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The perception of and response to danger is critical for an
individual’s survival and is encoded by subcortical neurocircuits.
The amygdaloid complex is the primary neuronal site that initiates
bodily reactions upon external threat with local-circuit interneu-
rons scaling output to effector pathways. Here, we categorize cen-
tral amygdala neurons that express secretagogin (Scgn), a Ca2+-
sensor protein, as a subset of protein kinase Cδ (PKCδ)+ interneu-
rons, likely “off cells.” Chemogenetic inactivation of Scgn+/PKCδ+

cells augmented conditioned response to perceived danger in vivo.
While Ca2+-sensor proteins are typically implicated in shaping neu-
rotransmitter release presynaptically, Scgn instead localized to
postsynaptic compartments. Characterizing its role in the postsy-
napse, we found that Scgn regulates the cell-surface availability of
NMDA receptor 2B subunits (GluN2B) with its genetic deletion
leading to reduced cell membrane delivery of GluN2B, at least
in vitro. Conclusively, we describe a select cell population, which
gates danger avoidance behavior with secretagogin being both a
selective marker and regulatory protein in their excitatory
postsynaptic machinery.

associative learning | calcium-binding protein | limbic system | fear
conditioning

The amygdala is a brain structure critical for the acquisition
and relay of threatening stimuli to execute behavioral re-

sponses to danger (1, 2). Much of our understanding about this
process is based on the concept of internuclear lateral-to-medial
information flow within the amygdaloid complex, with the lateral
(LA) and central (CeA) amygdaloid nuclei being the main input
and output, respectively (3). During the acquisition of
experience-induced danger responses, unconditioned threat and
context-specific environmental cues are linked in the basolateral
amygdaloid nucleus, anterior part (BLA) (4). In turn, the CeA
serves as a relay and processes information via its local recurrent
inhibitory circuits before feeding those toward effector structures
(5–7), including the prefrontal cortex (8). Instead of being a
passive relay station, the CeA is likely to participate in the
learning of danger responses (9–13): Anatomical and physio-
logical evidence converge to indicate that output neurons in the
medial part of the CeA (CeM) are under inhibitory control,
which originates in its lateral subregion (CeL) (5, 12, 14, 15). In
accord with this principle, neuronal subsets specific for the dif-
ferent CeA subnuclei were identified and causally related to the
regulation of danger avoidance behavior (10). In the CeL, PKCδ-
positive(+) (“fear-off”) neurons project onto and inhibit CeM
output neurons that trigger danger-induced behavior, such as
freezing (10). In turn, “fear-on” CeL neurons marked by the
expression of the neuropeptide somatostatin (SOM+) modulate
afferent and efferent signals locally within the CeL or via

inhibitory connections between CeL and CeM, probably involv-
ing neuropeptide-Y Y2 receptors (16). Additionally, these CeL
neurons form mutual inhibitory connections with corticotropin
releasing hormone (CRH)+ neurons, which determine the bal-
ance between conditioned flight and fright (freezing) behaviors
(17). While fear-on neurons suppress fear-off neurons, both cell
types receive direct excitatory input from the LA (18). Based on
these wiring principles, a series of studies have charted the cel-
lular constituents of threat-responsive CeA circuits, with cell
type-specific genetic manipulations allowing for inferences to be
made toward fear-related disorders (9). Nevertheless, molecular
mechanisms specific to distinct interneuron subclasses amenable
to gating behavioral responses remain less well explored.
Ca2+ plays critical roles in determining the physiology of

synaptic neurotransmission. Upon synaptic activity, Ca2+ entry
activates Ca2+-sensor proteins to trigger cell state- and context-
specific intracellular signaling events by recruiting partner pro-
teins in signalosome complexes (19). Secretagogin (Scgn) is one
such Ca2+-sensor protein whose expression is activity dependent
(20) and specific to a hitherto undefined GABA interneuron
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subclass in the CeL (21). However, the role of Scgn in the
amygdala remains unknown.
Here, we hypothesized that Scgn could modulate excitatory

neurotransmission locally to scale behavioral responses in dan-
ger. By combining classical neuroanatomy, neurochemistry,
electrophysiology, and behavioral genetics, we found that Scgn
marks a subpopulation of PKCδ+ CeL interneurons whose in-
hibition triggers freezing in a typical behavioral paradigm for the
assessment of danger responses in rodents, termed “fear condi-
tioning” (15, 22). Ultrastructural analysis showed Scgn enrich-
ment in the subsynaptic region of dendrites apposing excitatory
afferents, which was biochemically confirmed by synaptic frac-
tionation and Western blotting. Postsynaptic localization is un-
expected because the bulk of studies on Scgn implicates this
Ca2+-sensor protein in presynaptic neurotransmitter release. By
reanalyzing our open-source proteomics data, we identified the
2B subunit of the NMDA receptor (GluN2B) as a stable member
of the Scgn signalosome, confirmed a putative protein–protein
interaction by immunoprecipitation, and thus suggest a role for
Scgn in shaping GluN2B surface availability by using fluores-
cence recovery after photobleaching (FRAP) combined with
gene silencing in vitro. These data suggest that Scgn+ CeL
neurons are central to gate danger responses with Scgn con-
tributing to the assembly of the excitatory postsynaptic machin-
ery at the cell membrane.

