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ARTICLE INFO ABSTRACT

Keywords: Post-traumatic stress disorder (PTSD) is a chronic disease caused by traumatic incidents. Numerous studies have
Post-traumatic stress disorder revealed grey matter volume differences in affected individuals. The nature of the disease renders it difficult to
Hyperarousal

distinguish between a priori versus a posteriori changes. To overcome this difficulty, we studied the consequences
of a traumatic event on brain morphology in mice before and 4 weeks after exposure to brief foot shocks (or sham
treatment), and correlated morphology with symptoms of hyperarousal. In the latter context, we assessed hy-
perarousal upon confrontation with acoustic, visual, or composite (acoustic/visual/tactile) threats and integrated
the individual readouts into a single Hyperarousal Score using logistic regression analysis. MRI scans with
subsequent whole-brain deformation-based morphometry (DBM) analysis revealed a volume decrease of the
dorsal hippocampus and an increase of the reticular nucleus in shocked mice when compared to non-shocked
controls. Using the Hyperarousal Score as regressor for the post-exposure MRI measurement, we observed
negative correlations with several brain structures including the dorsal hippocampus. If the development of
changes with respect to the basal MRI was considered, reduction in globus pallidus volume reflected hyper-
arousal severity. Our findings demonstrate that a brief traumatic incident can cause volume changes in defined
brain structures and suggest the globus pallidus as an important hub for the control of fear responses to
threatening stimuli of different sensory modalities.
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1. Introduction

Post-traumatic stress disorder (PTSD) is a severe psychiatric disease
that may develop after an exposure to a traumatic event such as combat
experience, natural disasters or sexual abuse. It is characterized by
intrusive symptoms, avoidance behavior, negative changes in thought,
and hyperarousal, with these symptoms persisting for longer than a
month (Del Barrio, 2016). During the last decades, numerous studies
aimed at examining molecular and brain morphological changes
occurring in the aftermath of the traumatic incident. Key brain areas of
interest became the hippocampus, the prefrontal cortex, and the
amygdala (Armony et al., 2005; Gilbertson et al., 2002; O’Doherty et al.,

2015; Shin et al., 2004; Wignall et al., 2004; Woodward et al., 2006;
Yamasue et al., 2003). Neuroimaging methods, such as magnetic reso-
nance imaging (MRI), allow to assess brain volumetric changes of pa-
tients diagnosed with PTSD. However, human studies come with the
limitations of heterogenous samples (e.g., severity of the trauma or
medical treatment) and methodology, often leading to controversial
results. While a number of studies found no volumetric changes in the
hippocampus of patients with PTSD (Bonne et al., 2001; Carrion et al.,
2001; De Bellis et al., 2001; Fennema-Notestine et al., 2002), others
reported reduced hippocampal volume compared to controls (Gilbertson
et al., 2002; Logue et al., 2018; Wignall et al., 2004). Noteworthy, such
studies rarely involved longitudinal designs with measurements before
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and after the trauma. This gains particular importance if one considers
that a priori differences in brain volume may serve as susceptibility/
resilience factors for the development of PTSD (Gilbertson et al., 2002)
and not necessarily consequences of the trauma. Therefore, the moni-
toring of intraindividual trajectories of brain volume appears to be the
most sensitive measure of PTSD-related changes in grey matter volume.
To overcome these limitations, several rodent models of PTSD have been
established (for reviews see Deslauriers et al., 2018; Verbitsky et al.,
2020). We have previously studied consequences of a traumatic expe-
rience (ie., exposure to an electric foot shock (Siegmund and Wotjak,
2007)) on hippocampal volume of inbred mice using in vivo and ex vivo
approaches after long-term incubation of the trauma (Golub et al,,
2011). We observed a reduced hippocampal volume (Golub et al., 2011),
which coincided with a reduction in synaptic markers at late time points
after the trauma (Herrmann et al., 2012). The present study should
extend those observations to within-subject measurements before and
after the trauma. Moreover, we employed voxel-based whole brain an-
alyses rather than region of interest measurements. In a two-step pro-
cess, we initially assessed the behavioral consequences of exposure to an
inescapable electric foot shock after trauma incubation, with particular
focus on the hyperarousal domain. Classically, hyperarousal is measured
as a startle response to a sudden loud noise. It is unclear to which extent
hyperarousal can be seen in response to stimuli of different sensory
modality, such as visual or tactile threats. Based on the various behav-
ioral data, we performed a logistic regression analysis to obtain indi-
vidual “Hyperarousal Scores” that allowed us to distinguish trauma-
exposed animals and controls. In a second step, we conducted longitu-
dinal measurements of brain morphometry using whole-brain MRI scans
in new cohorts of mice. Animals were subjected to a basal MRI prior to
the foot shock. After trauma incubation, the animals underwent a second
MRI scan and subsequent behavioral screening. This experimental
design permitted both cross-sectional and longitudinal within-subject
analyses. In addition, we could use the individual Hyperarousal Scores
as regressors to identify brain structures which reflect changes in hy-
perarousal in a parametric rather than categorical manner.

