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Corticotropin-releasing factor induces functional and structural
synaptic remodelling in acute stress
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Biological responses to stress are complex and highly conserved. Corticotropin-releasing factor (CRF) plays a central role in
regulating these lifesaving physiological responses to stress. We show that, in mice, CRF rapidly changes Schaffer Collateral (SC)
input into hippocampal CA1 pyramidal cells (PC) by modulating both functional and structural aspects of these synapses. Host
exposure to acute stress, in vivo CRF injection, and ex vivo CRF application all result in fast de novo formation and remodeling of
existing dendritic spines. Functionally, CRF leads to a rapid increase in synaptic strength of SC input into CA1 neurons, e.g., increase
in spontaneous neurotransmitter release, paired-pulse facilitation, and repetitive excitability and improves synaptic plasticity: long-
term potentiation (LTP) and long-term depression (LTD). In line with the changes in synaptic function, CRF increases the number of
presynaptic vesicles, induces redistribution of vesicles towards the active zone, increases active zone size, and improves the
alignment of the pre- and postsynaptic compartments. Therefore, CRF rapidly enhances synaptic communication in the
hippocampus, potentially playing a crucial role in the enhanced memory consolidation in acute stress.
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INTRODUCTION

Stress is a fundamental homeostatic reaction to any stimulus [1, 2],
which can biologically manifest itself as predominantly positive
‘eustress’ or negative ‘distress’ [3]. Acute stress is an instantaneous
and precise reaction to internal and environmental factors [4-6].
Although the mechanisms involved in regulating stress responses
are well documented for the hypothalamic-pituitary-adrenal (HPA)
axis pathway, the effect of stress on other regions of the brain is
still not well understood [7, 8]. Among the many hormones,
neuropeptides, and mediators involved in the stress response, CRF
stands out due to its dual systemic (hormonal) and central
(neuromodaulatory) roles [8-10]. Centrally, CRF acts as a neuromo-
dulator of synaptic transmission, which can be rapidly and locally
released and acts within milliseconds [7] by binding to two
different G protein-coupled receptors: CRF-receptor (CRF-R) 1 and
2 [4, 7, 10]. Activation of these receptors can result in a
comprehensive array of cellular effects depending on the brain
region and the specific CRF-family ligand binding [8, 11]. This can
explain the diversity of responses reported in different brain
regions to the same stressor. In the hippocampus, a region known
for its involvement in learning and memory processes, CRF is
expressed by GABAergic interneurons, which innervate PCs in CA1
and CA3 [12, 13] expressing CRF-Rs in distinct subcellular regions
[4, 14, 15]. The effects of stress on—hippocampus dependent—
memory storage and consolidation are complex [4, 16-18]. Mild or
short stress enhances hippocampal functioning by promoting

synaptic strengthening and by augmenting frequency of minia-
ture excitatory postsynaptic currents (mEPSCs) and glutamate
release probability [7, 19], while profound and chronic stress has
detrimental effects, manifesting in the reduction in dendritic
complexity and spine density in the hippocampus [12]. This spine
loss is associated with attenuation of both LTP and LTD, and
correlates with reported memory defects [7, 20, 21]. CRF
contributes to the initiation of those stress-induced neuronal
changes [7, 12, 22, 23] in a dose-, time-, and context-dependent
manner [4, 16, 24, 25]. Especially the timing of CRF exposure is
crucial for learning and memory processes and might result in
opposite effects [4, 16, 24]. For example, short-term CRF
application increases LTP [26] while prolonged exposure impairs
hippocampal LTP [27].

Previous studies on structural changes reported a decrease in
spine number and the reduction of dendritic complexity of PCs in
CA1 and CA3 after long-term exposure to CRF [23, 28, 29]. The
underlying molecular pathways of CRF-dependent plasticity have
been mostly studied in the presence of high CRF concentrations
and using in vitro assays. However, the acute effect of CRF in a
physiologically relevant concentration (<250 nm) [8, 30, 31] on
synaptic architecture and function in the hippocampus remains
elusive.

Here, we show that acute stress, CRF stereotactic injections
in vivo, and application of CRF ex vivo induces spine maturation
and increases spine density in mice. At the synapse level, we
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demonstrate that acute CRF increases the presynaptic vesicular
pool size, increases synapse number, induces a redistribution of
synaptic vesicles towards the active zone and increases alignment
of pre- and postsynaptic compartments. In line with these
structural changes, we found that CRF facilitates synaptic
transmission and increases synaptic reliability. In addition, CRF
enhances long-term synaptic plasticity, which requires reciprocal
activation of both CRF-Rs. Taken together, this study provides
evidence that CRF is a crucial player in shaping the cellular
response of hippocampal CA1 PCs during acute stress.

MATERIALS AND METHODS

Animals

All animal experiments were approved by the KU Leuven Ethical Animal
Welfare Committee (protocol P019/2017) and were performed following
the Animal Welfare Committee guidelines of the KU Leuven, Belgium. Mice
were housed in a pathogen-free facility under standard housing
conditions. In total, 113 male C57BL/6 Jax mice (P18-20), 29 male Thy1-
YFP-H line, B6.Cg-Tg(Thy1-YFP)HJrs/J (P21-23, Jackson Laboratory cat.#
003782) and 4 male C57BL/6J-Tg(Thy1-GCaMP6)GP4.12Dkim/J (P18-20,
Jackson Laboratory cat # 028278) were used.