Results
Secretagogin Labels Interneurons in CeL. Scgn+ neurons exist in
several divisions of the rat amygdala (SI Appendix, Fig. S1) with a
focal accumulation in the CeL (Fig. 1A). Morphological, tract-
tracing, and ultrastructural findings in rat suggest that Scgn+

neurons are interneurons: 1) their somata are multipolar or
ovoid and their dendrites smooth (SI Appendix, Fig. S2) or
sparsely spiny (Fig. 1B), which are typical phenotypic attributes
of interneurons in the rodent amygdala (23); 2) Scgn was found
in the presynaptic compartment of symmetrical synapses at the
ultrastructural level (Fig. 1C, taken from CeL), labeling inhibi-
tory synapses; 3) viral tracing in Scgn-Cre mice with pAAV8-
hSyn-DIO-mCherry particles injected into the CeL led us to vi-
sualize local axonal arbors within the CeL (Fig. 1 D and D1); 4)
when performing in vivo retrograde tracing by biotinylated dex-
tran amine (BDA) from major target areas of the CeL and BLA,
including the nucleus accumbens (Fig. 1 E–E3), striatum and the
bed nucleus of stria terminalis (BNST) (SI Appendix, Fig. S3), we
identified the complementary distribution of BDA+/Scgn− and
BDA−/Scgn+ neurons within the CeL. Likewise, when mapping
Scgn+ neurons in both rostral and caudal parts of the human
amygdala (by means of Neurolucida), we found them at highest
density in the CeL division (Fig. 1 F and F1 and SI Appendix, Fig.
S4). Cumulatively, these morphological features suggest inhibi-
tory interneuron (or local-circuit neuron) identity.
We hypothesized that Scgn is involved in danger response-

related events but not in stress situations that lack a condition-
ing stimulus. CeL harbors CRH+ neurons, which regulate re-
sponses in acute restraint stress (24) and stressor-triggered
behaviors (25). We used CRH-GFP mice (n = 3) (26) to show
that Scgn+ neurons lacked CRH but formed a mutually exclusive
population with CRH+ cells (Fig. 1 G and G1”), the latter being
typically activated by unconditioned stress (10), excluding the
possibility of an extrahypothalamic “stress-axis” cell group.
Scgn+ neurons did not become activated by acute pain-evoked
stress: formalin injection into the paw of adult rats (n = 4)
triggered the activation of stress-sensitive central amygdala
neurons (27), which, however, lacked Scgn expression (20 min
postinjection; Fig. 1 H–H1”). Instead, Scgn

+ neurons typically
coexpressed PKCδ+ (Fig. 1 I–I”): while 26.64 ± 2.33% of all
PKCδ+ neurons coexpressed Scgn, 92.36 ± 1.51% of all Scgn+

neurons were PKCδ+ (n = 3 animals). Of note, inhibition/

excitation of PKCδ+ CeL neurons trigger behavioral responses
during fear conditioning (10). We thus used current clamp re-
cording in Scgn-GFP mice to determine some electrophysiolog-
ical characteristics of Scgn+ CeL neurons. Previously, PKCδ+
CeL neurons were classified as late-firing cells (10). Indeed, the
majority (92%, 12 out of 13 cells, from n = 3 animals) of Scgn+

CeL neurons showed identical characteristics with a resting
membrane potential Rm = −71.1 ± 1.23 mV, input resistance
IR = 326.8 ± 45.07, and a threshold potential of 60 ± 9.95 mV
(Figs. 1 J and J’ and 2E), as measured in acute brain slices of
young-adult mice.

Scgn Labels Fear-Off Neurons. We then chose a chemogenetic ap-
proach to test the function of Scgn+ neurons in the CeL by
injecting AAV particles carrying Cre-dependent DREADD ex-
pression systems for neuronal activation (hM3Dq, ref. 28; in n =
8 animals) or inactivation (hM4Di, ref. 29; in n = 5 animals), or
for control (hSyn in n = 5 animals) into the CeL of Scgn-Cre
mice (Fig. 2 A–B’). We used a classical Pavlovian aversive con-
ditioning procedure, during which we paired the presentation of
a tone with a foot-shock serving as conditioned and uncondi-
tioned stimuli, respectively (SI Appendix, Fig. S5 A–A1’). Ex-
posing CNO-pretreated animals (30 min; 1 mg/kg body weight)
to contextual fear conditioning, we found that chemogenetic
inhibition of Scgn+ neurons increased freezing time (Fig. 2C; P <
0.05, Student’s t test) and, coincidently, reduced the distance the
animals moved in their cages after conditioning (Fig. 2C’; P < 0.05,
Student’s t test). These results support that Scgn+ CeL neurons
form a population of PKCδ+ CeL cells, which were previously
described to block fear-evoked behavior (10) (Fig. 2D).
In behavioral paradigms, plastic changes among CeL inter-

