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Abstract
Imaging studies have shown abnormal amygdala function in patients with posttraumatic stress disorder (PTSD). In addition, 
alterations in synaptic plasticity have been associated with psychiatric disorders and previous reports have indicated altera-
tions in the amygdala morphology, especially in basolateral (BLA) neurons, are associated with stress-related disorders. 
Since, some individuals exposed to a traumatic event develop PTSD, the goals of this study were to evaluate the early effects 
of PTSD on amygdala glucose metabolism and analyze the possible BLA dendritic spine plasticity in animals with differ-
ent levels of behavioral response. We employed the inescapable footshock protocol as an experimental model of PTSD and 
the animals were classified according to the duration of their freezing behavior into distinct groups: “extreme behavioral 
response” (EBR) and “minimal behavioral response”. We evaluated the amygdala glucose metabolism at baseline (before 
the stress protocol) and immediately after the situational reminder using the microPET and the radiopharmaceutical 18F-
FDG. The BLA dendritic spines were analyzed according to their number, density, shape and morphometric parameters. 
Our results show the EBR animals exhibited longer freezing behavior and increased proximal dendritic spines density in the 
BLA neurons. Neither the amygdaloid glucose metabolism, the types of dendritic spines nor their morphometric parameters 
showed statistically significant differences. The extreme behavior response induced by this PTSD protocol produces an early 
increase in BLA spine density, which is unassociated with either additional changes in the shape of spines or metabolic 
changes in the whole amygdala of Wistar rats.
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Introduction

According to the Diagnostic and Statistical Manual of 
Mental Disorders (DSM-5), Posttraumatic stress disorder 
(PTSD) is a psychiatric condition classified in the “Trauma 
and Stressor-Related Disorders” category (American Psychi-
atric Association 2013). PTSD is a debilitating disorder that 
develops after exposure to a traumatic event which involves 
threatened death, serious injury or sexual violence. The psy-
chophysiological symptoms of PTSD are associated with the 
traumatic event and include avoidance, negative thoughts 
and mood and alterations in arousal and reactivity. These 
symptoms persist more than a month and cause significant 
impairment in patients’ lives (American Psychiatric Asso-
ciation 2013; Shalev et al. 2017). In addition, DSM-5 recog-
nizes a dissociative subtype of PTSD, where patients present 
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depersonalization and derealization in addition to the other 
classical symptoms.

Epidemiological studies show a high prevalence of trau-
matic exposure in individuals over a lifetime (Benjet et al. 
2016; Kessler et al. 1995), and some individuals, when con-
fronted with severe traumatic events, develop PTSD (Kessler 
et al. 1995; Yehuda et al. 2015).

As in humans, animals also demonstrate individual dif-
ferences in their response following stress. Animals submit-
ted to the same protocol may show higher or lower levels 
of response to stress (Bush et al. 2007; Cohen et al. 2003, 
2004). Thus, some studies have classified animals into 
distinct groups according to their behavior: animals that 
exhibit higher levels of stress and anxiety were classified as 
“EBR—extreme behavioral response” and those with lower 
responses were classified as “MBR—minimal behavioral 
response” (Cohen et al. 2014; Saur et al. 2017).

The amygdaloid complex is closely involved in PTSD 
and plays an important role in the neuronal circuits involved 
in fear, anxiety and emotional reactions (Rasia-Filho et al. 
2000; Tovote et al. 2015; Fenster et al. 2018). Indeed, some 
imaging studies reported abnormal amygdala function in 
patients with PTSD, showing increased metabolism in the 
amygdala in these patients (Shin et al. 2005; Rauch et al. 
2000).

The microPET combined with the radiopharmaceutical 
18F-FDG (microPET-FDG), a metabolic analogue glucose 
marker, is a non-invasive imaging technique widely used 
in both patients and rodent models of PTSD studies, which 
allows the quantification of encephalic glucose metabolism 
(Saur et al. 2017; Yehuda et al. 2009; Virdee et al. 2012; 
Lancelot and Zimmer 2010; Zhu et al. 2016). Evaluating the 
glucose metabolism at different moments of PTSD, such as 
during the traumatic event and when this event is remem-
bered is a difficult task, thus, microPET-FDG can be useful 
to evaluate the activity of the amygdala at these different 
time points.