Acute stress induction and stereotactic injections in vivo
Thy1-YFP-H mice were used for acute stress and stereotactic injections
with 100 nM CRF. For acute stress, we used two paradigms: foot shock (FS)
and predator odor (PO) [32, 33]. For PO, mice were transferred from their
home cage to a clean cage and subsequently exposed to either PO
(domestic cat urine/fur mixed with cotton wool) or ambient air (cotton
wool, control) [34]. FS was performed as described before [35]. Briefly,
control animals stayed in the home cage without any handling. Acute
stress FS protocol was a 0.1 mA electrical stimulation for 2 seconds. Twenty
minutes after the stimulus, mice were deeply anesthetized with a mixture
of ketamine/xylazine and cardiac puncture was carried out for trunk blood
collection. Blood plasma was stored for corticosterone (CORT) ELISA
analysis. Brains were collected after transcardiac perfusion with 4%
paraformaldehyde (PFA; EMS) in 0.1 M phosphate buffer (PB; EMS). From
each animal, one hemisphere was used for spine analysis of the PCs
dendrites in the proximal region of CA1-Stratum Radiatum (SR), the other
hemisphere was used for cfos and corticotropin-releasing hormone (crh)
mRNA in situ hybridization (ISH) experiments. All acute stress experiments
and blood collection were done during the same time of day (controlled
for circadian rhythm).

For stereotactic injections of CRF in PCs CA1 hippocampus, mice were
anesthetized by isoflurane and placed in a stereotactic frame with
sustained anesthesia during and post injection. 300 nl of 100 nM CRF with
a rate of 10 nl/sec was unilateral injected using a Nanoject Il Auto-Nanoliter
Injector (Drummond) using stereotactic coordinates: AP-2, ML-1.8, D-
1.5 mm. The other (noninjected) hemisphere was used as a control [36].
Animals were perfused with 4% PFA in 0.1 M PB, 20 min after the injection.
Until sample collection, animals were kept under anesthesia. Brains were
post-fixed at 4 °C overnight. The following day, 100-um-thick vibratome
sections were made and used for further processing (see below).

Determination of hormone concentrations and ISH after acute
stress
Plasma was separated from whole blood and stored at —80 °C until further
sample processing. CORT plasma levels were quantified using a CORT
ELISA kit (DE4164, Demeditec Diagnostics). Blood plasma was 1:20 diluted
with standard solutions. Absorbance was determined at 450 nm (reading)
and 620-630 nm (background subtraction) with a microtiter plate reader.
Basescope hybridization was performed with the Basescope Detection
Reagent Kit v2-RED (Advanced Cell Diagnostics). Briefly, 14-pm-thick
cryosections of fixed frozen Thyl1-YFP-H hemispheres of control and
stressed mice were made. Superfrost slides (Thermofisher) with sections
were baked at 60°C for one hour before dehydrating steps of ethanol.
After pretreatment solution steps, sections were incubated with custom-
synthesized Basescope probes (cfos, BA-Mm-Fos-3zz-st targeting 676-801
of NM_0102343 or crh, BA-Mm-Crh-3zz-st targeting 752-893 of
NM_205769.3, see Supplementary Materials) each targeting all predicted
transcript variants, followed by amplifying hybridization processes.
Between amplification steps, slices were washed with wash buffer. Finally,
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slides were incubated with Fast Red for 10 minutes at room temperature in
the dark and counterstained with 50% hematoxylin before drying at 60 °C.
Brightfield images were taken with a Marzhauser Express 2 slide scanner
(Nikon) using a x20 objective. After imaging, the layer of PCs CA1 from
each section was used for probe quantification. Probe-positive areas and
physical CA1 PC areas were manually segmented using Microscope Image
Browser (MIB, University of Helsinki) [37]. Data have been expressed as
probe-positive areas relative to PCs-occupied areas.

Dendritic spine filling ex vivo

For dye filling experiments in hippocampal acute slices, C57BL/6Jax mice
were used, as described [38]. Briefly, animals were anaesthetized using
isoflurane. After decapitation, the brain was quickly removed and
transferred into ice-cold cutting solution: 83 mM NaCl, 2.5 mM KCl, 1 mM
NaH,PO,4, 22 mM glucose, 26.2 MM NaHCOs3, 0.5 mM CaCl,, 3.3 mM MgSO,,
72 mM sucrose (Sigma), pH 7.4 with 5% CO,/95% O2. 300 um coronal slices
were cut with a Leica VT1200 vibratome. Slices could recover in a 34°C
cutting solution for 35 min and for 30 min at room temperature (RT) prior
to transfer into artificial cerebrospinal fluid (@CSF): 119 mM Nadcl, 2.5 mM
KCl, 1 mM NaH,PO4, 26 mM NaHCOs;, 4 mM MgCl,, 4 mM CaCl,, 11 mM
glucose at pH 7.4 with 5% CO,/95% O,. Glass borosilicate recording
pipettes (resistance 3.5-5.5 MQ) were filled with 10 mM Alexa 568 (Life
Technologies) dissolved in internal solution: 115 mM CsMSF, 20 mM CsCl,
10 mM HEPES, 2.5 mM MgCl,, 4mM ATP, 0.4 mM GTP, 10 mM creatine
phosphate and 0.6 mM EGTA (Sigma Aldrich). Whole-cell configuration was
used to fill CAT PCs for 10-15min in control slices and slices incubated
with 100 nM CRF added to the aCSF for 20 min. Hence, slices are incubated
10 min prior to the filling with aCSF and CRF. Treatment with blockers was
carried out by directly adding them to aCSF for 20 min before reaching
whole-cell mode. For condition of blockers with CRF, CRF was added
10 min after slices were exposed to the specific CRF-R blockers. Sections
were fixed with 4% PFA and 2% sucrose in 0.1 M PB at 4 °C overnight.