neurons were attributed to SOM+ cell while their downstream
target PKCδ+ CeL neurons are known to exert tonic inhibition
on CeM neurons and convey disinhibition from CeL in danger
response behavior (7). We found that lack of Scgn does not
change the electrophysiological properties of Scgn+/PKCδ+ CeL
neurons. Input resistance, threshold potential, the minimal fre-
quency of action potentials, and neuronal resting potential did
not change in Scgn−/− mice compared to wild-type (WT) control
mice (Fig. 2E). Further, genetic ablation of Scgn did not change
the proportion of functionally active NMDA receptors vs.
AMPA channels (30) in late-firing neurons of the central
amygdala after fear conditioning (Fig. 2 F and F1); we showed
this by measuring EPSC evoked by extracellular stimulation at
different holding potentials (−80 and +60), where no genotype
effect was identified (n = 14 cells and n = 10 cells in WT and
Scgn−/− mice, respectively, Mann–Whitney rank-sum test). Ani-
mals of both genotypes were able to acquire a cued fear response
as evidenced by a significantly increased percentage of time
spent freezing during the presentation of the conditioned stim-
ulus (CS), as compared to the equvivalent time period before the
onset of the CS. No differences between Scgn−/− and WT con-
trols were detected (Fig. 2G; n = 5 KO and n = 9 WTs, P = 0.24,
ANOVA, Student’s t test).

Secretagogin Is Expressed in Excitatory Postsynapses. Scgn has
typically been localized to presynaptic terminals and implicated
in regulating vesicular exocytosis (19, 20, 31, 32). Within the
amygdala, we also find symmetrical synapses with Scgn-laden
presynaptic terminals (Fig. 1C). Indirect evidence for a post-
synaptic expression site was obtained in Western blotting ex-
periments, where Scgn was detected in in total and postsynaptic
fractions after differential centrifugation of amygdala micro-
punches (Fig. 3A). Scgn’s presence in the postsynaptic com-
partment prompted us to interrogate its potential function
associated with the postsynaptic signal transduction machinery.
We hypothesized that Scgn might interact with a specific ion
channel. Therefore, we have reprocessed our open-source
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Fig. 1. Secretagogin (Scgn) labels interneurons in the amygdala. (A) Scgn+ neurons typically populated the CeL (for schemata of representative coronal
sections and complete amygdala survey see SI Appendix, Fig. S1). (B) Scgn+ neurons were typically multipolar with spines occasionally observable on their
dendrites (arrowheads). (C) Scgn in the presynaptic compartment of a symmetrical synapse. (D and D1) mCherry-labeled interneuron in a Scgn-Cre mouse
microinjected with pAAV8-hSyn-DIO-mCherry virus in the CeL. Arrowheads point to varicosities in the local axonal arbour. (E–E3) BDA

+ retrogradely labeled
neurons (tracer injection: nucleus accumbens) remained Scgn− in the CeL. (F–F1’) In human, Scgn+ neurons appeared in highest density in the CeL. (G–G1”)
Scgn+ neurons (open arrowheads) and CRH-GFP+ neurons (filled arrowheads) exhibited complementary distribution in the amygdala when using CRH-GFP
transgenic mice. (H–H1”) Formalin stress induced c-Fos expression in Scgn− neurons (filled arrowheads). Open arrowhead points to a Scgn+ neuron. (I–I”) Scgn+

neurons typically coexpress PKCδ (white arrowheads point to Scgn+/PKCδ+ neurons; gray and black arrowheads indicate Scgn+/PKCδ− and secretagogin−/PKCδ+

somata, respectively. (J and J’) Whole-cell patch clamp recordings and cell reconstruction in amygdala slices of Scgn-GFP animals. Step current injections
produced representative voltage changes in Scgn-GFP+ cells with delayed generation of the first action potential (12 of 13 cells). A and E2 were captured by
using the tile-and-stitch function of the ZEN2012 imaging toolbox (Zeiss). BL, basolateral amygdaloid nucleus (human); BM, basomedial amygdaloid nucleus
(human); BLA, basolateral amygdaloid nucleus, anterior part (mouse and rat); CeM, central amygdaloid nucleus, medial division (human and rat); CeL, central
amygdaloid nucleus, lateral division (human, mouse, and rat); dors, dorsal; med, medial; Me, medial amygdaloid nucleus (human); ss, symmetrical synapse.
(Scale bars: A, E1, and E2, 500 μm; C, 200 nm; B, D, F1’, H1”, I, and J, 15 μm; D1, 4 μm; E3 and G, 50 μm; G1”, 20 μm; H, 80 μm.)
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proteomic data from olfactory and rostral migratory areas and
found the GluN2B invariably present in the Scgn interactome
(33). Next, we substantiated a likely Scgn–GluN2B interaction by
immunoprecipitating protein complexes with an anti-Scgn anti-
body (Fig. 3B) in total amygdala homogenates. A Scgn–GluN2B
interaction was sensitive to and correlated with prior fear con-
ditioning (SI Appendix, Fig. S5B). Nano-resolved fluorescence
microscopy from primary amygdala cultures indicated that Scgn
is sequestered at submembranous sites where GluN2 accumu-
lates/transits to the postsynaptic density, at least in vitro
(Fig. 3 C–F”). At the ultrastructural level, Scgn concentrated in
postsynaptic dendrite stretches of asymmetrical synapses
(Fig. 3 G and G’). Together these data suggest that Scgn could
modulate excitatory neurotransmission by tuning the availability
of the GluN2B NMDAR subunit.