Recent studies involving acute, subacute or chronic stress 
models have reported alterations in the synaptic function 
and neuroarchitecture that are associated to stress-related 
disorders (Patel et al. 2018; Musazzi et al. 2018; Zhang et al. 
2018; Shu and Xu 2017). In addition, alterations in the mor-
phology of the basolateral amygdala (BLA) neurons were 
found to be related to fear and anxiety in animal models 
(Vyas et al. 2002, 2004; Mitra and Sapolsky 2008; Mitra 
et al. 2009).

Dendritic spines are highly plastic and can change their 
density and morphology in a relatively short time, according 
to different stimuli (Gipson and Olive 2017). These changes 
in spine density can affect synaptic function since the num-
ber of spines is thought to be related to neuronal connectiv-
ity and excitability (Cooke and Woolley 2005; Yuste 2013; 
Dalpian et al. 2015). In addition, the shape and size of the 

spines might also influence the neuronal connections, since 
thin spines are smaller, transient and considered “learn-
ing spines” whereas mushroom spines have more stability, 
greater postsynaptic density and are associated with stronger 
synapses (Leuner and Shors 2013; Bourne and Harris 2007). 
Ramified spines can have functional microdomains in the 
same spine, while atypical spines represent transient forms 
or additional levels of structural complexity for synaptic pro-
cessing (Chen and Sabatini 2012; Dall’Oglio et al. 2015; 
Zancan et al. 2018).

Animal models are currently accepted as useful tools to 
better understand the biological features of diseases. Here, 
we chose the electric footshock (FS) protocol to mimic some 
PTSD features and analyze individual differences in stress 
response. The FS protocol is widely used to generate long-
lasting effects commonly seen in PTSD patients, such as 
intrusive memories (fear generalization), avoidance, anhe-
donia and hyperarousal (Borghans 2015; Flandreau and Toth 
2017).

To achieve our goal, the animals were classified accord-
ing to the duration of their individual freezing response into 
two distinct groups: “extreme behavioral response” (EBR) 
and “minimal behavioral response” (MBR). Thus, we evalu-
ated the early effects of an animal model of PTSD on amyg-
dala glucose metabolism using microPET with 18F-FDG 
and analyzed the number, density, shape and morphometric 
parameters of the BLA dendritic spines.

Materials and methods

Animals

Twenty-nine male, 3-month old Wistar rats were obtained 
from the Centro de Modelos Biológicos Experimentais 
(CEMBE) of the Pontifícia Universidade Católica do Rio 
Grande do Sul (PUCRS) and kept in standard laboratory 
conditions in the University’s facilities, with food and water 
ad libitum and a 12 h light/dark cycle. Animals were divided 
into three groups, according to a behavioral cut-off criterion 
previously described in Saur et al. (2017). The mean freez-
ing time of the rodents that received the footshock was meas-
ured (mean = 42 s) and the animals that froze for over 42 s 
were classified as EBR (n = 12), while animals that froze 
for less than 42 s were classified as MBR (n = 10). In addi-
tion, rodents that did not receive the footshock were classi-
fied as control (n = 7). All experiments involving animals 
were approved by the University’s ethical committee (CEUA 
8481/PUCRS) and were in accordance with the Guide for 
the Care and Use of Laboratory Animals adopted by the 
National Institute of Health (USA). All efforts were made 
to minimize animal suffering and the number of animals 
needed.
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Experimental model of PTSD (single inescapable footshock)

The experimental model used in this study was based on pre-
vious research by Saur et al. (2017). Briefly, a single inescap-
able footshock was used to induce an experimental model of 
PTSD. For the experiment, animals were individually placed 
in an apparatus which consists of a 50 × 25 × 25 cm box with 
a bronze grid floor. The animals were permitted to explore 
the apparatus for 2 min prior to receiving a 20-s, 1 mA 60 Hz 
footshock. Animals in the control group were also placed in 
the apparatus but did not receive the footshock.