Spine imaging and analysis ex vivo and in vivo

After 4% PFA fixation overnight, brain slices were washed three times with
0.1 M PB and mounted using mounting medium (Vectashield). Hundred-
micrometers-thick vibratome sections were made from brains collected
after acute stress paradigms and stereotactic injections of CRF, as
described above. Secondary and tertiary dendrites of PCs in the proximal
region of the CA1 were imaged with a Structured lllumination Microscopy
(Elyra S.1, Zeiss) with a x63 plan-apochromat 1.4 oil DIC objective. Images
were processed using the Zeiss software. Dendritic protrusions were
counted in Z-stack (Z-step of 0.025 um) and quantified using ImageJ (NIH).
We classified five spine types. Mushroom spines: possess a spine head of
more than 0.5um. Stubby: length shorter than 1.0 um. Spine head
diameter larger than spine length. Thin: length shorter than 1.0 um
possessing, spine head diameter shorter than spine length. Long thin:
length between 1.0 and 1.5 um. Filopodia: longer than 1.5 um.

Electrophysiological and multi electrode array (MEA) ex vivo
studies

Ex vivo. Acute slices (300 um) were prepared from C57BL/6Jax mice the
same way as for ex vivo spine fillings, as described before [38]. After
recovery, brain slices were continuously perfused in a submerged chamber
(Warner Instruments) at a rate of 3-4 ml/minutes with aCSF at pH 7.4 with
5% C0O,/95% O,. Control slices and slices incubated with 100 nM CRF
added to the aCSF for ~20 min before recording were used. For mEPSCs,
coronal sections were prepared and 1 uM tetrodotoxin (TTX) was added to
the aCSF. For paired-pulse recordings, train stimulation, and AMPA/NMDA
characterization, sagittal slices were used and 20 uM bicuculline was added
to the aCSF. Whole-cell patch-clamp recordings were done using
borosilicate glass recording pipettes (resistance 3.5-5.5 MQ) filled with a
CsMSF-based internal solution (see ex vivo spine filling). Spontaneous
input to CA1 PCs was recorded by whole-cell voltage-clamp recordings
(Vm=—-70mV and Rs compensation was set at ~70%) from visually
identifiable CA1 PCs, using a Multiclamp 700B amplifier (Axon Instruments)
and analyzed using Mini Analysis program (Synaptosoft). For evoked
recordings (Vm = —70mV, Rs compensation ~70%), SCs were stimulated
using A-M systems 2100 isolation pulse stimulator and a 2-contact cluster
microelectrode (CE2C55, FHC) placed in SR at the border of CA1-CA2. For
paired-pulse ratio analysis, paired extracellular stimulations (interstimulus
interval (ISI): 25, 50, 100, 200, 400, and 1000 ms) were delivered every
20 seconds (each ISI was repeated three times) and peak amplitudes were
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calculated as the EPSC2/EPSC1 ratio. For train stimulations, 200 stimuli
were delivered at the following frequencies: 2, 5, 10, and 20 Hz. Peak
amplitudes and total charge were quantified and normalized to the first
evoked response of the train. Peak AMPAR-mediated evoked EPSCs were
measured in whole-cell voltage-clamp at a holding potential of —60 mV,
while the NMDAR-mediated component was measured 100 ms after
initiation of the combined AMPAR-and NMDAR-mediated EPSCs recorded
at +40 mV. Measurements were performed in a minimum of three
independent preparations.

MEA. Parasagittal slices (300 pm) were prepared from C57BL/6Jax mice
and used for fEPSPs recording using commercially available MEAs, 87
electrodes in an 8x8 lay-out (MEA2100, Multi Channel Systems) as
described before [39, 40]. The recording chamber was perfused with
aCSF and maintained at 32°C. A slice grid was put on the top of the
slices to assure immobilization and optimal contact with electrodes. Data
streams were sampled at 10kHz. For each slice, a single electrode
located underneath the SC pathway was visually selected for stimulation.
Biphasic, constant voltage pulses (100 us pulse width) were applied to
evoke fEPSPs from the SC in the CA1. After establishing stable fEPSP
signals (~30 min), an input/output curve was generated using stimula-
tion intensities from 0.5 to 2.750V (in steps of 0.25 V), each applied twice
with 30-120 seconds interval was established. The stimulus intensity
eliciting 35% of the maximal fEPSP amplitude was used for further
stimulation.

Next, we recorded baseline fEPSPs for ~25min (3 stimulations
15seconds apart, every 3 min). For CRF conditions, after 5min of
baseline, we switched to aCSF with 100 nM CRF, recorded 15 min of
baseline, switched back to aCSF which normalized a stable baseline
comparable to before CRF application. After reestablishing a stable
baseline, we either applied train stimulations (LTP) or low frequency
stimulations (LTD). LTP was introduced by three trains of high-frequency
stimulation at 100 Hz (100 stimuli at 100 Hz), with 5 min interval. For
induction of LTD, low frequency stimulation of 1Hz, 900 pulses was
induced to introduce LTD in the CA1 region. Post-LTD or -LTP induction,
fEPSPs were recorded for 65 minutes (3 stimulations 15 seconds apart,
every 3 min).

Calcium imaging in vivo

Acute coronal slices (300 um) were prepared from Thy1-GCaMP6 mice (see
above). After recovery, brain slices were continuously perfused with aCSF
during the imaging of the CA1 at RT with a two-photon system (VIVO 2-
Photon platform, Intelligent Imaging Innovations GmbH) using a x20
objective. Imaging started in aCSF capturing 300 images of the region of
interest (ROI), average of 15 frames per image, 30 ms intervals. 600 images
were taken: 300 control aCSF images and another 300 images where CRF
was present in the aCSF. After 15min with CRF in aCSF, another 600
images were taken with the same settings in the same ROI.

Electron microscopy (EM) and analysis

Ex vivo. Acute coronal slices (300 pm) were prepared from C57BL/6Jax
mice (see above). After recovery, control and CRF-treated slices (100 nM
CRF for 20 min) were fixed for at least 2h at room temperature. For
synaptic morphology we used 4% PFA, 2% glutaraldehyde (EMS, USA),
0.2% picric acid (EMS, USA) in 0.1 M PB, pH 7.4 For active zone (AZ) and
postsynaptic densities (PSD) quantification, we used 4% PFA in 0.1 M PB,
pH 7.4.

