol successfully acti-
vated CamKIIα-eYFP+ CeA neurons expressing ChR2
(Additional file 1: Figure S5D).
We then used acute PnC slices obtained from the

same mice to determine whether photo-stimulation of
CeA excitatory fibers could elicit excitatory synaptic re-
sponses in GlyT2+ PnC neurons (Fig. 8a). Photo-
stimulation (i.e., blue light pulses) evoked excitatory
post-synaptic potentials (EPSPs) and currents (EPSCs) in
tdTomato-expressing GlyT2+ neurons held at − 70 mV.
These excitatory responses showed facilitation at ISI of

50 and 100 ms (Fig. 8b, EPSP PPR: 50 ms = 1.09, 100 ms
= 1.13; EPSC PPR: 50 ms = 1.318, 100 ms = 1.243). Then,
we applied glutamate receptor antagonists to function-
ally identify the post-synaptic receptors underlying the
EPSPs (2.39 ± 0.47 mV) elicited in GlyT2+ PnC neurons,
in response to the CeA fibers photo-stimulation. AP5
(50 μM) eliminated the NMDAR-dependent component
of the EPSP (AP5: 0.68 ± 0.17 mV; 1-way RM ANOVA,
F = 9.463, p < 0.01), and DNQX (20 μM) blocked the
AMPAR-dependent component (Fig. 8c; DNQX: 0.75 ±
0.17 mV; 1-way RM ANOVA, F = 6.009, p < 0.01) which
recovered by washing out the drugs (2.15 ± 0.75 mV;
Fig. 8c).
Next, to determine if the electrical properties of

GlyT2+ PnC neurons targeted by CeA excitatory inputs
differ from neighboring untargeted GlyT2+ PnC cells
(Fig. 9a), we compared the intrinsic and spontaneous
synaptic properties of tdTomato-expressing GlyT2+ neu-
rons (Additional file 1: Figure S6 and Table S1) respon-
sive to light vs. tdTomato-expressing GlyT2+ neurons
unresponsive to light, at − 70mV (N = 10 mice). Their
anatomical location was confirmed post-recording using
GlyT2 and Biocytin co-immunostaining, followed by a
3D reconstruction (Fig. 9b,c). As expected from our
tract-tracing results, GlyT2+ cells medial to the 7th cra-
nial nerve (n = 6) and cells located lateroventrally were
responsive to blue light (n = 12; Fig. 9b,c) whereas cells
located along the midline (n = 16) or contralateral to the
injection site (n = 4) did not respond to light. The EPSPs

Fig. 8 CeA glutamatergic inputs activate GlyT2+ PnC neurons via AMPA and NMDA receptors. a Top, Injection of AAVDJ-CamKIIα-ChR2-eYFP in the
CeA and injection of Cre-dependent AAVDJ-tdTomato in the PnC of GlyT2-Cre mice, followed by in vitro patch clamp recordings. Bottom, Schematic
of the hypothesis being tested. b Paired-pulse ratios of the light-evoked EPSPs (top) and EPSCs (bottom) at 50- and 100-ms interstimulus intervals (ISIs).
Insets: Representative traces. c Graph showing the amplitude of the light-evoked EPSPs recorded in GlyT2+ PnC neurons in control, during the
sequential bath application of AP5 and DNQX and following washout. Insets: Sample traces. Scale: 10 mV/15ms. Representative of N = 10 mice, n = 38
neurons. Data are represented as mean ± SEM. *P > 0.05, **P > 0.01. Scale bars: b Voltage traces: 2 mV/10ms; Current traces: 5 pA/5ms
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and EPSCs recorded at − 70 mV in light-responsive cells
were abolished at 0 mV (i.e., the EPSP reversal potential).
None of the light-responsive cells showed IPSP or IPSCs
at 0 mV, confirming that no inhibitory inputs were acti-
vated by blue light (n = 12; Fig. 9d). While both cell
types displayed similar passive and active membrane
properties (Additional file 1: Figure S6 and Table S1) (F
= 1.119, p = 0.327; Additional file 1: Figure S6C) and re-
ceived spontaneous excitatory and inhibitory inputs, the
amplitude of sEPSCs (n = 18, t = 2.538, p = 0.011) and
sIPSCs (t = 2.434, p = 0.025) of GlyT2+ responsive cells
was greater compared to that of GlyT2+ unresponsive
cells (n = 20; Additional file 1: Figure S6-B).
Results of these electrophysiological experiments con-

firm our anatomical data showing that CeA glutamater-
gic projections activate a subset of GlyT2+ PnC neurons
located lateroventrally, via AMPA and NMDA receptors.
Spontaneous IPSCs were recorded in GlyT2+ PnC neu-
rons held at 0 mV (EPSP reversal potential), confirming
that these neurons receive inhibitory inputs. However,
since blue light photo-stimulation failed to evoke IPSPs

in GlyT2+ PnC neurons, these results confirm that Cam-
KIIα+ CeA neurons do not send inhibitory projections to
GlyT2+ PnC neurons.

Optogenetic inhibition of GlyT2+ PnC neurons during
acoustic prepulses decreases PPI
Finally, to test whether GlyT2+ PnC neurons (likely acti-
vated by CeA inputs) contribute to PPI (Fig. 10a), we
studied the behavioral contribution of GlyT2+ PnC neu-
rons, using GlyT2-Cre mice (N = 8 mice) injected with
the Cre-dependent optogenetic viral vector rAAVDJ/
Ef1α-DIO-eArch3.0-eYFP to transduce GlyT2+ PnC
neurons with Archaerhodopsin-3 (Arch3.0). We opto-
genetically inhibited these neurons during PPI through
unilateral optic fibers, chronically implanted in the PnC.
Photo-inhibition of GlyT2+ PnC neurons using 1-ms
pulses of green light stimulation presented at 5 Hz had
no impact on the acoustic startle response (Fig. 10b) or
acoustic pulse-alone stimulations interspersed with PPI
trials (Fig. 10c). However, photo-inhibition of GlyT2+

PnC neurons during the prepulses and the interpulse

Fig. 9 Electrophysiological properties of GlyT2+ PnC neurons. a Schematic of the hypothesis being tested. b Representative PnC slice showing
eGFP+ fluorescence (magenta) and Biocytin staining (cyan). c Higher magnification of the box area in a, showing representative morphological
reconstructions of recorded GlyT2+ cell bodies filled with biocytin. d Representative light-evoked voltage (top two traces) and current traces
(bottom two traces) recorded at 0 mV (left) and − 70 mV (right) of a GlyT2+ neuron responsive to blue light. Blue arrowheads and short vertical
lines indicate blue light photo-stimulation. Representative of N = 10 mice, n = 38 neurons. Scale bars: b 250 μm. c 10 μm. d Voltage traces: 1 mV/
10ms; Current traces: 5 pA/1 ms
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intervals significantly decreased PPI by 37–40% at ISIs
between 30–100 ms (Fig. 10d).