Body weight gain after stress protocol

To estimate the body weight gain after the stress induction, 
the body weight was recorded twice: once before the stress 
protocol and again, 7 days after the stress protocol.

Situational reminder (SR) and group division

One week after the aversive stimulus protocol (Fig. 1), 
animals were exposed to the situational reminder (SR) to 
evaluate the duration of freezing behavior, which is a meas-
ure of conditioned fear. To achieve this goal, animals were 
again placed in the same apparatus, but no shock was deliv-
ered. Two experienced researchers observed the animals in 
the apparatus for 2 min and measured the amount of time 
each animal exhibited freezing behavior. The animals were 
divided into three groups, according to the same cut-off 
behavioral criterion described by Saur et al. (2017). They 
were classified in extreme behavioral response (EBR), mini-
mal behavioral response (MBR) or control, according to the 
treatment and freezing period.

MicroPET‑FDG scan

All the animals from the three experimental groups were 
submitted to microPET-FDG scanning at two different 

time points: On the first day of the experiments, to evalu-
ate their basal metabolic activity in the amygdala, and on 
day 9, immediately after the SR (Fig. 1). The microPET 
scanning procedure has been previously described in detail 
in other studies by our group (Saur et al. 2017; Baptista 
et al. 2015). Initially, each animal received an injection of 
18F-FDG (1 mCi, i.p.) with no anesthesia and, immediately 
after, they were submitted to the SR to evaluate the freez-
ing behavior. Thereby, the encephalic uptake of the tracer 
occurred during the performance of the behavioral test. 
After the SR, the animals were returned to the home cage 
for an additional 30 min to finalize the tracer uptake. After 
the uptake period (40 min in total), the animals were scanned 
over a period of 10 min, during which they were kept under 
inhalatory anesthesia (3–4% isoflurane and medical oxygen, 
and 2–3% maintenance dose) and the body temperature was 
maintained at 36 °C. All data were reconstructed using 
the maximum likelihood estimation method (MLEM-3D) 
algorithm with 20 iterations. Each reconstructed microPET 
image was spatially normalized into an 18F-FDG template 
using brain normalization in PMOD Fuse It Tool (PFUSEIT) 
3.8 version (PMOD Technologies, Zurich, Switzerland). An 
MRI rat brain volume of interest (VOI) template was used to 
overlay the normalized images, previously co-registered to 
the microPET image database. We evaluated the 18F-FDG 
uptake in the amygdala. The results were normalized by the 
whole brain and expressed as relative standardized uptake 
value (SUVr).

Euthanasia and histological procedures

On day 10 (Fig. 1), animals were deeply anesthetized with 
sodium thiopental (100 mg/kg) and lidocaine (4 mg/kg, i.p.). 
After which, transcardiac perfusion was performed using a 
peristaltic pump after an injection of 1 ml of heparin in the 
left ventricle of the animals. 250 ml of 1.5% formaldehyde 
diluted in 0.1 M phosphate buffer (PB, pH 7.4) were per-
fused in each animal and the brains were gently removed 

Fig. 1   Timeline depicting the 
experimental procedures
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from the skull and kept for 1 h in the same fixative solution. 
Coronal brain sections (200 µm) of the basolateral amyg-
dala (BLA) (Bregma − 2.04 mm to Bregma − 2.76, Paxinos 
and Watson 2014, Fig. 2a) were obtained using a vibrating 
microtome (VT 1000S, Leica, Germany). Fine-powdered 
fluorescent carbocyanine dye Dil (Molecular Probes, USA) 
was applied to the slices using the tip of a fine needle. Then 
the slices were covered with PBS and remained for 20 h 
at room temperature (RT) to diffuse the Dil. 4% formalde-
hyde solution was used to postfix the slices for 30 min prior 
to being washed with PB. The slides were mounted with 
“Fluoromount G” (“antifading medium solution”, refractive 
index = 1.4, Electron Microscopy, Sciences, USA) and the 
images were acquired within the following week (Zancan 
et al. 2018; Brusco et al. 2010; Rasia-Filho et al. 2010).