Scgn Modulates GluN2B Availability on the Membrane Surface In
Vitro. We hypothesized that Scgn could participate in allowing
delivery of GluN2B subunits to the plasma membrane. To test
this hypothesis, we took advantage of SuperEcliptic pHluorine
(SEP) (34) labeling, which emits fluorescence only when the
mutant GFP tag is exposed to the extracellular pH in living cells
(35). Human-derived SH-SY5Y cells natively expressing Scgn

were transfected with a plasmid encoding the GluN2B subunit
tagged with SEP on its N-terminal extracellular extremity in
combination (or not) with Scgn knockdown (ScgnKD). Baseline
fluorescence intensity of the SEP-GluN2B signal was signifi-
cantly lower in ScgnKD cells (Fig. 4A; n = 15 control and n = 8
ScgnKD cells; P < 0.05, Shapiro–Wilk test and Student’s t test).
Furthermore, postbleaching FRAP recovery revealed that signal
recovery in bleached membrane segments was significantly
slower after ScgnKD (Fig. 4B, recovery half time values of the
averaged FRAP curves were 89.9 and 102.7 s for control and
ScgnKD cells [n = 10 control and n = 9 ScgnKD cells; P < 0.05,
Mann–Whitney test or Student’s t test], respectively). Addition-
ally, ScgnKD reduced the recovery plateau (from 69.82 s in con-
trol to 55.29 s in ScgnKD; n = 10 control and n = 9 ScgnKD cells;
P < 0.05, Mann–Whitney test or Student’s t test), respectively),
which indicates impaired recovery of membrane fluorescence.
Reduced SEP-GluN2B surface signal was not due to a lower
amount of cellular GluN2B subunits in ScgnKD neurons: while
acid treatment equally abolished all surface fluorescence, ap-
plication of NH4Cl reinstated identical whole-cell SEP-GluN2B
signal intensity in both control and ScgnKD SH-SY5Y cells
(Fig. 4 C–E; n = 3 well each, P < 0.05, Shapiro–Wilk test and
Student’s t test).

Fig. 2. Secretagogin (Scgn) labels fear-off neurons. (A–C’) Virus-mediated inhibition of CeL Scgn+ cells in Scgn-Cre mice increased total freezing time but
decreased the distance covered in the cage. Gantt chart visualized individual data in the different experimental groups. (D) Circuitry map focusing on the CeL.
Exclamation mark indicates Scgn’s role in excitatory synapses at Scgn+/PKCδ+ neurons. (E) Genetic ablation of Scgn did not change the electrophysiological
properties of Scgn+/PKCδ+ CeL neurons. (F, F’, and F1). NMDAR to AMPAR currents evoked by extracellular stimulation in WT and Scgn−/− mice after aversive
danger conditioning. To calculate the ratio, AMPA currents were measured at peak amplitude of current evoked at −80 mV holding potential; NMDA currents
were estimated at 40 ms after stimulation (Vh = +60 mV). No genotype effect was identified. (G) Scgn−/− mice showed no difference in the percentage of total
freezing time after aversive danger conditioning (n = 5 KO and n = 9 WTs, P = 0.24, Student’s t test). Both WT and Scgn−/− mice showed increased percentage
of time spent freezing during the presentation of the conditioned stimulus (tone) as compared to the equvivalent time period before the onset of the tone;
no differences between genotypes were detected. BLA, basolateral amygdala; CeL, centrolateral nucleus of amygdala; CeM, centromedial amygdala,
ctrl control.
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GluN2B is phosphorylated at its 1,472 tyrosine residue (Tyr-
1472) upon binding in the postsynaptic density to enhance the
ability of functional NMDARs to regulate Ca2+ influx in re-
sponse to glutamate (36). ScgnKD decreased GluN2B phos-
phorylation at Tyr-1472 (Fig. 4 F and F’; n = 3 wells each, P <
0.05, Student’s t test). The total amount of GluN2B mRNA/
protein did not change however (P > 0.05, Student’s t test). This
finding implicates Scgn in modulating GluN2B surface avail-
ability in the cell membrane (36) without affecting the total
amount of GluN2B.