2. Materials & methods

2.1. Animals

Adult male C57BL/6NRjMpi mice (B6NR, originating from Janvier;
n = 67, 2-5 months age) were bred in the vivarium of the Max Planck
Institute of Biochemistry (Martinsried, Germany). Due to changes in the
animal facility of the Max Planck Institute of Psychiatry, the two cohorts
of mice had to be housed under different conditions. Animals of the first
cohort were group-housed under standard housing conditions in Mak-
rolon type II cages with food and water ad libitum and maintained in a
12/12-h inverse light/dark cycle (lights off at 6 am). Behavioral testing
took place during the active phase of the mice (between 7 am and 5 pm),
except for the trauma protocol which was performed during the light
phase. The second cohort of mice was group-housed in Green Line IVC
mouse cages with food and water ad libitum and maintained in a 12/12-h
normal light/dark cycle (lights on at 6 am). Behavioral testing took place
during the light phase (between 7 am and 5 pm). After admission at the
Max Planck Institute of Psychiatry, mice were permitted a recovery
period of at least 10 days before starting with the experiments. Experi-
mental procedures were approved by the Government of Upper Bavaria
(Regierung von Oberbayern, 55.2-2532.Vet_02-17-206) and performed
according to the European Community Council Directive 2010/63/EEC.
All efforts were made to reduce the number of experimental subjects and
to minimize, if not exclude, any suffering.

2.2. Behavioral procedures
2.2.1. Trauma protocol

Foot shock delivery and assessment of sensitized and conditioned
fear has been performed as previously described (Siegmund and Wotjak,
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2007). In brief: On day O, mice were placed onto a metal grid in a
conditioning chamber (cubic shaped) that had been cleaned with
alcohol-based disinfectant (Pursept A, Schiilke & Mayr GmbH, Norder-
stedt, Germany). After 198 s, they received two electric foot shocks of
1.5 mA (duration: 2 s), interspaced by 60 s. They were returned to their
home cage another 60 s later. Animals of the control group underwent
the same procedure without receiving a foot shock. To assess trauma-
related sensitized fear, all animals were placed into a neutral test
context (cylindric Plexiglas wall, no metal grid but bedding, supple-
mented with 1% acetic acid) for 3 min 23-35 days after foot shock de-
livery. On the following day, conditioned fear was tested by re-exposing
the mice for 3 min to the conditioning context (chamber, cleaned with
Pursept A). The sessions were video-recorded, and the following
behavioral measures were scored by an experienced observer unaware
of the group affiliations: Freezing time, number of rearings and stretch-
attend postures (SAPs).

2.3. Acoustic Startle Response (ASR)

Stimulus-response curves were performed using the SR-LAB Startle
Response System (San Diego Instruments, San Diego, USA) with a
custom-built animal enclosure. The enclosure consisted of black plastic
walls (H17 cm) sitting on the upward bended edges of a plastic floor (L5
x W9 cm). During testing, the enclosure was covered with a lid to pre-
vent the mice from escaping. Movement was detected by a piezo element
mounted under the floor of the enclosure and connected to the control
unit of the SR-LAB system. The enclosure was placed into a cabinet with
the fan turned on. The intensity-response curve protocol consisted of a 5-
min habituation period followed by 20 ms white noise pulses of 70 dB
(A), 90 dB(A), and 105 dB(A). The pulses were each presented 30 times
in a pseudo-randomized order, interspersed with 18 control trials
(background noise only, 55 dB(A)). Inter-trial intervals were 13-25 s in
length. The startle amplitude was defined as the peak voltage output
within the first 100 ms after stimulus onset. The enclosure was cleaned
with soap and water after each trial.

2.3.1. Beetle Mania Task (BMT)

The Beetle Mania Task (BMT) was used to study defensive reactions
to a combined visual, acoustic, and tactile threat as previously described
(Heinz et al., 2017). In brief: Experiments were performed in an arena
(L150 x W15 x H37 cm for Experiment 1 and L100 x W15 x H37 for
Experiment 2) made of grey polyethylene under low light conditions
(<50 Ix). During the initial habituation phase of 5 min, mice were
inserted to one end of the arena, and the latency to reach the opposite
end segment as well as the number of rearings were scored. In the end of
the habituation phase, we inserted an erratically moving robo-beetle
(Hexbug Nano, Innovation First Labs Inc., Greenville, TX, USA) far
most distant from the mouse and scored the following behavioral mea-
sures over the course of 10 min: (1) contacts (number of physical con-
tacts between the beetle and the mouse), (2) passive behavior (tolerance
of the approaching or by-passing beetle), (3) avoidance behavior
(whereby the mouse withdrew from the robo-beetle with accelerated
speed), (4) approach behavior (events during which the mouse followed
the by-passing robo-beetle in close vicinity), and (5) jumps. The
behavioral measures (2)-(5) were expressed as the percentage of the
number of contacts.

2.3.2. Visual Threat Task (VTT)

This task exposed the animals to two visual threats: a sweeping dot
(SD) (De Franceschi et al., 2016), followed by a looming disk (LD)
(Yilmaz and Meister, 2013). The visual stimuli were presented in a white
Plexiglas arena (L34 x W47 x H30 cm; 70 Ix in the center) equipped with
an opaque triangular shelter (W19 x H11.5 c¢m; 10 1x) in the corner (De
Franceschi et al., 2016). A monitor (L30 x W47.5 cm, Samsung Sync-
Master T220, 60 Hz) was placed on top of the arena, leaving a gap for the
camera (DMK 23UV024, The Imaging Source) to capture the mouse
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movements. The SD stimulus was a black dot of 3 cm diameter presented
in one corner of the display. The dot moved diagonally over the screen
four times with a speed of 0.1 m/s. The LD stimulus was a black dot of 3
cm diameter presented in the center of the screen, that expanded in size
to 21 cm diameter within 250 ms. The stimulus was repeated 20 times.
Both stimuli had a total duration of 20 s and were presented on a grey
background. The VTT was performed on two consecutive days. On the
first day, the animals were habituated to the arena for 15 min without
behavioral analysis. During this time, the arena was covered with the
monitor presenting the grey screen without any stimulus. On the next
day, animals were habituated to the arena for another 5 min (baseline),
with presentation of the grey screen. Thereafter, the sweeping stimulus
was triggered, and the behavior was recorded for 5 min after stimulus
onset. In the third phase, the looming disk stimulus was presented, and
the behavior was monitored for another 5 min. The stimuli were only
triggered once the animals were located in the center of the arena. The
test was stopped, and the behavior not further analyzed, if an animal
failed to leave the shelter for 30 min. Therefore, the total test time could
differ significantly between the animals. We considered the following
behavioral measures: Number of rearings, freezing duration, the time
spent in the shelter, and the latency to enter the shelter after the onset of
the stimulus (if a mouse did not enter the shelter within the 20 s after
stimulus onset, we assigned an escape latency of 21 s).