In vivo. Thy1-YFP-H mice were used for the acute stress foot shock (FS)
paradigm. FS was performed as above. Twenty minutes after the stimulus,
mice were deeply anesthetized with a mixture of ketamine/xylazine and
cardiac puncture was carried out for trunk blood collection. Blood plasma
was separated and reserved for corticosterone (CORT) ELISA analysis.
Brains were collected after trancardiac perfusion with 4% PFA (EMS) in
0.1 M PB (EMS) and post-fixed at 4 °C overnight. The following day, 100-
pum-thick vibratome sections were made and used for further processing
(see below).

For synaptic morphology analysis with transmission electron microscopy
(TEM), after fixation slices were subsequently washed with 0.1 M PB and
0.1 M cacodylate buffer and post-fixed for 60min on ice in 0.1 M
cacodylate buffer (EMS, USA) containing 1% OsO, (EMS, USA) and 1.5%
CgFeKy4Ng (EMS, USA), pH 7.6. Next, slices were washed once with 0.1 M
cacodylate buffer, and then with dH,O. The slices were contrasted with
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0.5% uranyl acetate (EMS, USA) in 25% methanol at 4 °C overnight. The
following day, slices were washed with dH,O and stained on bloc with
Walton'’s lead aspartate [38] at 60 °C for 30 min, and washed with dH,0.
Afterwards, the samples were dehydrated in a graded series of ethanol
solutions and were treated twice for 10 min with propylene oxide and
infiltrated with medium Epon 812/propylene oxide mixtures. The next day,
sections were flat embedded in medium composition of Epon 812 (EMS,
USA) between two microscopic slides and ACLAR film (EMS) and
polymerized for 2 days at 60 °C.

For visualization and analysis of AZ and PSD with TEM and focused ion
beam scanning electron microscope (FIB-SEM), After fixation slices were
washed with 0.1 M PB and dehydrated in a graded series of ethanol
solutions. Afterward, slices were treated for 30 min at 60 °C in 1% ethanolic
phosphotungstic acid (PTA; MP Biomedicals). Slices were washed with pure
ethanol and subsequently with pure acetone. The slices were contrasted
with 2% uranyl acetate in acetone at 60 °C for 20 min. Slices were then
washed with acetone and incubated in 0.5% lead acetate in acetone at
60 °C for 20 min, washed with acetone and infiltrated with hard Epon 812/
acetone mixtures. The next day, slices were embedded in hard
composition of Epon 812 and polymerized for 2 days at 60 °C.

For TEM imaging ultrathin sections (70 nm) were collected on single slot
copper grids and counterstained with uranyl acetate and lead citrate.
Images of these sections were made at x25k magnification for synaptic
boutons morphology and at x15k magnification for AZ/PSD analysis, using
a TEM (JEM1400, Jeol) equipped with a SIS Quemesa (Olympus) camera
operated at 80 kV.

For the FIB-SEM, the embedded samples were coated with ~8 nm
platinum. FIB-SEM imaging is performed using a Crossbeam 540 (Zeiss)
system with Atlas 3D software. The FIB-SEM was used to remove a 5-nm-
thick layer by propelling gallium ions at the surface of the specimen. Image
acquisition was done at 1.5kV (0.005 um/pixel) using a backscattered
electron detector, at x5k magnification. Images were aligned with Atlas 3D
software.

PCs CA1 synapses were identified by their morphology and localization.
Image segmentation of individual pre- and postsynaptic terminals, PSDs,
AZs and synaptic vesicles was performed initially by using MIB software.
For vesicle analysis, we estimated the shortest straight path connecting the
center of vesicle to the AZ and calculated the smallest angles between the
directions of this path. The statistics for synaptic surface area, AZ/PSD area
and length, number of vesicles and distance from AZ was collected using a
custom-made script in ImageJ. Amira software was used for visualization of
AZs and PSDs in 3D.

Chemicals and treatments

Alexa 568 hydrazide was used at—10mM (Thermo Fisher Scientific),
Antisauvagine-30 (aSvg)—150nM (Tocris), bicuculline—20 pM (Sigma
Aldrich), CRF—100 nM (Bachem), NBI 27914 (NBI)—1.2 uM (Tocris), TTX—
1 uM (Tocris). Besides Alexa 568, all compounds were dissolved in DMSO
prior to dilution into appropriate aqueous buffers/solutions.

Quantification and statistical analysis

Data analysis was carried out in ImageJ (NIH), Clampfit (Molecular devices),
Mini Analysis (Synaptosoft), Multi channel analyzer software (Multi channel
systems), Microscope Image Browser (MIB, University of Helsinki), Amira
(Thermo Scientific), Atlas 3D (Zeiss), and Excel (Microsoft). Data statistic was
carried out in GraphPad Prism 8 (GraphPad software).

We did not calculate sample size for ensuring adequate power or
randomization of the samples. Some analysis was performed blindly (e.g.,
spine density, ISH data). Animals and brain sections with a deteriorated
general health were excluded from the study.