Discussion
Overall, our results confirm that in mice, the PnC receives
CeA glutamatergic projections which course predomin-
antly ipsilaterally, within the ventrolateral portion of the
PnC. Since photo-activating these excitatory projections at
the level of the PnC induced a partial PPI and photo-
silencing this connection produced an ISI-dependent re-
duction in PPI, this suggests that CeA glutamatergic in-
puts contribute to PPI. We also found that the GlyT2+

PnC neurons responsive to the photo-stimulation of CeA
glutamatergic inputs display AMPA and NMDA receptor-
dependent excitatory responses. Finally, our results show
that silencing GlyT2+ PnC neurons decreases PPI. To-
gether, the influence of CeA glutamatergic neurons in PPI
and their direct input to GlyT2+ neurons, located at the

core of the PnC startle circuit, strongly argue that CeA
glutamatergic neurons and GlyT2+ neurons are an intrin-
sic part of the neuronal mechanism regulating the pre-
pulse inhibition of the startle response.

Anatomical studies
Our data confirm that in mice, there is a direct pathway
originating from the CeA onto the pontine reticular for-
mation, as previously described in rats, cats, guinea pigs,
and monkeys [55, 58–62]. Our retrograde tracing experi-
ments revealed that afferent projections to the PnC ori-
ginate in various brain regions including the PPTg and
the CeA (Fig. 2 and Additional file 1: Figure S1). Recent
evidence in rats and fish suggest that glutamatergic (and
likely also, GABAergic cells), but not cholinergic neu-
rons, in the PPTg are essential for inhibiting the startle
response, during PPI [26–30]. Here, we focused on the
glutamatergic projections from the CeA because this

Fig. 10 Silencing GlyT2+ PnC neurons during acoustic prepulses decreases PPI. a Schematic of the hypothesis being tested in GlyT2-Cre mice
injected with a Cre-dependent AAV encoding Archaerhodopsin-eYFP (Arch3.0-eYFP). b Graph showing no significant effect of green light paired
with 70–120 dB acoustic startling pulses on basal startle amplitude [light: (F(1,7) = 1.407, p = 0.274); intensity × light interaction:(F(3,21) = 1.747, p =
0.188)]. c Graph showing no significant main effect of light during 120 dB pulses presented before (basal) vs. randomly during the PPI task, on
mean baseline startle amplitude (F(1) = 3.124, p = 0.105). d Graph showing that green light paired with acoustic prepulses significantly decreased
PPI in mice injected with Arch3.0, at ISIs between 30 and 100ms. We found a significant effect of ISI (F(6,42) = 8.957, p < 0.001) and light (F(1,7) =
8.216, p = 0.024) (two-way RM ANOVA). N = 8 mice per group. Data are represented as mean ± SEM. *p < 0.05, **p < 0.01
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region was found to be both relevant for the modulation
of the acoustic startle response [43–45] and relevant to
diseases associated with sensorimotor gating deficits
[48]. In rats, while PnC-projecting CeA neurons were
shown to be able to enhance startle reactivity of PnC
giant neurons, immunohistochemical assays revealed
their non-GABAergic nature [63]. In contrast to the well
described CeA inhibitory neuronal populations [54], very
few immunohistochemical studies have investigated the
population of CeA neurons expressing the glutamatergic
neuronal marker VGLUT2+, which directly project to
pontine neurons. Fung et al. (2011) reported that 24% of
all retrogradely labeled CeA neurons that project directly
to the oral pontine reticular nuclei (PnO; rostral to the
PnC) are VGLUT2+ and are located in the lateral and
capsular subdivisions of the CeA. Although the studies
of Fung et al. (2011) were conducted in guinea pigs, our
anatomical data obtained in mice are similar: that is, our
CamKIIα-driven tract-tracing analysis and in situ
hybridization results (Figs. 3 and 4) also confirm that
80% of the CamKII+ CeA neurons virally targeted are
glutamatergic and project to the PnC. Interestingly, we
demonstrate that amygdalar cell bodies sending projec-
tions to the PnC are confined to the medial CeA, and no
cell bodies in the lateral and capsular CeA were
detected.
Our anterograde tracing experiments and histological

analyses also show that the descending CeA glutamater-
gic fibers course into the ventrolateral part of the PnC,
adjacent to the 7th nerve fibers and the olivary complex,
in mice (Fig. 3f). Our findings are in accordance with
the results of previous anatomical studies in rats and
cats showing that descending CeA projecting neurons
innervate, directly, with ipsilateral predominance, neu-
rons in the PnC [58–62]. The lateroventral PnC is inner-
vated by cochlear nuclei fibers conveying acoustic startle
input to PnC neurons, as lesions in the lateroventral
PnC greatly attenuate the startle reflex [19, 20, 64].
Altogether these findings confirm that the CeA projects
to a region in the PnC essential for acoustic startle
processing.
Interestingly, previous analysis had shown that CeA ter-

minal fibers were only occasionally seen close to the den-
drites of PnC giant neurons responsible for the startle
response [36], in contrast to projections from the cochlear
nucleus, which terminate on the somata and proximal
dendrites of these PnC giant neurons [65, 66]. Rather,
such CeA fibers mainly terminated close to the somata of
small- and medium-sized neurons of the PnC, whose
chemical phenotype was not identified [43]. The small
diameter (10–20 μm) GlyT2+ PnC neurons we focused on
in the present study seem to fit that description [47, 50].
Morphological analyses performed in mice expressing

eGFP in GlyT2+ glycinergic neurons revealed that most

of these small diameter neurons are in the brainstem,
intermingled with giant neurons in the PnC and the
PnO [49, 50]. Notably, the projections of these GlyT2+

PnC neurons are distributed similarly in the thalamus of
mice and man [67]. Previous experiments in rat brain
slices showed that PnC glycinergic interneurons are not
activated by the stimulation of afferent sensory fibers
within the primary startle pathway [51]. Instead, it was
suggested that glycinergic interneurons and glycinergic
fibers present within the PnC are most likely under the
control of excitatory and inhibitory projections from the
midbrain and higher brain structures that modulate the
startle responses. Here, our morphological reconstruc-
tion data (Fig. 7) provide evidence that the amygdala is
one of the brain regions that can activate GlyT2+ PnC
neurons. Since PnC giant neurons in rodents [51, 68]
and humans [69] strongly express glycine receptors, we
speculate that once activated by the CeA, GlyT2+ neu-
rons reduce the excitability of downstream neurons im-
portant for PPI including (but not restricted to) giant
PnC neurons.