Image acquisition

3D images of the BLA neurons and their proximal dendritic 
spines were obtained from 6 rats per group using a confocal 
microscope (Leica TCS SP8, Germany) with a plan apochro-
matic 63 ×/1.4 water-immersion objective lens. Spectral 
detectors were adjusted to capture 555 nm wavelength laser 
emissions. The z-stack acquisition was performed at 0.1 μm 

using a resolution of 1024 × 1024 pixels, providing a voxel 
size of approximately 55 × 55 × 300 nm (Zancan et al. 2018; 
Brusco et al. 2010). Neurons were selected for further study 
using the following inclusion criteria: (1) being located 
within the boundaries of the BLA and near the middle third 
of the section; (2) having primary dendrites extending at 
least 40 µm from the cell body (since our analysis was per-
formed in the first 40 μm of the primary branch); (3) pre-
senting high quality fluorescent dendrites and spines with 
well-defined borders; and, (4) being relatively isolated from 
other cells to avoid “tangled” dendrites. Both BLA bitufted 
(Fig. 2b) and stellate (Fig. 2c) non-pyramidal neurons were 
randomly sampled. 5–17 neurons per rat from each experi-
mental group were obtained. One primary dendrite per 
neuron was randomly selected and imaged for the dendritic 
spine counting, classification and measurements in the first 
40 µm of the selected primary branch.

Note that some bitufted or stellate neurons could not be 
classified in either group due to overlapping images. Despite 
which these neurons were included in our analysis because 
they belong to the group of non-pyramidal neurons, the main 
target of our study. The proportion of types of neurons in our 
study was: bitufted (control group = 16.12%/MBR = 19.35%/
EBR = 17.18%); stellate (control group = 53.22%/

Fig. 2   a Schematic diagram 
of a brain section showing the 
BLA (at −2.40 mm posterior 
to the bregma) marked in grey. 
Adapted from Paxinos and 
Watson Rat Brain Atlas (2014). 
b Digitalized image showing a 
BLA bitufted neuron. c Digital-
ized image showing a BLA 
stellate neuron
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MBR = 45.16%/EBR = 62.5%) and neurons with overlap-
ping images (control group = 30.64%/MBR = 35.48%/
EBR = 20.31%).

Histological analysis

The images were analyzed using the Image Pro Plus 6.0 
software. Data were collected on the density, shape and 
structural morphometric parameters of each dendritic spine 
(Zancan et al. 2017, 2018; de Castilhos et al. 2008). Each 
acquired sequence of z stacks was summed and aligned to 
compose 3D images. The same sampling density for pixel 
size and z-step advance and the same image acquisition 
procedures were performed for all experimental groups 
(Zancan et al. 2018; Heck et al. 2012). To analyze the spine 
shape and density, the images were enhanced by 200 × and 
each spine was classified and counted by an experienced 
researcher. Morphological criteria based on the spine length 
(SL), neck length (NL), neck diameter (ND), head diameter 
(HD) and the number of protrusions from a single stalk were 
used to classify the spines in (a) thin (when SL > HD and 
HD > ND), (b) mushroom-like (HD ≫ ND), (c) stubby/wide 
(HD > SL), (d) ramified (with a single stalk with two or more 
spine heads) or (e) atypical (when showing a transitional 
aspect between classes or an unusual shape not classified 
in the other classes (Dall’Oglio et al. 2015; Zancan et al. 
2017, 2018; Brusco et al. 2010, 2014; Harris et al. 1992; 
Arellano et al. 2007; Stewart et al. 2014). The spine density 
was calculated as the total number of spines (including all 
spine types) divided by the length of the dendrite studied. 
The number of spines in each type was also determined. 
Morphometric data (measured in micrometers) about the SL, 
NL, ND and HD were also obtained after further enhancing 
the 3D reconstructed images by 400 × (Zancan et al. 2018; 
Rasia-Filho et al. 2004).