We first evaluated the quantitative sample distributions for normality
using the D’Agostino-Pearson test. Subsequently, either Mann-Whitney
test (for non-normal distributions) or unpaired t-test (for normal
distributions) was used to compare statistical differences between two
groups. Multiple group comparisons were performed with the
Kruskal-Wallis analysis of variance (ANOVA) followed by Dunn’s multiple
comparison test (for non-normal distributions) or with one-way ANOVA
followed by Dunnett’'s multiple comparison test (for normal distributions).
Normal distributions are represented as the mean with the standard error
of the mean (+SEM) while non-normal distributions are represented as the
median with interquartile range (IQR). Results were evaluated at a 5%
significance level. Sample size and statistical tests (including the p-values)
used for each comparison are detailed in the figure legends.
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RESULTS

Both short-term stress and CRF treatment induce spine
formation in vivo

Previous studies in different brain regions have shown that stress
induces changes in spine density and morphology [41-44]. To
investigate the effect of short-term stress on spines of hippo-
campal CA1 PCs in vivo, we compared two independent models
for acute, mild stress in mice expressing YFP in CA1 PCs: foot
shock (FS) and predator odor (PO). CORT levels were mildly
elevated in blood plasma 20 min after FS and PO acute stress
paradigms (Supplementary Fig. 1a, b). These data fit with the
initial phase of the stress response, since plasma CORT levels have
been reported to significantly increase only 30 min to an hour
after stress induction [45-47]. In both paradigms, we found a
significant increase in spine density compared to unstressed
animals (Fig. 1a—c). In addition, acute stress using the FS paradigm
shifts spine morphology towards more mature types (Fig. 1e, d):
mushroom and stubby [48, 49]. In PO experiments, both the
increase in spine density and the shift in spine morphology (Fig.
1f) were less prominent compared to FS. Since acute stress-
induced changes in CORT levels in the hippocampus and other
brain regions takes at least 30 min [50, 51], a systemic component
is very unlikely to be involved in the structural changes in spine
density and morphology we find within 20 min after acute stress
induction.

Next, we performed stereotactic injections of CRF into CA1 of
YFP-expressing mice to determine whether CRF has the same
effect on spines as acute stress. Indeed, CRF significantly increased
spine density compared with control (Fig. 1a, d) and induced a
shift in spine morphology towards more mature types (mushroom
and stubby), comparable to the acute stress paradigms (Fig. 1e-g).

To confirm direct stress response in the hippocampus, we
performed ISH analysis for immediate early genes crh and cfos
[52-54], in mice 20 min after being subjected to FS. We observed a
local increase of crh and cfos mRNA expression in the CA1 PC layer
(Fig. 1h, i), demonstrating an upregulation of immediate early
genes in the CA1 PC layer directly after acute stress.

Acute CRF exposure increases the spine density of CA1 PCs
To allow a more detailed analysis of the molecular pathway and
functional consequences of acute CRF exposure in CA1 PCs, we
investigated if the effect of direct CRF injections on spines can be
recapitulated in acute hippocampal slices. Indeed, short-term CRF
application significantly increased spine density and maturation of
dye-filled PCs in acute hippocampal slices (Fig. 2a, b).

Using acute slices, we set out to identify the underlying CRF
receptors involved in mediating the acute spine changes, by
pretreating acute slices with their selective antagonists (CRF-R1:
NBI 27914 (NBI); K; = 1.7 nM, CRF-R2: Antisauvagine-30 (aSvg); K; =
1.4 nM) immediately before CRF treatment. Application of either
antagonist alone did not significantly affect spines of CA1 PCs (Fig.
2a, b). Inhibition of CRF-R1s completely blocked the CRF-induced
increase in spine density and maturation (Fig. 2a-c), while
inhibition of CRF-R2 partially blocked this CRF effect. Together,
these data show that the acute CRF-induced increase in mature
spine number is predominantly dependent on CRF-R1 signaling,
although CRF-R2s can play a complementary role, potentially
requiring the deployment of calcium stores [55].

The changes in spine density and maturation sustained at least
2 h after the removal/wash out of CRF, suggesting these are long-
lasting structural modifications (Supplementary Fig. 2).

Acute CRF exposure modulates functional properties of SC
input into CA1

To determine if the CRF-induced increase in (mature) spine
density translates into enhanced functional synaptic connections,
we set out to study synaptic function, starting with recording
mMEPSCs in CA1 PCs. Using acute slices exposed to 100 nM CRF for
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15 min prior to the start of and throughout the recordings, we
showed a robust increase in mEPSC frequency, but not amplitude
(Fig. 3a—e). This finding suggests an increase in the number of
excitatory synapses, or an increase in release probability of
individual synaptic connections. We already found a CRF-induced
increase in mature spine density, in line with an increase in
functional synaptic connections. However, we also observed
ultrastructural changes within synapses, which are in line with
an increase in release probability (see below). In addition, CRF-
induced enhanced network activity as evident from our calcium
imaging of CA1 PCs in ex vivo acute slices from mice expressing
the fluorescent calcium indicator, GCaMP6s (Supplementary Fig. 3,
Supplementary Video 1). Together, these data suggest that the
CRF-induced increase in mEPSC frequency is due to a combination
of structural and functional adaptations.

To explore alterations of presynaptic release probability in more
detail, we used electrical stimulations of the SC pathway
projecting onto the CA1 PCs. Using paired-pulse stimulations,
we found increased paired-pulse facilitation (PPF) with 25 ms and
50 ms intervals in the presence of CRF (Fig. 3f-j), suggesting a
change in the functional organization of SC presynaptic terminals.
We observed a striking increase in the decay time constant in CRF-
treated slices (Fig. 3h), suggesting increased sustained/asynchro-
nous release following evoked release. To further explore the
effect of acute CRF exposure during more demanding periods of
SC input activity, we performed train stimulations and analyzed
both the synchronous peak amplitude and the total cumulative
evoked charge. We observed decreased synaptic fatigue during
10 Hz train stimulations (Fig. 3i) and an almost two-fold increase in
the absolute total cumulative charge after CRF treatment (Fig. 3j).
Together, these observations suggest that CRF changes pre-
synaptic function, ultimately resulting in enhanced synaptic
reliability.