2.3.3. In vivo magnetic resonance imaging (MRI) and deformation-based
morphometry (DBM) analysis

Anesthesia was initiated and maintained using isoflurane (cp-
pharma, Burgdorf, Germany). Mice were then stereotactically fixed on
an MR compatible animal bed in prone position. Eye ointment
(Bepanthen, BAYER AG, Leverkusen, Germany) was applied to protect
the eyes from dehydration. Respiration and body temperature were
constantly monitored. Body temperature was kept between 36.5 °C and
37.5 °C, using a water flow heating pad (Haake S 5P, Thermo Fisher
Scientific, Waltham, United States).

MRI experiments were run on a BioSpec 94/20 animal MRI system
operating on Paravision 6.0.1 (Bruker BioSpin GmbH Rheinstetten,
Germany) equipped with a 9.4 T horizontal bore magnet of 20 cm
diameter and a two-channel cryogenic transmit-receive radio frequency
coil. Structural images were recorded using a 3D gradient echo sequence
with a repetition time of 34.1 ms, echo time = 6.25 ms, excitation pulse
angle = 10°, number of averages = 3, matrix dimension = 256 x 166 x
205, pixel resolution 77 pm. After visual inspection of the data and
exclusion of certain mice due to motion artefacts, a total of 20 animals
were included in the final analysis.

Images were converted to NIFTI format, with the voxel size of mice
image data artificially multiplied by ten (in order to fully exploit anal-
ysis pipelines optimized for the human sized brain).

In a two-step procedure, brain extraction was performed: In a first
preprocessing step, mouse data was segmented and bias corrected using
Statistical Parametric Mapping software (SPM12, Wellcome Department
of Cognitive Neurology, London, UK) and the Hikishima C57B16 template
(Hikishima et al., 2017) comprised of 5 different compartments. The
resulting bias-corrected images were filtered using a spatial adaptive
non-local means denoising filter (Manjon et al., 2010) as implemented in
the cat12 toolbox of SPM (www.neuro.uni-jena.de/cat). The initial grey
matter (GM), white matter (WM) and cerebrospinal fluid (CSF) proba-
bility maps were summed, and binarized for image intensities larger 0.3,
to create a first brain mask. Holes in this mask were filled using MAT-
LAB’s (MathWorks, Natick, Massachusetts, USA) imfill function, the
mask was dilated by five voxels, and applied to the bias-corrected
spatially filtered images. In a second step, the resulting images were
again segmented, this time using a modified version of the Hikishima
template for which the original CSF template was divided into two sub-
templates: ventricular inner CSF and surface cortical CSF. After this
second segmentation step, GM, WM and ventricular inner CSF compart-
ments were again summed, binarized using an intensity threshold >0.1,
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and remaining holes inside the brain mask filled and slightly dilated.
Finally, the resulting mask was applied to the spatially filtered and bias
corrected images of the first step. These brain-extracted 3D images were
then segmented using the SPM12 old segment function, now using only
three compartments of the modified version of the Hikishima template,
namely GM, WM and inner ventricular CSF.

For cross-sectional DBM analyses focusing on the second experi-
mental time point, DARTEL normalization first imported the brain
extracted images of two segments (GM, WM), and a study-specific tem-
plate based on GM and WM was generated in seven iterations, along with
flow-fields which parameterize the deformations. The flow-fields were
then converted to Jacobian determinant fields, which were spatially
smoothed with a Gaussian kernel of about 6 times the voxel size.

Longitudinal analysis used the rodent longitudinal toolbox (RLT,
Version 1; dbm.neuro.uni-jena.de) for SPM12. Bias corrected images (no
brain extraction) entered the RLT analysis. Again, C57Bl6 Hikishima
templates were used, with a maturation rate of 45 (adult mice). The
Jacobian determinant fields for each set of measurements were calcu-
lated with respect to the subject’s temporal average image, and then
subtracted from each other to generate a deformation image from MRI 1
to 2 (Jacobian difference images). The average images per subject were
used to create a DARTEL study specific template. Finally, the Jacobian
difference images were normalized to the template space and smoothed
with a Gaussian kernel of about 6 times the voxel size.

Total intracranial volume (TIV) was approximated as the sum of all
modulated tissue probabilities (for the longitudinal analysis, these were
derived from the temporal average images), excluding the olfactory bulb
and the cerebellum, as well as brain regions inferior to the anterior
commissure, due to lower signal-to-noise in these regions because of the
surface coil characteristics.

2.4. Experiments

In a first step, we assessed behavioral changes of mice in response to a
traumatic event and described these in a Hyperarousal Score (Experiment
1). Subsequently, we applied the same mathematical approach to a new
batch of mice, which were repeatedly scanned in the MRI before
behavioral screening (Experiment 2) in order to relate volumetric
changes of the brain to individual behavioral consequence of the trauma.