Discussion
The amygdala is a central node of a subcortical defensive survival
circuit, which shapes behavioral responses to threatening stimuli
(37, 38). In contrast to its cortex-like lateral structures, which
contain mainly glutamatergic neurons (39), its medial
structures—forming the central nuclei—are principally com-
posed of GABAergic interneurons (40). Inhibition is critical to
shape and synchronize network activity (41). Accumulating evi-
dence indicates that local inhibitory circuits mediate important
aspects of fear conditioning in the amygdala: Local treatments
that increase GABA neurotransmission reduce conditioned
threat responses (42). Likewise, inhibitory neurons are major
targets of neuromodulators/neuropeptides (43, 44), which typi-
cally fine-tune neuronal activity. The functional segregation of
the central amygdala as a command module gained momentum
when fear-on (CeLon) and fear-off (CeLoff) cell pools were
identified to trigger or block, respectively, fear conditioning
driven by the engagement of a local inhibitory microcircuit that
gates CeM output to control the level of conditioned freezing

(10, 15, 45). However, neuron-specific molecular machineries,
which shape experience-dependent learning remained largely
unexplored.
While Scgn+ neurons occur in practically all amygdala nuclei,

including the extended amygdala (21), we focused on the dense
Scgn+ cell group in the CeL, which coexpresses PKCδ. PKCδ+
interneurons were identified as CeLoff cells, which inhibit CeM
output neurons, hence, reduce freezing (10). We hypothesized
that Scgn is involved in the learning process of the behavioral
responses to perceived danger but not in stress situations that
lack a conditioning stimulus. Indeed, Scgn+ cells form a mutually
exclusive population with CRH+ cells, the latter being typically
activated by unconditioned stress (10). Of note, in the present
animal study we were investigating nonconscious behavioral re-
sponses to threat and have largely sought to avoid the term
“fear” and its association to conscious mental processes in peo-
ple (2). However, when referring to other studies, we have opted
to employ the terminology used in the original descriptions.
Using cell-specific chemogenetic inhibition of Scgn+ CeL

neurons, we showed an enhancement of conditioned freezing.
We argue that the effect is due to the inhibition of a subset of
PKCδ+/Scgn+ CeLoff interneurons and, thus, disinhibition of
output CeM neurons (10). Recently, PKCδ+ CeL neurons were
reported to control learning through regulating synaptic
strengthening onto lateral amygdala neurons (11). This latter
study revised the prevailing model that all PKCδ+ cells are fear-
off neurons. Instead, they argued that PKCδ+ cells represent a
heterogeneous population since they identified CeL PKCδ+ cells
as actually being fear-on. Here, we identify Scgn+/PKCδ+ CeL
neurons as a subpopulation of PKCδ+ cells, which gate learned

Fig. 3. Secretagogin (Scgn) concentrates in the postsynaptic compartment of excitatory synapses. (A) Western blotting showed Scgn expression in the
postsynaptic density fraction of amygdala punches. (B) GluN could be immunoprecipitated with an anti-Scgn antibody from amygdala punches. (C and D)
GluN2+ neurons of primary amygdala culture could coexpress Scgn. (E–F’’) High-resolution airyscan imaging of GluN2+/Scgn+ neurons revealed close appo-
sition of GluN2+ (white arrowheads) and Scgn+ (black arrowheads) puncta with colocalizations (double arrowheads). (G and G’) Scgn typically condensed in
the postsynaptic compartment (immunoprecipitate semitransparently color-coded in violet). ax, axon; d, dendrite; GluN2, NMDA receptor 2 subunit; IP,
immunoprecipitation; NT, IgG non-target immunoglobulin G; PSD-95, postsynaptic density protein 95; s, synapse. (Scale bars: C and D, 5 μm; E” and F”, 1 μm;
G, 100 nm; G’, 70 nm.)
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behavioral threat responses and originally were classified as CeLoff
cells, and provide information on the subcellular localization of
Scgn and on the molecular mechanisms of action involved.
The subnuclei of the amygdala play complementary roles in

the acquisition and expression of threat-induced behavior.
Learned association requires plasticity; this critical process has
been typically related to the LA, while information modulation
and subsequent output was attributed to the CeA, especially to
its medial division, CeM (46). Recent advances suggest however
that plasticity does occur within the CeA and that these small-
scale functional changes contribute to dynamic shaping of
danger-induced behavior, an assumption which has been chal-
lenged at the level of genetically defined interneurons. Particular
interest turned on CeL because of the primary composition of its
local inhibitory neurons: SOM+/PKCδ− neurons were identified
as the cellular loci of synaptic plasticity in this select amygdala
domain. SOM+ neurons showed increases in the frequencies and
amplitudes of their miniature excitatory postsynaptic potentials,
signs of plastic changes, after fear conditioning (47). Similarly,
long-term potentiation could be evoked in the LA-to-CeL
pathway and shifts in the excitability of CeL neurons were at-
tributed to activity-dependent strengthening of SOM+ cell out-
put as postsynaptic target (45). In turn, SOM−/PKCδ+ CeL
neurons were shown to be responsible for tonic inhibition of the
CeM and to convey disinhibition from SOM+ CeL cells in threat-
avoidance behavior (7). Here, we show that lack of Scgn does not
change the electrophysiological properties of Scgn+/PKCδ+ CeL
cells, nor does it affect the ratio of functionally active NMDA
channels postsynaptically after aversive danger conditioning,
likely pointing to tonic and redundant processes operating at
slower timescales than Scgn manipulation in vitro.
CeL neurons receive excitatory input from glutamatergic