To determine if CRF indeed affects the number of mature/
functional synaptic contacts (as suggested by mEPSC frequency
and changes in spines), we stimulated SC inputs and consecutively
recorded AMPA- and NMDA-receptor mediated evoked EPSCs
(—60 and +40 mV, respectively, Fig. 3k-n). CRF treatment induced
a significant increase in AMPA component, both amplitude and
total charge (Fig. 3l, 0), while NMDA amplitude was unaltered.
Consequently, CRF increased the AMPA/NMDA ratio, suggesting a
shift towards mature/functional synaptic connections, in line with
our spine analysis data.

To explore the long-term effects of CRF on synaptic plasticity
and network function, we examined LTD and LTP of the SC
pathway onto CA1 PCs, using MEA extracellular field potential
recordings (field excitatory postsynaptic potentials, fEPSPs) (Fig. 4).
In the cerebellum, LTD induction requires CRF [56], but this CRF-
dependency of LTD generation has not been reported in the
hippocampus [57-59]. First, we confirmed that we were able to
induce substantial LTD and subsequently LTP on the same acute
slices (Fig. 4b). Next, we investigated the effect of acute CRF
application on baseline fEPSP amplitude and subsequently on LTD
or LTP in separate experiments (Fig. 4c—f). During CRF application
(15 min, indicated with “15" CRF”, Fig. 4c, e, g) we observed a clear
increase in fEPSP amplitude, likely representing the short-term
increase in synaptic function/reliability described above. This
increase in fEPSP was transient and after CRF wash out, the
amplitude returned to baseline, as previously described [26].
Intriguingly, CRF treatment significantly enhanced LTD and LTP
induction (Fig. 4d, f), seemingly increasing the spectrum and/or
sensitivity of long-term plasticity mechanisms. To determine the
involvement of CRF-Rs in enhancing LTP, we combined applica-
tion of the CRF-receptor antagonists NBI and aSvg with LTP
induction. By themselves, these blockers did not affect baseline
fEPSP amplitudes or LTP induction (Fig. 4g). Combined with CRF
treatment, blocking either of the two CRF-Rs did not inhibit CRF-
induced enhancement of LTP (Fig. 4h, i). However, combining
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both blockers abolished the acute CRF-dependent LTP enhance-
ment, indicating that activation of either receptor is sufficient for
this form of plasticity.

Acute CRF exposure leads to ultrastructural alterations of
synapses

To further study the short-term effects of CRF on synaptic
structure and organization, we performed ultrastructural analysis
on hippocampal ex vivo acute slices, focusing on synaptic
connections on CA1 PCs in the SR, where secondary and tertiary
dendrites of PCs are situated and SC synapses are predominantly
located (Fig. 5, Supplementary Video 2, 3).

CRF did not affect the presynaptic bouton area (Fig. 5a, b).
However, we did observe an increase in postsynaptic compart-
ment size (Fig. 5¢), the number of synapses per area unit (Fig. 5d),
and number of single presynaptic terminals innervating multiple
spines (Fig. 5e). To investigate whether CRF induces structural
changes within presynaptic terminals, we analyzed the number
and localization of synaptic vesicles. Indeed, CRF increases the
total number of vesicles per synapse area and in addition
rearranges these vesicles towards the release sites, resulting in
more vesicles within 30 nm from the active zone (AZ; Fig. 5f, g).
Furthermore, in vivo stress experiments showed an increase in the
presynaptic and postsynaptic area, number of synapses, number
of single presynaptic terminals innervating multiple spines, and
the increase and redistribution of synaptic vesicles (Supplemen-
tary Fig. 4).

To evaluate the spatial relationship between AZ and
postsynaptic density (PSD), we stained slices with PTA, which
highlights macromolecular complexes of AZ/PSD in the synapse
[60, 61]. Using our highly modified PTA protocol, we focused on
asymmetric synapses at the CA1-SR (Fig. 5h-k). CRF induced a
significant increase in the number PSDs and in the length of AZ,
without alterations in PSD length. These findings prompted us
to investigate the alignment between the AZ and PSD (Fig. 5I).
In a “matching” synapse, the size of the AZ and PSD are

SPRINGER NATURE

comparable to each other (Fig. 5l, top), whereas in “mis-
matched” synapses there is a difference between those two
elements (Fig. 5, bottom). Using this approach, we found CRF
significantly increased matching between AZ and PSD length
(Fig. 5m). To further examine synapse matching, we utilized FIB-
SEM based imaging, to allow a more detailed three-dimensional
analysis of synapse ultrastructure (Fig. 5n—q, Supplementary
Video 2, 3). The 3D-reconstructed spatial organization of AZ-PSD
complexes confirmed a CRF-induced increase in AZ surface, but
also showed the previously missed increase in PSD size. In
addition, we confirmed that CRF signaling facilitated AZ-PSD
matching (Fig. 5n, q).

DISCUSSION

Acute stress has a diverse range of beneficial effects on brain
function [62, 63] and multiple studies have demonstrated the
involvement of CRF as a central regulator in this adaptive process
[12, 64-67]. However, the acute role of CRF as a local
neuromodulator in structural and functional synaptic plasticity
has not been investigated extensively. Here, we provide detailed
insights into the acute role of CRF as a local neuropeptide in acute
stress. Our research shows that the structural and functional
consequences of acute stress paradigms can be recapitulated
both in vivo and ex vivo, using short-term application of
physiologically relevant CRF concentrations [8].