2.4.1. Experiment 1: long-term consequences of a traumatic experience

To examine long-term effects of a traumatic event on defensive re-
sponses to threatening stimuli of different sensory modality, we
randomly assigned B6NR mice to two groups which either received two
electric foot shocks (S+, n = 24) or not (S-, n = 20). Three weeks later,
we measured generalized fear upon exposure to the neutral context
(cylinder), followed by measurement of conditioned fear upon re-
exposure to the shock context (chamber) 24 h later. Subsequently, all
mice underwent the ASR, the VIT and the BMT, with one week of re-
covery in between two tests.

2.4.2. Experiment 2: structural correlates of defensive reactions

Experimentally naive BENR mice underwent a first MRI scan (MRI1).
After a recovery phase of at least 3 days, we randomly assigned the
animals to two groups which either received a foot shock (S+,n=11) or
not (S-, n = 12), followed by a second MRI scan for both groups (MRI2;
28-30 days later). Thereafter, we assessed generalized and conditioned
fear (35 days after foot shock), defensive responses to the robo-beetle
(BMT; 41 days after foot shock), acoustic threats (ASR; 47 days after
foot shock), and visual threats (VTT; 53 days after foot shock) similarly
to Experiment 1.

2.5. Statistics

Behavioral data is presented as means + standard error (SEM), if
appropriate. In case of normal distribution, groups were compared by
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paired and unpaired t-tests, one-way analysis of variance (ANOVA)
followed by Tukey’s post-hoc test or 2-way analysis of variance
(ANOVA) for repeated measures followed by Bonferroni post-hoc anal-
ysis. In case of non-parametric distribution, we employed Mann-
Whitney U tests, and for contingency analyses Chi square tests. Statis-
tically significant differences were accepted if p < 0.05. All statistical
analyses were performed using GraphPad Prism 8.2.

2.5.1. Logistic regression analysis

We performed a logistic regression analysis in MATLAB R2020a on
the z-scores of all readouts of the ASR, BMT, and VTT to predict whether
an animal has undergone the preceding PTSD procedure. The analysis
was based on the data of Experiment 1. The resulting coefficients were
used to calculate the behavior-based Hyperarousal Scores for all animals
of both experiments. Therefore, the data of Experiment 2 served as a
hold-out validation sample.

2.5.2. MRI

To test the volumetric difference between the shocked and the non-
shocked group (MRI2), analysis was run as a two-sample t-test, applying
proportional scaling on the TIV to consider unspecific global effects. To
test if local brain volumes at MRI2 correlated with the results of the
logistic regression on the behavioral readouts, a multiple regression
design was used in SPM12, with the TIV entered as a nuisance variable
(global normalization using ANCOVA). Volumetric changes between
MRI 1 and 2 were analyzed using the Jacobian difference images. Again,
TIV was included as nuisance regressor. T-maps were thresholded at an
uncorrected p < 0.005 or p < 0.001 with a minimum cluster extent of 20
voxels. Clusters surviving family-wise error correction as a whole are
shown at PFWE,cluster < 0.05.
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3. Results
3.1. Trauma-related changes in threat responding (Experiment 1)

Experimentally naive B6NR mice were randomly assigned to two
experimental groups. Both groups were placed into a shock chamber,
with one group receiving two electric foot shocks (S+), while the other
remained non-shocked (S-). Starting 3 weeks later, we assessed gener-
alized trauma-associated fear followed by measurements of hyper-
arousal upon confrontation with threatening stimuli of different sensory
modality.