Behavioral studies
The acoustic startle response can be modulated in various
ways. In our current study, the acoustic startle response is
decreased by a non-startling stimulus preceding the startle
stimulus, resulting in a PPI effect. To better understand
the different mechanisms involved in modulating the
acoustic startle response, it is important to characterize
the inputs to PnC neurons at the core of the primary star-
tle pathway and their sensorimotor effects. Recently, func-
tional imaging studies and c-Fos expression data in rats
provided strong evidence that CeA neuronal activity is in-
creased during PPI [48]. The objective of our behavioral
experiments was to demonstrate the contribution of an
CeA-PnC excitatory pathway in reducing the acoustic
startle reflex, and its relevance to PPI. We hypothesized
that if CeA inputs to the PnC modulate startle during PPI,
they would need to be activated prior to a startle response.
We validated our hypothesis in vivo and we showed that
unilateral [20, 70–73] photo-inhibition of the CeA-PnC
glutamatergic connection during the interval between the
prepulse and the pulse decreases PPI (Fig. 5). Interestingly,
photo-inhibition of the CeA-PnC glutamatergic connec-
tion did not modify an ongoing startle response elicited by
a pulse-alone startling stimulation (i.e., in the absence of a
prepulse). Thus, our data suggest that in the context of
PPI, silencing CeA glutamatergic neurons prior to a start-
ling stimulation reduces PPI but does not affect baseline
startle elicited by a pulse-alone stimulation.
During conditioned and unconditioned states of fear,

CeA stimulation can amplify the acoustic startle re-
sponse [44–46]. Interestingly, our results showing the
role of the CeA during PPI are consistent with the
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modulatory role of the CeA in fear studies demonstrat-
ing that lesions of the CeA block fear potentiation of
startle without blocking the acoustic startle response it-
self [57].
In an attempt to mimic an acoustic prepulse and further

demonstrate the behavioral relevance of this pathway, we
photo-activated CeA-PnC glutamatergic connection prior
to an acoustic startling stimulation (Fig. 6). This led to a
lower “PPI-like” effect than using an acoustic prepulse.
The fact that photo-activation of CeA glutamatergic fibers
partially mirrored the effects of acoustic prepulses suggest
that CeA excitatory inputs to the PnC do not regulate PPI
alone, but work alongside other neuronal elements and
pathways, including PPTg-dependent mechanisms. It
should also be mentioned that, under physiological condi-
tions, CeA neuronal firing might not necessarily follow
the stimulation frequency we used. Despite this, our re-
sults clearly show that CeA-PnC excitatory inputs contrib-
ute to PPI. Another concern is the possibility that
optogenetic inhibition at presynaptic terminals produces
unwanted technical effects including a paradoxical in-
crease in neurotransmitter release. To avoid this possibil-
ity, we used precisely timed, repetitive light stimulation
instead of sustained archaerhodopsin and halorhodopsin
activation, which previously led to an increase in spontan-
eous release [74], allowing us to investigate in vivo physio-
logical conditions more closely.
Aside from their role in fear-potentiated startle, no

study has directly investigated the function of CeA gluta-
matergic neurons projecting to the PnC, including
GlyT2+ neurons. At the level of the PnO, CeA gluta-
matergic descending projections were suggested to con-
tribute to rapid eye movement (REM)/active sleep by
activating large (i.e., cell body of ~ 30 μm), presumably
glutamatergic “REM-on” giant neurons [75]. Since CeA
glutamatergic projections target both giant neurons [43]
and GlyT2+ neurons (present study) in the PnC as well
as giant neurons in the PnO [75], it is likely that these
projections also target GlyT2+ neurons in the PnO.
Interestingly, the activation of these two reticular cell
types (i.e., giant neurons and GlyT2+ cells) leads to op-
posite behavioral outcomes. That is, in the PnO, giant
neurons contribute to REM sleep and GlyT2+ neurons
are crucial for awake cortical activity [67]. In the PnC,
giant neurons are responsible for startle responses [47],
and GlyT2+ neurons are crucial for behavioral arrest
[67]. Our data show that silencing GlyT2+ neurons sig-
nificantly reduced PPI at short interstimulus intervals
between the prepulse and the pulse. Based on our data
and that of other groups, GlyT2+ PnC neurons activated
by CeA glutamatergic neurons are likely the ones that
inhibit startle during PPI. Since our results suggest that
CeA-PnC excitatory synapses can regulate PPI at ISI be-
tween 30 and 300ms, it is tempting to speculate that

during PPI elicited at these ISIs, CeA glutamate neuro-
transmission has sufficient time to activate GlyT2+ PnC
neurons, leading to a feedforward inhibition. Future ex-
periments should be done to identify the post-synaptic
targets of GlyT2+ PnC neurons that are involved in PPI.
The amygdala, including the CeA, comprises a wide
array of molecularly, electrophysiologically, and func-
tionally distinct cell populations [54] that were shown to
play differential roles in fear and extinction learning.
Therefore, it is possible that a subset of CeA glutamater-
gic neurons activates a group of lateroventral GlyT2+

PnC neurons, leading to PPI, whereas another subset of
CeA glutamatergic neurons activates giant PnC neurons,
leading to enhanced fear [76] (see schematic of Fig. 7a).

Electrophysiological studies
Previous studies aiming to describe the electrophysio-
logical effect of activating CeA glutamatergic neurons
used electrical stimulating electrodes, making it impos-
sible to distinguish whether fibers of passage or CeA cell
bodies were activated. Moreover, pharmacological activa-
tion of CeA neurons did not allow to selectively activate
excitatory neurons [43]. To reconcile the glutamatergic
nature of the CeA neurons projecting to the PnC with
their contribution to an inhibitory phenomenon, here, we
performed in vitro patch clamp recordings in GlyT2-Cre
mice (Fig. 8). We recorded EPSPs in GlyT2+ PnC neurons
labeled with tdTomato, in response to targeted activation
of CeA glutamatergic inputs expressing ChR2. Altogether,
our results demonstrate that 1-CeA glutamatergic projec-
tions activate GlyT2+ PnC neurons via AMPA and
NMDA receptors, and 2-CeA-PnC glutamatergic synapses
display short-term synaptic facilitation.
Previous rat pharmacological in vivo studies showed