CRF treatment (injected in vivo or applied to acute slices
ex vivo) resulted in similar structural adaptations as observed
during acute stress paradigms, suggesting a prominent role of CRF
in regulating physiological responses to acute stress. Short-term
CRF treatment resulted in rapid structural and functional
adaptations, leading to an overall increase in functional synaptic
contacts. In short, we showed that CRF (1) increased spine density
and maturation, (2) increased synapse number and size, (3) revised
synaptic vesicle organization towards release sites, (4) enhanced
matching of synaptic contact, (5) increased synaptic efficacy and

Translational Psychiatry (2021)11:378



D. Vandael et al.

o
=2
]

.
@

1 21
S 7 *kkk 5
g | ; N B <
S |/ <, 2 S
H >
el CTRL 2 20 3
© [ . T © =
2 CRF gl . ﬂ E CTRL 57
£ T £ CRF g
S |—j:—‘ S
o (&)
°%% 5000 10000 15000 20000 T i 10 20 30 40 %0 i ’
Inter-event interval (ms) CTRL CRF mEPSC amplitude (pA) CTRL CRF
f g h i J
8 167 10Hz charge
CTRL o g oo 10Hz charge
CRI 3 CTRL 2 * % HH{}HM{ I 28 o
> ~ £ ~ 1 { l 2~ 100000 ;
: oy B Mttty 37 -
3 £ g Hitfhyyy 25
® i >, B E S smo
o i o+ 9 : 8 oeq CTRL Of / CTRL
@A =8 ﬁ g CRF 2 ~ CRF
10ms 50 100 200 ADO/EI')O_ , T go T T T ] Du 100 200 300 400 500
. . 500 1000 1500 2000
Inter-stimulus interval (ms) CTRL CRF Time (ms) Stimuli
6000
_ 2 g .
§ :(; é% é QE,) 4000 .
] <3 2 5
<5 a= z °
o= S35 2 w 2000
=g ZE o °
< g s <§( L
V
[ 2000 CTRL CRF CTRL CRF CTRL CRF CTRL CRF

20 ms

Fig. 3 Acute CRF treatment increases synaptic input and synaptic reliability. a mEPSCs recorded in CA1 PCs in control (black) and 20 min
after 100 nM CRF treatment (blue). b, ¢ CRF increased mEPSCs frequency (shown as median with IQR. CTRL: N = 3 animals, n =16 cells; CRF:
N = 3, n=15; Mann-Whitney test (U = 15). ****p < 0.0001), d, e but not amplitude (shown as mean + SEM. CTRL:N=3,n=17,CRF:N=4,n=
16; unpaired t-test (t = 1.267, df = 31). P = 0.2147). f Stimulation of SCs resulting paired-pulse input in recorded CA1 PCs under control (black)
and CRF pretreated conditions (blue). g, h CRF increased amplitude, increased paired-pulse facilitation with 25 and 50 ms inter-stimulation
intervals (g, shown as mean + SEM. CTRL: N =4, n = 15; CRF: N =4, n = 16; unpaired t-test (for 25 ms; t = 3.406 and df = 31, for 50 ms; t = 2.835
and df = 31). **p < 0.01), and the decay time (h, shown as mean + SEM. CTRL: N =4, n = 15; CRF N =4, n = 16; unpaired t-test (t = 3.738 and df
=31). ***p <0.001) of the second evoked EPSC. i, j Normalized EPSC amplitude i and j cumulative total charge released during train
stimulation (10 Hz, 200 stimuli) in control (black) and CRF-treated (blue) (shown as median with IQR. CTRL: N=5,n=17; CRF: N=6, n=15;
Mann-Whitney test (U=58). **p <0.01). k, | CRF increased AMPAR-mediated EPSC amplitude at SC-CA synapses (Vm = —60 mV, black) (I,
shown as mean + SEM. CTRL: N=4, n =13; CRF: N =3, n = 12; unpaired t-test (t = 3.189, df = 23). **p < 0.005), but not NMDAR-mediated EPSC
amplitude (Vm = +40 mV, blue), (m, shown as mean + SEM. CTRL: N=4, n=13; CRF: N=3, n=9; are unpaired t-test (t = 1.257, df =20). P=
0.2234). n AMPAR/NMDAR ratio (shown as mean + SEM. CTRL: N =4, n=15; CRF: N= 3, n =9; unpaired t-test (t =2.319, df =22). *p < 0.05).
o CRF increases total charge transfer during AMPAR-mediated EPSCs (shown as median with IQR. CTRL: N=4, n=9; CRF: N=3, n=9;
Mann-Whitney test (U= 17). *p < 0.05).

6) enhanced the functional range of long-term plasticity.

might depend on processes downstream of cfos signaling.
Systemically released stress hormones likely cannot be involved

Comparably, the transient increase in fEPSP amplitude during

in the direct effects that we found after acute stress and CRF
application, since these have been reported to reach brain tissue
well after the structural and functional changes we describe here
[50, 51]. However, there probably is a temporal integration of
immediate (initiated by the local release of neuromodulators) and
delayed (through systemically derived hormones) stress responses
within brain regions. Our in vivo data showed an upregulation of
the immediate early gene crh and cfos mRNA expression (Fig. 1i, j)
after acute stress, indicating responses likely also involve wide-
spread long-term changes in neuronal function. Our ex vivo
results confirm this local response by treatment of CRF and
absence of hormonal response. Together, our findings indicate a
prominent role of local released CRF during the immediate phase
of acute stress, modulating synaptic input in the CA1 PCs.
Activation of CRF-R1 is required for CRF-induced changes in
spine density and maturation, while CRF-R2s are dispensable
(Fig. 2b, c). Since CRF-R1 activation is also a prerequisite for
inducing cfos expression [68, 69], the observed structural changes

Translational Psychiatry (2021)11:378

CRF applications requires CRF-R1 activation. Since the observed
CRF-R1-dependent structural changes would presumably persist
after CRF exposure, it seems more likely that the reversible CRF-
R1-dependent increase in fEPSP responses is due to a transient
increase in presynaptic efficacy via CRF-R1s expressed in the
presynaptic compartment [70, 71]. Indeed, both evoked and
spontaneous synaptic inputs in CA1 PCs increased while applying
CRF, indicating an immediate effect of CRF on synapse function. In
contrast, either CRF-R1 or CRF-R2 activation (or both) was
sufficient to enhance long-term plasticity (Fig. 4h, i). Our data
supports CRF as a positive regulator of synaptic transmission, in
agreement with other reports describing CRF generally as a
facilitator of excitatory neurotransmission throughout different
brain regions [30, 54, 72, 73].