3.1.1. Generalization of trauma-associated fear memories

S+ mice froze significantly more than S- controls (U =7, p < 0.0001,
Fig. 1A) upon exposure to a neutral test context 3 weeks after foot shock
(S+) or control exposure to the chamber (S-). Moreover, S+ mice reared
less (U = 0, p < 0.0001, Fig. 1B), which also became evident if we
considered the number of mice which failed to rear at all (S+: 42%, S-:
0%; ¥ = 10.8, p < 0.01; Fig. 1B). The behavior of S+ mice cannot be
explained by a general decrease in locomotor activity due to a trauma-
related reduction in exploratory drive, since S+ showed significantly
more risk assessment than S- controls (U = 51, p < 0.0001; Fig. 1C). This
was reflected by the number of mice which displayed SAPs at all
(S+:96%, S-: 40%; 2 = 16.3, p < 0.0001; Fig. 1C). Re-exposure to the
original shock context another day later revealed essentially the same
findings with significantly higher freezing levels (U = 2, p < 0.0001,
Fig. 1D), reduced rearing (U = 13, p < 0.0001, Fig. 1E; with 61% S+, but
0% S- showing no rearing at all, y> = 18.1, p < 0.0001; Fig. 1E) and
increased risk assessment (U = 118, p < 0.001; with 52% S+, but only
5% S- showing risk assessment, y2 = 11.3, p < 0.001, Fig. 1F).
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Fig. 1. Generalized trauma-associated fear memory and acoustic startle responses (ASR) after trauma incubation. Mice were (re-)exposed to (A-C) a neutral test
context (cylinder) and (D-F) the shock context (chamber) 23 and 24 days after they had received electric foot shocks in the shock chamber (S+) or not (S-). We
assessed (A, D) freezing behavior, (B, E) the number of rearings per mouse, as well as the proportion of mice per group which reared at all, and (C, F) risk assessment
on basis of the number of stretch-attend postures (SAPs) per mouse and as the proportion of mice which showed SAPs at all. (G) Intensity-response relationship
between sound-pressure levels (SPL) of the white noise pulses and the ASR for S+ and S- mice 6 weeks after foot shock or control exposure. (H) Startle responses
elicited by white noise pulses of 105 dB(A). ###p < 0.001, ####p < 0.0001 (Mann-Whitney test for (A-F)) and $$$p < 0.001, $$Mp < 0.0001 (Chi square test). ****p
< 0.0001 (2-Way ANOVA followed by Bonferroni post-hoc test) and ***p < 0.001 (unpaired t-test).
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3.1.2. Acoustic startle response after trauma incubation
Four weeks after foot shock application, we exposed the S+ and S-
mice to white noise pulses of different intensity and measured their
acoustic startle responses. As revealed by 2-way ANOVA, there was a
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significant interaction between shock and startle pulse intensity (F3 123
=11.1, p < 0.0001). Post-hoc analyses confirmed that S+ mice showed a
higher startle response at the highest startle pulse intensity (105 dB(A))
compared to S- controls (47 = 3.9, p < 0.001; Fig. 1G-H).
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Fig. 2. Beetle Mania Task (A-E) and Visual Threat
Task (F-K). In absence of the robo-beetle during the
baseline period (0-5 min), we measured (A) hori-
zontal (i.e., latency to end exploration, including in-
formation of the proportion of mice which failed to
explore the end of the arena at all) and (B) vertical (i.
e., number of rearings) exploration in mice with (S+)
or without (S-) foot shock administration. (C) Active
and (D) passive responses, and (E) approach behavior
upon contact with the robo-beetle (expressed as the
percentage of the number of contacts) during the
subsequent confrontation with a robo-beetle (5-15
min). The time course of freezing responses (F) and
the time spent in the shelter (G) during the VTT is
presented in 30-s time bins. The time bin of stimulus
presentation is highlighted by a grey bar (SD
Sweeping Dot, LD Looming Disk). The latency to
entering the shelter after stimulus onset (individual
data) and the proportions of animals entering the
shelter within the 20-s stimulus are presented for S-
(H) and the S+ (I) and are directly compared during
the SD (J) and LD stimulus (K). *p < 0.05, **#p <
0.001, **##p < 0.0001 (Mann Whitney test for
(A-B), (F-G) and (K)); ****p < 0.0001 (unpaired t-
test for (D-E)); **p < 0.01, ****p < 0.0001 (paired t-
test for (H-1)); ®p < 0.05, *%p < 0.01, *%%p < 0.001, %
$$p < 0.0001 (Chi-square test for (A) and (H-I)).
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3.1.3. Beetle mania task after trauma incubation

To assess consequences of trauma on active versus passive fear re-
sponses to a potentially threatening stimulus, we submitted S+ and S-
mice to the BMT four weeks after foot shock. During the baseline
exploration without robo-beetle (0-5 min), S+ showed significantly
reduced horizontal (assessed by the latency to reach the end of the
arena; U =74, p < 0.0001, Fig. 2A; whereby only 63% compared to 95%
of S- reached the opposite end of the arena at all, y> = 6.6, p < 0.05;
Fig. 2A) and vertical exploration (assessed by the number of rearings; U
= 44.5, p < 0.0001, Fig. 2B).

Subsequent confrontation with the erratically moving robo-beetle
(5-15 min) resulted in the same number of contacts (mean S+ = 42.2
+ 1.2 versus mean S- = 41.9 + 1.0, t4o = 0.2). However, S+ responded
differently from S- to the contacts: S+ mice showed an increase in
avoidance behavior (t42 = 5.4, p < 0.0001, Fig. 2C) which was mirrored
by a corresponding decrease in passive behavior (t42 = 4.6, p < 0.0001,
Fig. 2D). Besides, S+ mice reacted with more jumps (range S+ = 0-54,
median = 1.5 versus range S- = 0-72, median = 8.0, U = 149.5, p < 0.05)
and a lower level of proactive approaching of the bypassing robo-beetle
compared to S- controls (U = 59, p < 0.0001, Fig. 2E).

3.1.4. Visual threat task after trauma incubation

Eight weeks after foot shock, we tested the reaction of S+ and S-
mice to two different visual overhead stimuli, following habituation to
the setup the day before, and a 5-min basal exposure to the arena on the
test day. There were no group differences in freezing (2-way ANOVA
RM; p = 0.51) and shelter time (2-way ANOVA RM; p = 0.261) during
baseline (0-300 s). 2-way ANOVA (group, time bin) for repeated
measures revealed no differences when comparing the time spent
freezing (Fig. 2F) and the time spent in the shelter (Fig. 2G) during the
30-s time bin containing the 20-s SD stimulus presentation (301-330 s)
and the following 30-s time bin (331-360 s; statistics not shown).
Considering the latency to enter the shelter after the onset of the visual
stimulus, both the S- controls (t;g = 7.5, p < 0.0001, (Fig. 2H) and the
S+ animals (ta3 = 3.0, p < 0.01, Fig. 2I) showed a decreased latency in
response to the LD stimulus compared to the SD stimulus. While both
groups showed an increase in the number of animals entering the
shelter at all in response to the LD compared to the SD stimulus (3% =
24.0,p < 0.0001 for S—;f =11.0,p < 0.001 for S+, Fig. 2H-I), a smaller
fraction of S+ animals escaped to the shelter during the LD stimulus
compared to S- (¥2 = 13.2, p < 0.001). There was no difference between
the groups in the latency to shelter entry during the SD phase (U = 222,
p = 0.94; Fig. 2J), but S+ animals had a higher latency to enter the
shelter in response to the LD stimulus (U = 132.5, p < 0.05, Fig. 2K). In
summary, shocked animals tended to express more passive behavior in
comparison to non-shocked control animals, irrespective of the nature
of the overhead visual stimulus.