that blocking AMPA and NMDA receptors in the PnC
inhibits acoustic startle responses [77–79]. Interestingly,
our behavioral data suggest that blocking a glutamater-
gic connection between the CeA and the PnC reduces
PPI. Our PPI in vivo results do not conflict with these
previous studies showing the important role of the glu-
tamate neurotransmission within the PnC startle path-
way. Our in vivo results clearly indicate that during PPI,
inhibition of startle involves CeA glutamatergic cells dir-
ectly projecting to the PnC. In that context, acoustic
prepulses activate glutamatergic receptors located on
GlyT2+ and, likely also, PnC giant neurons. One hypoth-
esis is that during PPI, CeA glutamate neurotransmis-
sion activates GlyT2+ PnC neurons leading to a
feedforward inhibition. This hypothesis is clearly sup-
ported by our in vitro electrophysiological recordings in
PnC slices showing that AMPA/NMDA receptor
blockers reduce the EPSPs in GlyT2+ PnC neurons elic-
ited by CeA glutamatergic fiber stimulation (Fig. 8c).
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Paired photo-stimulation at CeA-PnC glutamatergic
synapses elicited short-term synaptic facilitation of EPSPs
at ISI of 50 and 100ms (Fig. 8b). Synaptic facilitation re-
flects presynaptic enhancement of neurotransmitter re-
lease, associated with residual calcium accumulation
within presynaptic terminals following the first stimula-
tion [80]. Interestingly, the synaptic facilitation we re-
corded at CeA-PnC glutamatergic synapses and the CeA-
dependent PPI values we measured in vivo both occur
within similar time scales.
Typically considered as a GABAergic (and non-

cholinergic) nucleus, the CeA includes an ensemble of sev-
eral other neurochemical and neuropeptide profiles, such as
galanin, somatostatin, substance P, and corticotropin-
releasing factor [81–85]. In fact, the CeA sends GABAergic
inputs to several brainstem regions adjacent to the PnC, such
as the ventrolateral periaqueductal grey [86], locus coeruleus
[87], and nucleus of the solitary tract [88]. Furthermore, al-
tered GABAergic neurotransmission is seen in schizophrenia
[89, 90] and is associated with abnormal acoustic startle re-
flex and PPI [91–95]. GABAergic neurotransmission was
previously shown to modulate the startle pathway [96]. Al-
though our data rule out the possibility that the CamKIIα+

CeA neurons we targeted are inhibitory (Figs. 4 and 8), fu-
ture work should determine whether the CeA also contribute
to PPI through GABAergic projections. Previous studies have
highlighted the importance of pontine glutamatergic and
GABAergic signaling during PPI. In addition, PPI is sensitive
to changes in glutamatergic and GABAergic transmission in
several brain regions, such as the amygdala [37, 38, 91],
hippocampus [92], superior colliculus [93], PPTg [29, 30, 94],
and nucleus accumbens [95]. These brain regions also exhibit
anatomical and functional abnormalities in neuropsychiatric
disorders associated with sensorimotor gating deficits. Here,
we provide evidence for a potential amygdala-dependent glu-
tamatergic mechanism at the PnC level that could be im-
paired in diseases associated with PPI deficits.

Conclusions
Overall, the results presented here along with the body
of literature on the role of the amygdala on acoustic
startle modulation suggest that CeA excitatory neurons
send inputs to the PnC, where they activate a subpopula-
tion of GlyT2+ neurons that contribute to PPI. We
propose that the primary startle pathway (Fig. 1; red) is
modulated by two parallel circuits: (1) the well-
established the CSPP network (Fig. 1; light blue and dark
blue brain regions/pathways), and (2) the CeA-PnC glu-
tamatergic connection (Fig. 1; dark blue dotted connec-
tion delineated by the red dotted square). These two
circuits ultimately converge at the level of the PnC. Our
results are aligned with recent data obtained by other
groups revisiting the theoretical constructs of PPI, de-
scribing glutamatergic, GABAergic, and glycinergic

underlying mechanisms. More importantly, our results
shed light into the basic processes underlying sensori-
motor gating, and our disease-relevant proposed circuit
should expand insights derived from disease experimen-
tal systems.

Methods
Mice
Experiments were performed on C57BL/6 male mice (N
= 61; The Jackson Laboratory, Bar Harbor, ME), GlyT2-
eGFP mice (N = 6; graciously provided by Dr. Manuel
Miranda-Arango, University of Texas at El Paso, El Paso,
TX), and GlyT2-Cre+/− mice (N = 18; graciously pro-
vided by Dr. Jack Feldman, University of California, Los
Angeles). Litters were weaned at PND 21 and housed to-
gether until stereotaxic microinjections were performed
at PND 70–84 (adult). Mice received food and water ad
libitum in a 12-h light/dark cycle from 7:00 am to 7:00
pm. This age corresponds to the age of the animals used
in the Paxinos and Franklin Mouse Brain Atlas, from
which all the stereotaxic coordinates were derived, and
cytoarchitectural boundaries delineated [52]. Following
surgical procedures, mice were single-housed and moni-
tored for the duration of the recovery period. Experi-
ments were performed in accordance with and approved
by the Institutional Animal Care and Use Committee of
the University of Texas at El Paso (UTEP) and the Uni-
versity of Massachusetts Amherst (UMass).

Stereotaxic microinjections
Mice were sedated by inhaling 5% isoflurane vapors (Pira-
mal Critical Care, Bethlehem, PA), then placed on a
stereotaxic apparatus (model 900, David Kopf, Tujunga,
CA) and immobilized using ear bars and a nose cone.
Mice were maintained under 1.5–2% isoflurane through-
out the duration of the surgical procedure. With bregma
as a reference, the head of the mice were leveled on all 3
axes. A craniotomy was performed directly dorsal to the
injection site. Then, using a microinjector (Stoelting Co.,
Wood Lane, IL) with a 5-μl Hamilton syringe (Hamilton
Company Inc., Reno, NV) and a 32-gauge steel needle,
unilateral injections of 50–80 nl of the retrograde neur-
onal tracer Fluoro-Gold (Molecular Probes, Eugene, OR,
catalog# H22845, lot# 1611168) were infused into the PnC
(coordinates from bregma: AP − 5.35mm; ML + 0.5mm,
DV − 5.6mm; N = 4 mice). The CAG-FLEX-tdTomato
(Addgene# 28306-AAV1; lot# v16602) or rAAVDJ/Ef1α-
DIO-eArch3.0-eYFP (Deisseroth Lab, virus# GVVC-AAV-
055) viral vectors were injected (200 nl) in the PnC of
mice expressing the CRE recombinase enzyme in GlyT2+