neurons of the BLA, which signal through NMDARs (1), placing
Scgn into the postsynaptic domain and suggesting that Scgn
could regulate cell activation through affecting NMDAR

availability. Functional NMDARs are tetramers composed of
two essential GluN1 subunits in tandem with two GluN2 subunits
(or alternatively a GluN2 and a GluN3 subunit) (48). GluN2B
subunits are critical: Through interacting with postsynaptic
density protein 95 (PSD95) (49), they are key regulators of
NMDAR trafficking (50), ensuring sufficiently fast recycling and
warranting surface mobility (51). Based on our previous mass
spectrometry data (33), we specify GluN2B subunits as interac-
tive partners of Scgn and suggest that Scgn facilitates the delivery
of NMDARs to the plasma membrane: FRAP microscopy
showed that the loss of Scgn impairs membrane-directed traf-
ficking of the GluN2B subunit and Western blot analysis proved
decreased Tyr-1472 phosphorylation, reflecting reduced binding
to, and overt stability in, the subsynapse (36). We biochemically
identified an increase in Scgn–GluN2B interaction locally in the
amygdala after aversive danger conditioning, too. We interpret
this seemingly contradictory finding as a compensatory mecha-
nism, which can balance a highly excited amygdala during the
investigated conditioning task in Scgn CeLoff neurons.
Conclusively, we explored a domain- and cell-specific molec-

ular mechanism in the CeL. We classified a select neuron pop-
ulation in the CeL, which gates danger response and explored
the role of a Ca2+-sensor protein in the postsynaptic machinery
to regulate NMDAR/GluN2B availability.

Materials and Methods
Animals, Surgery, and Ethical Approval of Experimental Studies. A total of 34
male rats (Wistar, 12wk old), 20 fetuses on embryonic day 20 from 3 dams and
20mice of both sexes (5–6 mo old) were used. Scgn-GFP mice were developed
using bacterial artificial chromosome engineering technology (52). Scgn−/−

mice were custom-generated at Mutant Mouse Resource & Research Centers
(Mouse Biology Program, University of California) using the “two-in-one”
targeting strategy (53), which generates full knockouts by expressing a
termination signal after exon 3 of the secretagogin gene. CRH-GFP reporter
mice (all females, n = 3, 19 wk of age) were generated using bacterial ar-
tificial chromosome technology (26). Food and water were available ad
libitum. Animals were kept under standard housing conditions with a 12/12
light/dark cycle (lights on at 0800; 55% air humidity). Experimental proce-
dures, including stereotaxic injections and transcardial perfusion, were ap-
proved by the Ethical Review Boards of the Semmelweis University
(Protocols: ETS 170 and 123) and the Medical University of Vienna/the Aus-
trian Ministry of Science and Research (66.009/0145-WF/II/3b/2014 and
66.009/0277-WF/V/3b/2017) and conformed to the 2010/63/European Union
European Communities Council Directive. During experimental manipula-
tion of live animals, these were anesthetized intramuscular or intraperito-
neal with a mixture of ketamine (50 mg/kg body weight) and xylazine
(4 mg/kg body weight). After surgery, brains were perfusion-fixed by
transcardially applying 4% (wt/vol) paraformaldehyde in 0.1 M phosphate
buffer. In vivo track tracing, formalin stress, fear conditioning, and the mi-
croinjections of viral particles for cell type-specific targeting in Scgn-Cre mice
are in SI Appendix, Materials and Methods.

Human Subjects. For immunohistochemistry, two in situ perfused brains were
used (SI Appendix, Table S1). Tissues were obtained and used in compliance
with the Declaration of Helsinki and followed relevant institutional guide-
lines (Regional and Institutional Committee of Science and Research Ethics of
Semmelweis University [TUKEB 84/2014]). Patient material was coded to
maintain anonymity throughout tissue processing. Procedural details are
described in SI Appendix, Materials and Methods.

Immunohistochemistry and Morphometry. Chromogenic or multiple immu-
nofluorescence histochemistry with select combinations of primary anti-
bodies (SI Appendix, Table S2) was performed according to published
protocols (20, 21, 31, 33, 54–59). Images of specimens after processing for
chromogenic histochemistry were captured on an Olympus BX-51 micro-
scope. Sections processed for multiple immunofluorescence histochemistry
were inspected and corresponding images were acquired on an LSM780
confocal laser-scanning microscope (Zeiss). Superresolution images (∼60 nm
axial resolution) were acquired on a LSM880 laser-scanning microscope
equipped with an “Airyscan” detector system. Human sections were ana-
lyzed and diagrammed using Neurolucida. Details of the procedures are
referred to in SI Appendix, Materials and Methods.