#72
shock (S+) < non-shock (S-)

#93
shock (S+) > non-shock (S-)
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3.2. Structural changes in brain morphometry after trauma (Experiment 2).

To assess structural correlates of trauma exposure, an experimentally
naive cohort of B6NR mice underwent a first volumetric MRI scan.
Subsequently, the cohort was split into two groups, one receiving two
electric foot shocks (S+), while the other remained non-shocked (S-).
One month later, both groups were subjected to a second MRI scan. DBM
was used to detect morphological differences between the two groups.
Whole-brain analysis after the shock (MRI2) revealed a reduced volume
of the right dorsal hippocampus, affecting areas CA1 and CA2 (Fig. 3A)
and an increased volume of the caudal linear raphe nucleus and the right
reticular nucleus (Fig. 3B) in S+ compared to S- mice (p < 0.005).

To relate the interindividual variability in PTSD-related symptoms to
morphometric measures while reducing the dimensions of the data and,
thus, the fallacies associated with multiple comparisons, we decided to
condense the different behavioral readouts from ASR, BMT and VVT into
a single Hyperarousal Score. We performed a logistic regression analysis
based on the z-scores of the individual readouts to predict the condition
(S- and S+) of the mice of Experiment 1. The resulting coefficients were
used to calculate the Hyperarousal Score for all mice from both exper-
iments (Fig. 4A). In this way, the sample from Experiment 2 served as a
hold-out validation sample (data of the individual behavioral tests not
shown). The high accuracy of 83% to predict the condition in the hold-
out sample supports the stability of the score despite the relatively small
sample size in Experiment 2.

The highest positive loadings were dominated by avoidance behavior
and latency to explore the arena in the BMT, and the time spent in the
shelter during the LD stimulus in the VTT. The strongest negative
loadings resulted from rearing behavior in the BMT, time spent in the
shelter and latency to enter the shelter during the SD stimulus in the VTT
(Table 1).

The inter-individual differences in the individual Hyperarousal
Scores of S+ and S- mice from Experiment 2 allowed us to use the
behavior-based score as a regressor for volumetric changes. When
applied to MRI2, we found that higher Hyperarousal Score values
correlated with smaller volumes of the left ventrolateral and lateral
orbital cortex, the dorsal and ventral agranular insular cortex, the gus-
tatory cortex (Fig. 4B), the primary somatosensory cortex (Fig. 4B-C),
the right ventral part of the caudate putamen (Fig. 4C), the right dorsal
hippocampus (specifically the dorsal CA1/CA2/CA3 regions; Fig. 4D)
and the right subiculum (Fig. 4E). On the other end, higher Hyper-
arousal Scores correlated with larger volumes in the right nucleus of the
diagonal band (Fig. 4C), the pontine reticular nucleus and the right
pontine grey (Fig. 4F; p < 0.005; cluster extent >30).

Next, we related the individual Hyperarousal Scores to longitudinal
within-subject changes in brain volume from baseline to post-shock
conditions (MRI2-MRI1). We obtained a negative correlation between
the Hyperarousal Score and the volume change of the right internal and
external segment of the globus pallidus (Fig. 4G and H), the secondary
motor area, the medial amygdala (Fig. 4H), the dorsal raphe nucleus and

Fig. 3. DBM on brains of trauma-exposed and control
mice. Coronal brain slice indicating smaller right
dorsal hippocampal volume (A) and an increased
volume in the caudal linear raphe nucleus and the
right reticular nucleus (B) in S+ mice four weeks after
foot shock (MRI2). Brain structures indicated: 1 dor-
sal hippocampus, 2 caudal linear raphe nucleus, 3
pontine reticular nucleus. Numbers(#) under the
slides indicate image numbers of corresponding
reference images in the Allen Brain Atlas. Statistical
threshold is set at p < 0.005, with cluster extent >30.
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the ventromedial periaqueductal grey (Fig. 4I; prwg,cluster < 0.05, with a
collection threshold of p < 0.001) with higher Hyperarousal Scores
correlating with a decrease in volume after trauma incubation.

4. Discussion
We employed a well-established mouse model of PTSD (Siegmund

and Wotjak, 2007) to study the association between trauma-related
hyperarousal and volumetric changes in the mouse brain. Trauma-
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Fig. 4. Logistic regression analysis and correlation with brain morphology.
Hyperarousal Scores for Experiment 1 and 2 (A). Coronal brain slices indicating
brain areas correlating with the Hyperarousal Score at scan time point 2 (B-F; p
< 0.005, cluster extent >30) and in the longitudinal within-subject analysis (G-
L prwE, cluster < 0.05, with a collection threshold of p < 0.001). Blue color in-
dicates a negative correlation, brown color indicates a positive correlation with
the Hyperarousal Score for (B-I). Brain structures indicated in figures: 1
ventrolateral and lateral orbital cortex, dorsal and ventral agranular insular
cortex, gustatory cortex, primary somatosensory cortex; 2 primary somatosen-
sory cortex; 3 ventral caudate putamen; 4 nucleus of the diagonal band; 5 dorsal
hippocampus; 6 subiculum; 7 pontine reticular nucleus; 8 pontine grey; 9 + 11
internal and external segment of the globus pallidus; 10 secondary motor area;
12 medial amygdala; 13 dorsal raphe nucleus and the ventromedial peri-
aqueductal grey. Numbers(#) under slides indicate image numbers of corre-
sponding reference images in the Allen Brain Atlas. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
\iersion of this article.)

exposed mice exhibited increased generalized and conditioned fear re-
actions, accompanied by increased acoustic startle responses and
increased active fear in response to a robo-beetle. The group differences
were confirmed by the logistic regression analysis and the resulting
Hyperarousal Score. Whole-brain MRI with scans prior to and after
trauma exposure allowed for cross-sectional and longitudinal analyses.
Shocked animals showed a decreased volume of the dorsal hippocampus
and an increase of the reticular nucleus compared to non-shocked con-
trols after trauma. Applying the Hyperarousal Scores as regressor for the
cross-sectional analysis after trauma revealed, among others, a negative
correlation with the dorsal hippocampus. Further, we found a negative
correlation between the regressor and the globus pallidus in the longi-
tudinal within-subject analysis.