neurons (GlyT2-Cre mice; N = 10). In separate animal co-
horts, 100–125 nl of AAV particles were unilaterally
injected in the CeA (AP − 1.35mm, ML + 2.66mm, DV −
4.6 mm). For these viral injections, pAAV DJ-CamKIIα-
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eArch3.0-eYFP (Deisseroth Lab, # GVVC-AAV-053, lot#
1668 and 3605), pAAV DJ-CamKIIα-NpHR3.0-eYFP
(Deisseroth Lab, #GVVC-AAV-057, lot#1378), pAAV DJ-
CamKIIα-hChR2(H134R)-eYFP (Deisseroth Lab, #GVVC-
AAV-037, lot#3150), pAAV DJ-CamKIIα-eYFP (Deisser-
oth Lab, #GVVC-AAV-8), or pAAV DJ-CamKIIα-
mCherry (Deisseroth Lab, #GVVC-AAV-009) viral parti-
cles were used (4 × 1012 particles/mL; vectors were ob-
tained from Dr. Karl Deisseroth’s Lab/Optogenetics
Innovation Lab, Gene Vector and Virus Core, Stanford
University, Palo Alto, CA, or through Addgene from Dr.
Edward Boyden’s Lab plasmids from, Massachusetts Insti-
tute of Technology, Cambridge, Massachusetts). Fluoro-
Gold and viral particles were delivered at a rate of 50 nL/
min. The microinjection syringe was left in place for 10
min after infusion to limit spillover during needle retrac-
tion. Mice injected with Fluoro-Gold recovered for 5–7
days, to allow optimal Fluoro-Gold retrograde transport
to occur. AAV-injected mice recovered for 3–5 weeks to
allow sufficient time for maximal viral transduction.

Immunohistochemistry
Mice were perfused transcardially with 0.9% saline solu-
tion for 10 min followed by 4% paraformaldehyde (PFA)
in 0.1M phosphate buffer saline (PBS; pH 7.4) for 15
min, brains were then extracted and post-fixed overnight
in 12% sucrose in PFA solution. After three 0.1M PBS
rinses (5 min each), brains were frozen in chilled hex-
anes for 1 min and stored at − 80 °C. Using a microtome,
four 1-in-5 series of 30-μm coronal sections were cut
and stored in cryoprotectant (50% 0.05M phosphate
buffer, 30% ethylene glycol, 20% glycerol) at − 20 °C.
One of the series was rinsed three times (5mins each)
with 0.1M Tris-buffered saline (TBS; pH 7.4), mounted
and coverslipped to visualize injection and projection
sites. An adjacent series of brain sections was Nissl-
stained to determine plane of section and delineate cyto-
architectural boundaries. The two remaining series were
used for immunohistochemistry. For mice injected with
Fluoro-Gold, coronal tissue sections at the level of the
PnC, CeA, and PPTg were washed with 0.1M TBS (5
washes, 5 min each) and incubated in blocking solution
(2% normal donkey serum, 0.1% Triton X-100; in 0.1M
TBS) for 1–2 h at room temperature. PPTg sections
were incubated with a goat anti-ChAT primary antibody
(1:100, Millipore, catalog# AB144P-200UL, lot# 2854034,
RRID:AB_90661) for 60 h at 4 °C, washed with TBS, and
then incubated in a Cy3-conjugated donkey anti-goat
secondary antibody (1:500, Jackson ImmunoResearch
Laboratories, catalog# 705-165-147, lot# 115611, RRID:
AB_2307351) for 4-5 h at room temperature. Tissue
slices were then washed with TBS, mounted, and cover-
slipped. Similarly, for mice injected with viral particles,
tissue sections containing the PnC, CeA, and the PPTg

were incubated in a chicken anti-GFP primary antibody
(1:1000, Abcam, catalog# ab13970, lot# GR236651-13,
RRID:AB_300798), then incubated in an Alexa Fluor
488-conjugated donkey anti-chicken secondary antibody
(1:500, Jackson ImmunoResearch Laboratories, catalog#
703-545-155, lot# 130357, RRID:AB_2340375), followed
by incubation in NeuroTraceTM (640/660 deep red fluor-
escent nissl stain, 1:100 in TBS, Thermo Fisher, catalog#
N21483, RRID:AB_2572212). NeuroTraceTM was alter-
natively used to determine plane of section and cyto-
architecture. Tissue sections at the level of the PnC of
GlyT2-eGFP mice injected with pAAV DJ-CamKIIα-
mCherry in the CeA (N = 6 mice) were incubated with a
chicken anti-mCherry (1:1000, Abcam, catalog#
ab205402, lot# GR225123-3, RRID:AB_2722769) and a
rabbit anti-PSD95 (1:500, Abcam, catalog# ab12093, lot#
GR317630-1, RRID:AB_298846) primary antibodies.
Then, sections were incubated with a Cy3-conjugated
donkey anti-chicken (1:500, Jackson ImmunoResearch
Laboratories, catalog# 703-165-155, lot# 130328, RRID:
AB_2340363) and a Cy5-conjugated donkey anti-rabbit
(1:500, Jackson ImmunoResearch Laboratories, catalog#
705-545-147, lot#125100, RRID:AB_2336933) as de-
scribed above.

In situ hybridization
Mice injected with pAAVDJ-CamKIIα-eYFP in the CeA
(N = 3 mice) were anesthetized with inhaled isoflurane
and rapidly decapitated. Brains were harvested, frozen in
chilled isopentane, and stored at – 80 °C. Serial coronal
sections (15 μm) at the level of the CeA were cut in a
cryostat, directly mounted onto glass slides, and stored
at – 80 °C. Tissue sections on slides were submerged in
freshly prepared cold 4% PFA for 15 min, rinsed twice
briefly with 0.1M phosphate buffer (PB) and dehydrated
in increasing ethanol solutions (50%, 70%, 100%, 100%; 5
min each at room temperature). Then, the RNAscope
assay (Advanced Cell Diagnostics) started by incubating
in hydrogen peroxide (H2O2) for 10 min in a humidified
box, followed by protease III incubation for 15 min.
RNA hybridization probes against genes encoding mouse
VGLUT2 (319171-C1) and eYFP (312131-C2) were then
incubated for 2 h at 40 °C. Antisense probes were also
included as controls in a separate glass slide. Probe sig-
nals were then developed separately with Opal Dyes
(opal 690 1:1.5 K, opal 520 1:750) and coverslipped with
ProLong GoldTM with DAPI.