Fig. 4. Secretagogin (Scgn) shapes surface availability in the cell membrane.
(A) Scgn silencing decreased the initial fluorescence intensity of the SEP-
GluN2B signal in transfected SHSY5Y cells. (B) FRAP curves show slower
signal recovery in Scgn-silenced (ScgnKD) cells. (C and C”) SEP-GluN2B signal
decreased at pH 6.0 but recovered both in the surface plasma membrane
and within the cell in SHSY5Y cells. (D–D’’’ and E) ScgnKD reduced SEP-
GluN2B signal under control medium conditions (artificial cerebrospinal
fluid, aCSF). Acid treatment decreased, whereas application of NH4Cl re-
covered SEP-GluN2B signal intensity in both control and ScgnKD cells. Note
the increase between after NH4Cl treatment compared to control medium
condition after ScgnKD only. (F and F’) Scgn silencing decreased GluN2B
phosphorylation at the Tyr-1472 residue (pho-NR2B) in SHSY5Y neuroblas-
toma cells leaving the total amount of GluN2B unchanged. CeL, centro-
lateral nucleus of amygdala; ctrl, control.
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Electron Microscopy. Sections processed for postembedding Scgn immuno-
histochemistry with DAB-NI detection were postfixed, contrasted in buffered
1% OsO4 at 22–24 °C for 1 h, and flat-embedded in Durcupan ACM (Fluka).
The CeL was excised and reembedded for ultrasectioning at 100-nm thick-
ness. Sections were collected on single-slot nickel grids coated with Formvar
and studied on a Jeol 1200 EMX microscope. Primary magnification ranged
from 20,000× to 80,000×, as indicated.

Electrophysiology. To prepare slices for patch-clamp experiments, we used a
protective recovery method as described previously (31, 60). Briefly, deeply
anesthetized mice were transcardially perfused with 20 mL of chilled oxy-
genated (95% O2/5% CO2) solution containing (in mM): 93 N-methyl-D-glu-
tamine-HCl, 30 NaHCO3, 2.5 KCl, 1.2 NaH2PO4, 20 Hepes-NaOH, 5 Na-
ascorbate, 3 Na-pyruvate, 0.5 CaCl2, 8 MgSO4, and 25 glucose (pH 7.4).
Brains were rapidly extracted, immersed in the same solution, and cut into
300-μm thick coronal slices with Leica VT1200S vibratome. The slices con-
taining the amygdala were then transferred to a recovery chamber filled
with the same solution (32 °C) for 12 min and later kept (minimum 60 min
prior to the recordings) in a solution containing (in mM): 90 NaCl, 26
NaHCO3, 3 KCl, 1.2 NaH2PO4, 20 Hepes-NaOH, 5 Na-ascorbate, 3 Na-
pyruvate, 1.5 CaCl2, 2 MgSO4, 0.5 L-glutatione, and 25 glucose (pH 7.4) (31).

To define electrophysiological profiles, current clamp recordings on cells
from the central amygdala (lateral part) were performed in oxygenated (95%
O2/5% CO2) artificial CSF containing (in mM): 124 NaCl, 2.5 KCl, 2 MgCl2, 1.5
CaCl2, 24 NaHCO3, 1.2 NaH2PO4, 5 Hepes, and 12.5 glucose. Pipettes of 3–5
MΩ resistance contained (in mM): 120 K-gluconate, 6 KCl, 10 Hepes-KOH, 5
EGTA, 4 ATP-Mg, 0.3 GTP (pH was adjusted to 7.3 with KOH). Perfusion
speed was set to 2.5/min (31).

To measure NMDA/AMPA ratio (30), we repatched the cells of interest
(i.e., demonstrating late-firing electrophysiological profile) with the pipette
containing (in mM): 140 CsCl, 4 NaCl, 2 MgCl2, 10 Hepes, 1 EGTA, 4 ATP-Na2, 0.3
GTP (pH was adjusted to 7.3 with NaOH). Additionally, picrotoxin (20 μm) was
added to the extracellular solution to block GABAA receptors. For neuronal
stimulation, a bipolar electrode was placed at the ventrolateral part of the
central amygdala where the BLA-CeA pathway enters (61) and was program-
mable activated to shortly (0.1–0.7 ms) generate 100–250 μA current.

Cell Lines and Primary Neuronal Culture. SH-SY5Y cells were kept in DMEM:-
GlutaMax containing 5% fetal bovine serum, penicillin (100 U/mL), and
streptomycin (100 μg/mL; all from Invitrogen). Cells were trypsin dissociated
and plated at a density of 50,000 cells per well in 24-well plates for mor-
phometry and at a density of 2 × 106 cells per well in six-well plates for
Western blot analysis. Primary neuronal cultures were made from newborn
(P0) rat brains’ amygdala and processed for immunohistochemistry. Scgn
gene silencing was through the application of a mixture of Scgn-specific
small interfering RNAs (siRNAs) (250 pmol/500 μL, diluted in culture me-
dium; GE Dharmacon) for 2 d (33).