PTSD is a disorder defined by symptoms lasting for at least one
month. During the last decades, numerous animal models have been
established to mimic the disorder in rodents (Verbitsky et al., 2020). Our
model (Siegmund and Wotjak, 2007) could show that behavioral
changes persist weeks after mice had received electric foot shocks. Be-
sides the classic immobility measures in the conditioning and neutral
context, we observed reduced exploratory behavior (rearings) and
increased risk assessment (number of SAPs), indicative of increased
anxiety-like behavior (Grewal et al., 1997).

Studies showed that combat-exposed PTSD patients exhibit an
exaggerated startle response (Orr et al., 1995; Shalev and Rogel-Fuchs,
1992), and hyperarousal is one of the diagnostic criteria for PTSD (Del
Barrio, 2016). In our study, we can show that trauma-exposed animals
displayed an exaggerated acoustic startle response. Earlier rodent
studies, some of them differing in the type of stressor and trauma in-
cubation time, have come to similar results (Bourke and Neigh, 2012;
Cohen et al., 2004; Golub et al., 2011; Golub et al., 2009; Pulliam et al.,
2010). Aside from classic behavioral tests, we also exposed the mice to
more ethobehavioral tasks to test for innate fear responses. Exposure to
an erratically moving robo-beetle (Heinz et al., 2017) indicated
increased active (i.e., avoidance, jumping) and decreased passive fear
responses after trauma incubation. The situation appeared to be
different upon confrontation with visual threats, whereby shocked mice
showed a trend towards increased freezing not only to the SD (remi-
niscent of a cruising bird of prey (De Franceschi et al., 2016)) but also in
response to a LD (reminiscent of an approaching predator (Yilmaz and
Meister, 2013)), when escape would be the appropriate reaction. The
lack of statistically significant group differences might be ascribed to the
rather long incubation time of more than 8 weeks after foot shock or
habituation due to handling associated withthe exposure to previous
behavioral tasks.

In order to assess the PTSD-like symptoms not only in a parametric
manner but on a continuous scale for symptom intensity, we calculated a
Hyperarousal Score based on the individual behavior after trauma in-
cubation. The score does not include measures for generalized fear
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Table 1
Behavioral readouts with corresponding loadings of the logistic regression
analysis based on Experiment 1 (significant loadings in bold).

Variable Loading
BMT: Avoidance in response to RB contact 102.51
BMT: Latency to end exploration during baseline 90.02
VTT: Total shelter time during LD 56.51
BMT: Jumps in response to RB contact 30.35
VTT: Total freezing time during SD 26.34
VTT: Freezing time during SD stimulus 25.19
ASR: Startle response at 105 dB(A) 22.78
VTT: Freezing time during first 20 s of baseline 8.94
Intercept 7.54
VTT: Latency to shelter entry in response to LD stimulus 6.15
VTT: Total freezing time during LD 5.98
VTT: Total shelter time during SD 5.40
VTT: Shelter time during first 20 s of baseline 3.43
VTT: Total freezing time during baseline -12.95
VTT: SAP during SD —28.96
VTT: Total shelter time during baseline —31.83
VTT: Shelter time during LD stimulus —49.75
VTT: Freezing time during LD stimulus -71.57
VTT: Latency to shelter entry in response to SD stimulus —75.56
VTT: Shelter time during SD stimulus —95.88
BMT: Rearing during baseline -126.11

because of the limited variability of the data and is therefore biased
towards the hyperarousal domain. The logistic regression revealed a
general increase in hyperarousal and reactivity irrespective of the sen-
sory modalities of the threatening stimuli. This supports a scenario,
whereby perception and incubation of the foot shock leads to long-term
changes in brain structures generally involved in threat responding,
rather than in individual stimulus-response pathways.

To narrow down those brain structures, we combined behavioral
assessment with in vivo brain volume measurements. We based this
attempt on the premise that changes in neuronal activity may result in
changes in grey matter volume. Numerous structural MRI studies have
been performed comparing PTSD patients and non-traumatized controls
or trauma-exposed healthy individuals. Many of them applied region-of-
interest-driven approaches and a cross-sectional design. Recent meta-
analyses have reported reduced volume of the hippocampus, the
amygdala, the anterior cingulate and the occipital cortex in PTSD pa-
tients compared to healthy controls without trauma exposure (Bromis
et al., 2018; Li et al., 2014; Meng et al., 2014; O’Doherty et al., 2015).
The same studies revealed a reduction in the hippocampus, the left
temporal gyrus, and the right superior frontal gyrus as well as the left
anterior cingulate cortex, and the left insula in PTSD patients compared
to trauma-exposed individuals that did not develop PTSD (Li et al., 2014;
Logue et al., 2018; Meng et al., 2014; O’Doherty et al., 2015; Woon
et al., 2010). In our mouse model we applied a whole brain voxel-wise
analysis and could demonstrate a reduction of the right dorsal hippo-
campus of shocked mice compared to the non-shocked control group.
This confirms earlier work from Golub and colleagues applying ultra-
microscopy and manganese-enhanced MRI (Golub et al., 2011). Further,
we saw a volume increase in the reticular nucleus and the raphe nucleus
of trauma-exposed mice, both brain structures being part of the so-called
reticular activating system. The reticular nuclei are known to serve a
fundamental role in the promotion and maintenance of an arousal state
and defensive reactions in rodents and humans (Davis et al., 1982;
Steriade, 1996). A recent study found enhanced pedunculopontine
nuclei resting state functional connectivity to brain areas involved in
threat responding such as the amygdala or the medial prefrontal cortex
in individuals with the dissociative subtype PTSD compared to healthy
controls (Thome et al., 2019).