Morphological reconstruction
Z-stacks from tissue sections of GlyT2-eGFP and
GlyT2-Cre mice were obtained on a Nikon A1 Resonant
Confocal microscope (Nikon Instruments Inc., Melville,
NY) equipped with NIS-Elements High Content Analysis
software (version 5.02, Nikon Instruments Inc., Melville,
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NY). Tissue sections containing labeled CeA and PnC
neurons were first examined on a single Z-plane with
the × 10 objective to survey the tissue section. Using a ×
60 objective, an area (212.56 μm width × 212.56 μm
height) within CeA and PnC sections was then sequen-
tially scanned by the 488-, 561-, and 640-nm laser lines
in 0.1 μm Z-steps throughout the 30-μm tissue section.
Z-stacks were analyzed with NIS-Elements 5.0 Advanced
Research software (version 5.02, Nikon Instruments Inc.,
Melville, NY). To visualize close appositions of CeA
axons (labeled with mCherry) with GlyT2+ neurons (la-
beled with eGFP) in GlyT2-eGFP mice, a binary layer
was configured to segregate putative synaptic contacts of
> 50 nm in distance (due to technical limitations). These
contacts were imaged in split-channels and orthogonal
views. Then, z-stacks were reconstructed in three-
dimension and volume was rendered.

Nissl stain
Series of tissue slices were mounted on gelatin-coated
slides and air-dried overnight. Slides were immersed in
deionized water, followed by ascending concentrations
of ethanol (3 min each: 50%, 75%, 95%, and 100%), and
then in xylenes (30 min). Brain slices were rehydrated in
descending concentrations of ethanol and DI water,
dipped 12–20 times in a thionin acetate solution, and
then washed in DI water. Brain slices were dehydrated,
and slides were then coverslipped with DPX and air-
dried overnight.

Microscopy analysis
Tissue sections were analyzed with an Axio Observer.Z1
epifluorescence microscope (Carl Zeiss Inc., Thornwood,
NY) equipped with Fluoro-Gold, GFP, Cy3 filters, × 10
and × 40 objectives, a motorized stage, and Axiovision
Rel. 4.8 software (Carl Zeiss Inc., Thornwood, NY). To
create photomontages, single Z-plane images were ob-
tained with the MosaiX module of the Axiovision Rel.
4.8 software at × 10 for each fluorophore sequentially
(1024 × 1024 pixel resolution). Images acquired for the
intensity and quantification of eYFP fluorescence ana-
lysis were captured and processed using identical set-
tings. A total of 836 images (fluorescence and bright-
field) were analyzed for each brain region. Nissl-stained
slices were imaged using bright-field microscopy, and
boundaries were delineated using Adobe Illustrator
(Adobe, San Jose, CA).

Electrophysiological recordings
Whole-cell recordings (N = 10 mice; n = 26 CeA neu-
rons and n = 38 GlyT2+ neurons) were performed using
glass pipettes (3–5MΩ) filled with intracellular solution
(in mM): KMeSO4 (125), KCl (10), HEPES (10), NaCl
(4), EGTA (0.1), MgATP (4), Na2GTP (0.3),

Phosphocreatine (10), Biocytin (0.1%) (pH = 7.3; osmo-
larity = 285–300 mosm). The glass microelectrode was
mounted on a patch clamp headstage (Molecular De-
vices LLC, Sunnyvale, CA; catalog# CV-7B), which was
attached to a multi-micromanipulator (Sutter Instru-
ment, Novato, CA; catalog# MPC-200). Data were ac-
quired with pClamp10 software using a MultiClamp™
700B amplifier (Molecular Devices LLC, Sunnyvale, CA)
and a Digidata 1550B digitizer (Molecular Devices LLC,
Sunnyvale, CA). EYFP-expressing CeA cells and
tdTomato-expressing GlyT2+PnC cells were imaged and
targeted using NIS-Elements Basic Research software
(version 5.11, Nikon Instruments Inc., Melville, NY).
Only cells with an initial seal resistance greater than
1GΩ, a resting membrane potential between − 60 mV
and − 70 mV, and a holding current within – 100 pA to
100 pA at resting membrane potential and overshooting
action potentials were used.
In CeA slices, 15 pA depolarizing current steps were

injected for 500 ms to induce action potentials in CeA
neurons expressing CamKIIα-ChR2-eYFP, in the current
clamp. Spontaneous EPSCs were recorded at a holding
potential of − 70 mV, in the voltage clamp. Evoked
EPSPs were also recorded in these CeA neurons held at
− 70mV, in response to a 1-ms blue light pulse. Blue
light was delivered every 30 s using a 200-μm optic fiber
mounted on a micromanipulator connected to a blue
LED (473 nm; Plexon, Dallas, TX) and positioned in
close proximity to the recorded neuron.
In PnC slices, electrical properties of the GlyT2+ neu-

rons were first recorded in the voltage clamp. Spontan-
eous excitatory post-synaptic currents (sEPSC) were
recorded for 5 min at − 70mV, and inhibitory post-
synaptic currents (IPSCs) were recorded for 5 min at 0
mV. Then, in the current clamp mode, 15 pA depolarizing
current steps (from – 150 pA to 150 pA) were injected for
500ms to analyze the spiking properties of GlyT2+ cells.
Pulses of blue light (1ms), applied every 30 s, were used
to photo-stimulate CeA excitatory fibers in PnC slices.
The photo-stimulation elicited EPSPs and EPSCs in
GlyT2+ neurons, held at − 70mV. Paired light pulses with
50 and 100ms ISI were also delivered to characterize
short-term plasticity. GlyT2+ neurons were then held at 0
mV, to record light-evoked inhibitory post-synaptic
current (IPSCs) or potentials (IPSPs). The NMDA recep-
tor antagonist AP5 (50 μM) and the AMPA receptor an-
tagonist DNQX (25 μM) were freshly diluted prior to use.
At synapses between CeA excitatory cells and GlyT2+

neurons, synaptic events were recorded for 10min in
aCSF. Then, 20 min after the bath application of glutam-
ate receptor antagonists, synaptic events were recorded
during 10 min in the presence of the antagonists. This was
followed by a 20-min washout period, and synaptic events
were recorded during the following 10 min, in aCSF.
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At the end of all whole-cell recordings, the cell mem-
brane was sealed by forming an outside-out patch. The
glass microelectrode was slowly retracted, and as the
series resistance increased, the membrane potential was
clamped at − 40mV. The 300-μm-thick acute brain
slices containing the recorded cells (CeA or PnC) were
immersed in 4% PFA solution overnight. Following over-
night PFA fixation, these brain slices were rinsed with
PBS (3 times, 5 min each). Slices were then incubated in
anti-RFP and/or anti-GFP antibodies and in complemen-
tary secondary antibodies to enhance the fluorescence of
the viral vectors used. Following PBS rinses, slices were
incubated with Cy5-conjugated streptavidin (a biotin-
binding protein) diluted in PBS (with 0.1% Triton X-
100) at room temperature for 4–5 h or overnight at 4 °C.
Slices were then rinsed with PBS, mounted on glass
slides, coverslipped, and sealed with ProLongTM Gold
antifade reagent (Invitrogen by Thermo Fisher Scientific,
Waltham, MA, catalog# P36934, lot# 1943081), and air-
dried overnight in the dark.