Western Blotting. Protein samples from the amygdala of rats in control or
after fear conditioning (n = 6 per group) were prepared, and their con-
centrations were determined (62). Protein samples were analyzed under
denaturing conditions (SI Appendix, Fig. S6). Western blotting was per-
formed with the primary antibodies listed in SI Appendix, Table S2. Blots
were scanned on a Bio-Rad XRS+ imaging system and subsequently quanti-
fied in Image Lab 3.01 (Bio-Rad Laboratories). β-Actin (1:10.000; Sigma) was
used as loading control.

Immunoprecipitation. We followed previously published protocols (31).
Amygdala samples of fear-conditioned and sham-trained rats were isolated
immediately after training and collected in lysis buffer containing 50 mM
NaCl, 20 mM Hepes, 10 μM CaCl2, 0.2% Triton X-100, and a mixture of
protease inhibitors (Roche; pH was adjusted to 7.4). Tissues were homoge-
nized by ultrasonication, centrifuged at 18,000 × g for 30 min, with the
supernatants used for experimentation. After preclearance using Protein
G-coated Dynabeads (Novex; Life Technologies, 45 min), samples (50 μL)
were incubated with goat anti-Scgn primary antibody (1:2,000, R&D Sys-
tems) overnight at 4 °C. An aliquot of each sample was then probed

simultaneously with goat IgG (2 μg/50 μL) to control for nonspecific binding.
Subsequently, samples were incubated with Dynabeads for 90 min. After
repeated rinses, Dynabeads were collected, bound proteins eluted with
Laemmli buffer, and separated on 10% resolving gels under denaturing
conditions (sodium dodecyl sulfate–polyacrylamide gel electrophoresis).

Preparation of Synaptosomal Fractions and Enrichment in Postsynaptic
Densities. Rat amygdala punches were homogenized in 0.32 M sucrose-
containing Hepes buffer (in mM: 145 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 5 glu-
cose, and 5 Hepes at pH 7.4), centrifuged (600 × g, 10 min at 4–8 °C) and the
supernatant repeatedly cleared (by centrifugation at 20,000 × g, 4 °C for
30 min in 1.3 M sucrose-containing Hepes buffer) (63). To enrich postsynaptic
densities (PSDs), rat amygdala samples were homogenized in 0.32 M sucrose
solution (containing 1 mM NaHCO3, 1 mM MgCl2, 0.5 mM CaCl2, 1 mM
phenylmethylsulfonyl fluoride, and protease inhibitors [Roche, cOmplete]),
the homogenates centrifuged (470 × g, 2 min at 4 °C) and supernatants
centrifuged (10,000 × g, 10 min at 4 °C). Soluble protein-containing super-
natants were resuspended in 0.32 M sucrose, which were then layered onto
0.8 M sucrose. After being centrifuged at 9,100 × g (4 °C for 15 min)
synaptosome-containing pellets were collected from 0.8 M sucrose layer and
resuspended with equal volume of 20 mM Hepes (pH 7.0), 2% Triton X-100,
and 150 mM KCl. Samples were centrifuged at 20,800 × g (45 min at 4 °C),
and resulting pellets were resuspended in a solution of 1% Triton X-100 and
75 mM KCl, and centrifuged again (20,800 × g, 30 min at 4 °C) to yield the
“PSD fraction” (64).

FRAP Combined with Gene Silencing. Live-cell imaging was carried out on
SHSY-5Y cells transfected with 0.5 μg of pCI-SEP_NR2B plasmid DNA
(Addgene 23998), and Scgn subsequently silenced with siRNA as above.
Fluorescence recovery of NR2B-SEPs destined to the cell surface after pho-
tobleaching was recorded by a Zeiss CellObserver system. Procedural details
of transfection and imaging are described in SI Appendix, Materials
and Methods.

Statistics. Data were analyzed using the Statistica Software Package version
13.2 (StatSoft). Pairwise comparisons for in vitro histochemical and Western
blotting experiments were performed by Student’s t test (on independent
samples). Data were normalized to control if and when necessary. Data were
expressed as means ± SEM. A P value of <0.05 was considered statistically
significant. For FRAP experiments, average fluorescence intensity during
postbleach fluorescence recovery was compared in each time point using
IBM SPSS Statistics software. After determining the distribution of the data
in the time points by Shapiro–Wilk’s test of normality, Student’s t test was
used to compare normally distributed and Mann–Whitney test to compare
nonnormally distributed data. Initial membrane intensities were normally
distributed and thus compared by Student’s t test.

Data Availability.All study data are included in the article and/or SI Appendix.
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