PPF is an activity dependent increase in presynaptic release
probability due to accumulation of presynaptic Ca®". CRF
increases PPF of the SC synapses (Fig. 3g), likely due to the
relocation of synaptic vesicles towards the active zone (Fig. 5g),

SPRINGER NATURE
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which would increase either the size or the replenishment rate of
the release pool. The CRF-induced increase in the synaptic vesicle
number and redistribution towards the active zone is expected to
also affect synaptic release efficacy during sustained periods of
activity, which is indeed what we observed during train
stimulations (Fig. 3i). EM confirmed the increase in the docking
pool of vesicles by CRF (Fig. 5f, g), thereby providing evidence of
the mechanism of action of CRF in the acute stress response by
enhancing structural architecture and functional properties of the
synaptic network.

Translational Psychiatry (2021)11:378

CTRL CRF

In contrast to CRF-R1, there is still much debate over the
presence of CRF-R2 in the rodent hippocampus [7, 10, 74-78].
Some reports confirm expression of CRF-R2 [70, 74, 75, 771, while
others claim that the expression is absent or negligible [9, 11, 79].
CRF-R2 mRNA has been reported throughout the hippocampal
formation, albeit in lower amounts compared to CRF-R1 [70, 74].
Potentially the presence of different isoforms of CRF-R2 (full-
length and truncated) underlies these contradicting reports [9]. In
addition, the two receptors are also known to have different
kinetics. While CRF-R1 is activated fast in acute stages, studies in
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Fig. 5 Acute CRF alters multiple aspects of synaptic architecture. a TEM images from control (CTRL) and CRF-treated acute slices. Scale bar
=200 nm. b, c Quantification of presynaptic (PRE), (b, shown as median with IQR. CTRL: N = 3 animals, n = 216 synapses; CRF: N =3, n = 283;
Mann-Whitney test (U =30100). p = 0.7715), postsynaptic areas (spines, SP) (¢, shown as median with IQR. CTRL: N = 3, n =219 synapses; CRF:
N =3, n=304; Mann-Whitney test (U=29456). *p <0.05). d, e CRF (100 nM, 20 min) increased both the number of synapses per area (d,
shown as median with IQR. CTRL: N = 3, n = 177 areas; CRF: N = 3, n = 181; Mann-Whitney test (U = 10819). ****p < 0.0001) and e the number
of multiple postsynaptic boutons per single presynapse. f, g CRF increased the total number of vesicles per synapse (f, shown as median with
IQR. CTRL: N =3, n =220 synapses; CRF: N = 3, n = 305; Mann-Whitney test (U = 18748). ****p < 0.0001), and g reorganized synaptic vesicles
towards the active zone (AZ). h TEM images of PTA-stained synapses. Scale bar = 100 nm. i-k CRF increased AZ length (i, shown as median
with IQR. CTRL: N = 3, n = 452 synapses; CRF: N = 3, n = 771; Mann-Whitney test (U = 147985). ****p < 0.0001) and the number of PSD per area
(k, shown as median with IQR. CTRL: N=3, n=150 areas; CRF: N=3, n=150; Mann-Whitney test (U= 3736). ****p <0.0001), but not
postsynaptic density (PSD) length (j, shown as median with IQR. CTRL: N = 3, n = 452 synapses; CRF: N = 3, n =771; Mann-Whitney test (U=
167545). p = 0.2610). | Relationships between AZ and PSD at the synapse. The upper right represents an idealized, matched synapse, where
the lengths of AZ and PSD are approximately equal in length, while the lower a mismatched synapse where the length of the PSD is (typically)
larger than the AZ. m CRF enhanced synaptic matching between AZ and PSD (shown as median with IQR. CTRL: N = 3, n = 452 synapses; CRF:
N =3, n=771; Mann-Whitney test (U= 109620). ****p < 0.0001). n 3D reconstruction of AZ and PSD after FIB-SEM imaging shows a CFR
dependent increase in AZ surface area (yellow). Scale bar = 150 nm. o—q Quantification of AZ-PSD complexity using 3D-reconstructed images,
confirms CRF increased AZ surface area (o, shown as median with IQR. CTRL: N = 3, n = 150 synapses; CRF: N = 3, n = 173; Mann-Whitney test
(U =28026). ****p <0.0001), increased PSD surface area (p, shown as median with IQR. CTRL: N= 3, n= 150 synapses; CRF: N=3, n=173;
Mann-Whitney test (U= 10922). *p < 0.05) and promoted tighter matching between them (q, shown as median with IQR. CTRL: N=3, n=

150 synapses; CRF: N =3, n = 173; Mann-Whitney test (U= 10737). **p < 0.01).
<

knockout mice suggest that CRF signaling via CRF-R2 has a slower immunoreactivity in the mouse brain: light microscopy analysis using an anti-
kinetic [4, 80, 81]. We found that both CRF receptors were involved body directed against the C-terminus. J Comp Neurol. 2000;420:305-23.

in the acute CRF-induced enhancement of synaptic efﬁcacy (as 15. Refojo D, Echenique C, Miiller MB, Reul JM, Deussing JM, Wurst W, et al.
measured by a transient increase in fEPSPs) and played a role in Corticotropin-releasing hormone activates ERK1/2 MAPK in specific brain areas.

Proc Natl Acad Sci USA. 2005;102:6183-8.
16. McEwen BS, Gianaros PJ. Stress- and allostasis-induced brain plasticity. Annu Rev
Med. 2010;62:431-45.

acute CRF signaling.
In conclusion, we report that acute CRF signaling in CA1 PCs
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