Behavioral testing
Three to four weeks after the viral injection in the CeA,
non-injected WT control mice and WT mice injected
with a viral vector were sedated by inhaling 5% isoflurane
vapors, placed in a stereotaxic apparatus, and immobilized
using ear bars and a nose cone. Mice were maintained
under anesthesia (1.5–2% isoflurane), and the head was
leveled in all three axes. With bregma as a reference, a cra-
niotomy was drilled directly dorsal to the implantation
site, at the PnC level. A cannula guide with a 200-μm core
optical fiber (Thorlabs, Newton, NJ) was then implanted
over the PnC (AP − 5.35mm, ML + 0.5 mm, DV − 5.3
mm), and cemented to the skull with dental cement (Par-
kell, Edgewood, NY). Mice recovered for 7 days post-
surgery before behavioral testing. Mice underwent the PPI
task in a startle response system (PanLab System, Harvard
Apparatus, Holliston, MA). Behavioral testing trials were
designed, and data were recorded using PACKWIN V2.0
software (Harvard Apparatus, Holliston, MA). Sound
pressure levels were calibrated using a standard SPL meter
(model 407730, Extech, Nashua, NH). Mice were placed
on a movement-sensitive platform. Vertical displacements
of the platform induced by startle responses were con-
verted into a voltage trace by a piezoelectric transducer lo-
cated underneath the platform. Startle amplitude was
measured as the peak to peak maximum startle magnitude
of the signal measured during a 1-s window following the
presentation of the acoustic stimulation. Prior to any test-
ing session, animals were first handled and acclimatized to
the testing chamber, where the mice were presented to a
65-dB background noise, for 10 min. This acclimatization
period was used to reduce the occurrence of movement
and artifacts throughout testing trials. Following the

acclimatization period, an input/output (I/O) assay was
performed to test startle reactivity. This I/O test began
with the presentation of a 40-ms sound at different inten-
sities (in dB: 70, 80, 90, 100, 110, and 120) every 15 s, in a
pseudorandomized order. Background noise (65 dB) was
presented during the 15 s between sounds. A total of 35
trials (i.e., 7 sound intensities, each sound presented 5
times) were acquired and quantified. Startle reactivity, de-
rived from this I/O assay, allowed the gain of the
movement-sensitive platform to be set. This gain allowed
the startle responses to be detected within a measurable
range. Once determined, the gain for each experimental
subject was kept constant throughout the remaining of
the experiment. Following a 1-h resting period, mice were
presented with seven startle-inducing 120 dB (40ms)
sounds called “pulse-alone” stimulations. These 120 dB
sounds were presented every 29 s (interspersed with 65 dB
background noise) and were used to achieve a stable base-
line startle response. The following PPI test consisted of
two different conditions as follows: (1) startling pulse-
alone stimulations (for baseline startle amplitude), and (2)
combinations of a prepulse (75 dB noise; 20ms) followed
a 120-dB startling pulse (40ms) at 8 different interstimu-
lus intervals (in ms): 10, 30, 50, 100, 200, 300, 500, and
1000 (end of prepulse to onset of startle pulse). The inter-
trial interval of these two conditions was 29 s.
For combined optogenetic manipulations, animals

injected with either control viral vectors or vectors con-
taining ChR2 (N = 8 mice), Arch3.0 (N = 16 mice),
NpHR3.0 (N = 8 mice), or the control vector (pAAV DJ-
CamKIIα-eYFP; N = 8 mice) were tested in the startle
chamber. These animals were closely monitored to en-
sure that they were comfortably tethered to an optic
fiber, which exited through a small opening from the
roof of the startle chamber. The optic fiber (200 μm
diameter, Thorlabs, Newton, NJ) was connected to the
animal’s head via a cannula implanted on the head of
the mouse with a zirconia sleeve (Thorlabs, Newton,
NJ). Animals were tethered ~ 15 min before testing and
allowed to move freely, exploring their home cages be-
fore being transferred to the startle chamber. Optoge-
netic stimulation was triggered by a signal from the
Packwin software (PanLab System; Harvard Apparatus,
Holliston, MA), which was transformed into a TTL
pulse. This TTL pulse triggered a waveform generator
(DG1022, Rigol Technologies), which was used to modu-
late light stimulation. Photo-stimulation was delivered
using a blue 473-nm laser (Opto Engine LLC, Midvale,
UT) for ChR2 activation. Photo-inhibition was delivered
using a yellow 593.5-nm laser (Opto Engine LLC, Mid-
vale, UT) for NpHR3.0 activation or a green 532-nm
LED (Plexon, Dallas, TX) for Arch3.0 activation. During
PPI trials paired with optogenetic inhibition, a train of
light stimulation (1 ms light ON, 200 ms light OFF) was
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delivered at 5 Hz and was either (1) delivered 500 ms
prior to and concurrent to the pulse-alone stimulation,
or (2) delivered 500 ms before the prepulse, lasting the
entire ISI. During PPI trials with optical stimulation used
as a prepulse, a 5-Hz or 20-Hz stimulation train (3
pulses of 15 ms) was delivered at various ISI (10, 30, 50,
100, 200, 300, 500, and 1000 ms; end of prepulse to on-
set of startle pulse) prior to the startling pulse. Blue light
stimulation was paired with pulse-alone stimulations in
a subset of mice. At the end of each experiment, histo-
logical analyses were performed to confirm that (1) the
injected viral particles were confined to the CeA, and (2)
the cannula guide placement was successfully aimed at
the PnC. If these criteria were not met, the subject was
excluded from the study.