Applying the Hyperarousal Score as a regressor for cross-sectional
volumetric measures revealed a correlation with two brain structures
already identified in the shock/non-shock comparison. We found a
negative correlation with the right dorsal hippocampus and a positive
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correlation with the reticular nucleus. Additionally, the subiculum as
part of the hippocampal formation showed a negative correlation with
the Hyperarousal Score, indicating a smaller grey matter volume in
animals with a high score. Several studies have analyzed volumetric
differences in hippocampal subfields in individuals affected with PTSD
and controls. Some of these found a reduced volume of the subiculum in
PTSD patients (Luo et al., 2017; Teicher et al., 2012) while others failed
to reveal differences (Bonne et al., 2008; Chen et al., 2018; Wang et al.,
2010). We wish to emphasize that our analysis does not explore cate-
gorical differences between trauma-exposed individuals and controls
but include the inter-individual differences in the severity of trauma-
related hyperarousal regarding brain volume changes (i.e., parametric
differences).

Studying PTSD in a mouse model comes with the advantage of
standardized trauma intensity and incubation time. But more impor-
tantly, it allows us to measure grey matter volume before and after the
traumatic event, an experimental design which is difficult to employ in
humans. Our longitudinal regression analysis revealed a negative cor-
relation between the Hyperarousal Score and the globus pallidus, the
medial amygdala, and the dorsal raphe nucleus/ventral periaqueductal
grey area. Animals with a higher severity of symptoms therefore show a
volume decrease in these areas. Smaller volumes of the globus pallidus
have been linked to higher symptomatic scores in active police soldiers
that had been exposed to work-related traumatic events (Shucard et al.,
2012). Another study found the globus pallidus as a cluster of decreased
neuronal activity in PTSD-affected individuals compared to controls
(Disner et al., 2018). However, no volumetric difference in globus pal-
lidus volume was found by Sussmann and colleagues when comparing
soldiers with PTSD and combat-exposed controls in a cross-sectional
analysis (Sussman et al., 2016).

Several of the volumetric differences were only detected unilaterally
in our study. This might be attributed to brain lateralization, a feature
conserved across species, including mice (Ehret, 1987; Kawakami et al.,
2003). On the other hand, we cannot exclude the possibility that the lack
of bilateral evidence is due to the small sample size.

Our study confirms trauma-induced changes in brain morphology as
opposed to a priori differences which would define individual suscepti-
bility to traumatic events. We can only speculate about the mechanisms
underlying the volume changes in response to such events. Previous
work has shown that grey matter volume loss can be explained by
decreased neurogenesis in dentate gyrus (Gould et al., 1997), loss of
dendritic length and branching and reduction in the number of synapses
(Kassem et al., 2013; Radley et al., 2006) and decrease in the number of
oligodendrocytes (Banasr et al., 2007) in response to stress in rodents. It
is conceivable that those structural changes may resemble compensatory
mechanisms in neuronal circuits aimed at protecting against devastating
consequences of hyperexcitation. Also elevated cortisol levels have been
linked to decreases in brain volume, e.g., in the hippocampus (Echouffo-
Tcheugui et al., 2018; Fowler et al., 2021; Geerlings et al., 2015; Lupien
et al., 1998; Pruessner et al., 2005). In our model, we do not have evi-
dence for sustained changes in corticosterone (Kao et al., 2015), which is
different from a subset of patients which even show reduced plasma
cortisol levels and increased negative feedback of the HPA axis (Mason
et al., 1986; Yehuda et al., 1996). Nevertheless, we cannot rule out that
the rise in corticosterone in the early aftermath of the traumatic incident
has contributed to the volumetric changes observed several weeks later.
It remains to be demonstrated in future studies, to which extent those
scenarios account for the trauma-related changes in brain volume
observed in the present study.

Our study comes with several limitations, first of which is the rela-
tively small sample size for longitudinal volumetric measures. Due to
this power issue, we were only able to characterize the strongest
changes. Increasing animal numbers might allow for detecting more
subtle structural changes and bilateral effects. This study only includes
male mice and the results provided might not be valid when it comes to
behavioral and morphological trauma-related changes in females.
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Further, our behavioral readouts have a bias towards the hyperarousal
domain of PTSD symptoms and do not cover other important symptom
criteria such as avoidance of trauma-related cues. The current study
provides a correlational analysis which generates hypotheses. It is up to
future studies to deliver proofs of functional involvement of the brain
areas discussed in the neuronal circuits of PTSD.

5. Conclusion

Our findings demonstrate that a brief traumatic event is sufficient to
trigger changes in grey matter volume and that, among others, the
globus pallidus plays an important role in the control of fear responses to
threats of different sensory modalities.
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