Statistical analysis
Cell counting of EYFP-labeled or VGLUT2-expressing
somata within the CeA was performed in a tissue slice
series of 6 slices spanning levels 40 to 44 of the Paxinos
and Franklin Mouse Brain Atlas [52]. Imaging was per-
formed as outlined in the “Microscopy analysis” section.
Percentages of labeled somata were calculated as
EYFP+/Neurotrace-labeled cells (Fig. 3) or VGLUT2+/
EYFP+ (Fig. 4). Statistical analyses were performed using
SigmaPlot (Systat Software, Inc., San Jose, CA). Normal-
ity and equal variance of the data were first tested, and
data transformations were made before performing fur-
ther statistical analyses. We determined the significance
of the interaction between the factors assessed using
ANOVA. For the results of whole-cell patch clamp re-
cordings with receptor antagonists, one-way repeated-
measures (RM) ANOVA and Tukey post hoc testing
were used to assess the effect of the receptor antagonists
on the light-evoked events. For PPI in vitro results, one-
way ANOVAs and Tukey post hoc testing were used to
reveal if at any ISI the electrically evoked fEPSPs were
significantly attenuated by the optical stimulation of
CeA-PnC excitatory synapses. PPI was defined and mea-
sured as [1–(startle amplitude during “Prepulse+Pulse”
trials/startle amplitude during “Pulse” trials)] × 100.
Two-way RM ANOVA was used to assess the effect of
the vector used, light, sound intensity/ISI, and light
interaction and the interaction among groups. Then
Tukey testing was applied for post hoc comparisons. For
optical stimulation experiments where the photo-
stimulation of CeA fibers was used as a prepulse in vivo,
two-way RM ANOVA was used to assess the effect of
the stimulation modality/frequency used, ISI, ISI, and
stimulation modality/frequency interaction and the
interaction among groups. Then, Tukey testing was ap-
plied for post hoc comparisons. A confidence level of p
< 0.05 was considered statistically significant. Sample
sizes were chosen based on expected outcomes,

variances, and power analysis. Data are presented as
means ± SEM. N indicates total number of animals; n
indicates total number of brain slices or testing trials.
Adobe Illustrator was used to create figures.
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Additional file 1: Figure S1. The PnC receives monosynaptic inputs
from the PPTg. (A) Representative PPTg coronal section showing the
immunofluorescence of the cholinergic marker ChAT (magenta), which
delineates the PPTg. (B) PPTg ChAT+ cell bodies (magenta) shown at
higher magnification. (C) Representative PPTg section showing Fluoro-
Gold staining (green). (D) Overlay of B and C, representative co-
immunostaining of Fluoro-Gold and ChAT fluorescence. Arrows indicate
neurons stained with Fluoro-Gold that are non-cholinergic (ChAT-). Ar-
rowheads indicate neurons stained with Fluoro-Gold that are ChAT+. Rep-
resentative of N = 4 mice. Scale bars: (A) 500 μm, (B-D) 100 μm. Figure
S2. CamKIIα+ CeA projection neurons are non-GABAergic. (A) Representa-
tive images of GABA (magenta) immunostaining in the medial division of
the CeA. Arrowheads indicate GABA+ CeA cell bodies. (B) Representative
image of eYFP fluorescence (green). Arrows indicate CeA cell bodies and
neurites. (C) Overlay of A and B, representative co-immunostaining for
eYFP and GABA showing no overlap. Representative of N = 4 mice. Scale
bars: (A-C) 250 μm. Figure S3. NpHR3.0 inhibition of the CeA-PnC excita-
tory connection reduces PPI. (A) Graph showing no significant main effect
of yellow light on mean baseline startle amplitude [sound: (F(1,11) = 1.935,
p = 0.115); yellow light: (F(1) = 0.00297, p = 0.958); sound intensity*light
interaction (F(1,6) = 0.102, p = 0.996)] by comparing non-injected WT con-
trol mice, mice injected with eYFP only (light ON or OFF) and mice
injected with Halorhodopsin (NpHR3.0; light ON or OFF). (B) Graph show-
ing no significant main effect of light during 120 dB pulses presented be-
fore (basal) vs. randomly during the PPI task, on mean baseline startle
amplitude among animal groups (F(1) = 0.394, p = 0.543). (C) Graph show-
ing that optogenetic silencing of CeA-PnC excitatory synapses during
prepulses significantly decreased PPI in mice injected with NpHR3.0 at ISIs
between 50 and 300 ms. We found a significant effect of ISI (F(1,7) =
33.019, p < 0.001), light (F(1) = 5.371, p = 0.041) and the light*ISI inter-
action (F(1,7) = 3.692, p = 0.002) on PPI (ANOVA). N = 8 mice per group.
Data are represented as mean ± SEM. *p < 0.05, **p < 0.01. Figure S4.
Photo-stimulating CeA-PnC glutamatergic synapses does not alter acous-
tic PPI. (A) Graph showing no significant main effect of blue light on
mean baseline acoustic startle amplitude in mice injected with ChR2
(light ON or OFF). We found no effect of viral vector type (F(1,2) = 1.417, p
= 0.247) or viral vector*sound intensity interaction (F(1,12) = 0.413, p =
0.956). (B) Graph showing no significant main effect of blue light paired
with acoustic prepulses on PPI, at all ISIs tested (F(1,14) = 0.151, p = 1.000).
N = 6 mice. Data are represented as mean ± SEM. Figure S5. Intrinsic
and synaptic properties of CamKIIα-eYFP+ CeA glutamatergic neurons ex-
pressing ChR2. (A) Scheme of the in vitro patch clamp recording experi-
ment showing the injection site of AAVDJ-CamKIIα-ChR2-eYFP and the
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recording of CeA neurons of GlyT2-Cre mice. (B) Plot showing the cumu-
lative distribution of sEPSC amplitude. Inset, representative trace. (C) Plot
of the firing rate as a function of depolarizing currents. Inset, representa-
tive traces. (D) Input/output curve of light-evoked current. (E) Three-
dimensional reconstruction representative of a recorded CeA neuron
filled with biocytin. N = 10 mice, n = 26 neurons. Data represented as
mean ± SEM. *P > 0.05, **P > 0.01. Figure S6. Intrinsic and synaptic
properties of GlyT2+ PnC neurons. (A) Plot showing the cumulative distri-
bution of sEPSC amplitude recorded in GlyT2+ cells unresponsive (Top; n
= 20 cells) and GlyT2+ cells responsive (Middle; n = 18) to light. Bottom:
cumulative sEPSC distribution plots. (B) Plot showing the cumulative dis-
tribution of sIPSC of GlyT2+ cells unresponsive (Top; n = 20 cells) and
GlyT2+ cells responsive (Middle; n = 18) to light. Bottom: cumulative sIPSC
distribution plots. (C) Graph showing no significant difference between
the firing rate and threshold current to elicit APs in GlyT2+ cells unre-
sponsive and responsive to light. Insets: Representative traces of N = 10
mice, n = 38 neurons. Data represented as mean ± SEM. Table S1. Pas-
sive membrane properties of PnC GlyT2 cells. Statistical analysis showed
no significant differences in the access resistance (Ra), membrane resist-
ance (Rm), membrane capacitance (Cm), time constant (τ) and holding
current (Ih) of light responsive and unresponsive GlyT2+ PnC neurons.
Data are from n = 18 GlyT2+ cells responsive to light and n = 20 GlyT2+

cells unresponsive to the photo-stimulation.
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