Spine length was measured as the distance from the den-
dritic shaft to the top of the spine. The spine neck and head 
diameter corresponded to the maximum distance perpendic-
ular to the long axis of each these parts of the spine (Zancan 
et al. 2018; Ryu et al. 2006).

The investigator was blind to the groups during these 
analyses.

Statistical analysis

The data regarding the microPET-FDG scans and the den-
dritic spines were first submitted to a two-way ANOVA test 
to compare the experimental groups, brain hemispheres and 
the interaction of these two factors. Since no difference was 
found for the effect of hemispherical laterality or the interac-
tion between factors, results from the right and left amygdala 
were pooled together and compared between groups.

One-way ANOVA for repeated measures was used to 
assess freezing behavior duration and the microPET-FDG, 
both followed by Tukey’s post hoc test. The percentage of 
the body weight gain was analyzed using the Kruskal–Wallis 
test followed by the Dunn’s post hoc test. One-way ANOVA 
followed by Tukey’s post hoc test was performed for the 
spine density, number of each spine type per group and 
their corresponding morphometric values. Pearson’s cor-
relation test was used to analyze the correlation between 
freezing behavior, total spine density and 18F-FDG activ-
ity. Parametric data are presented as mean ± SEM while 
non-parametric measurements are presented as median and 
interquartile range. The results were considered significant 
when p ≤ 0.05. GraphPad Prism 5.0 software was used to 
perform the analyses.

Results

The statistical analysis revealed stress had a significant effect 
on the percentage of body weight gain (KW(2,28) = 7.269; 
p ≤ 0.05). The Dunn’s post hoc test showed the animals 
from the EBR group increased the percentage of body 
weight gain when compared to the controls (difference in 
rank sum = − 9.64; p ≤ 0.05). There was no significant dif-
ference between the MBR and control groups (difference 
in rank sum = − 1.893; p ≤ 0.05), or between the EBR and 
MBR groups (difference in rank sum = − 7.750; p ≤ 0.05) as 
seen in Fig. 3.

The duration of freezing behavior measured during the 
SR are shown in Fig. 4a. Before the stress protocol (i.e. at 
baseline), animals of all three groups did not present freez-
ing behavior at any time point (p = 1.0). The repeated meas-
ures ANOVA (groups comparison between baseline versus 
post-shock) revealed that the inescapable footshock changes 
the freezing behavior (time effect: F(1,26) = 154.2; p ≤ 0.0001; 
partial eta squared = 0.856/group effect: F(2,27) = 62.86; 
p ≤ 0.0001; partial eta squared = 0.829/time × group 

Fig. 3   Body weight gain (in percentage) after the stress protocol. 
Note a significant increase in this parameter when the EBR group is 
compared to the control group (p < 0.05)
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interaction effect: F(2,26) = 62.86; p ≤ 0.0001; partial eta 
squared = 0.829). The post hoc test showed the EBR group 
(Cohend = 6.28; r = 0.95; p ≤ 0.0001) and the MBR group 
(Cohend = 2.44; r = 0.77; p ≤ 0.001) differed from the con-
trols, as denoted by a longer duration of the freezing time. 
Moreover, the animals from the EBR group remained frozen 
longer than those from the MBR group (Cohend = 2.766; 
r = 0.81; p ≤ 0.0001).

Additionally, Fig. 4b shows a more detailed examination 
of the freezing distribution during the entire 2 min, plotted 
at intervals of 30 s. After the stress protocol, the MBR and 
EBR groups showed an overall increase in freezing behav-
ior over time (time effect: F(4,27) = 22.80; p ≤ 0.000; partial 
eta squared = 0.47/group effect: F(2,27) = 57.28; p ≤ 0.0001; 
partial eta squared = 0.82/time × group interaction effect: 
F(8,27) = 8.01; p ≤ 0.0001; partial eta squared = 0.39). More-
over, the EBR group was different from the MBR and the 
controls in all the assessed intervals (p ≤ 0.0001). The MBR 
was also different from the controls in the same assessed 
time-points (p ≤ 0.002). Thus, we demonstrate that the PTSD 
inducing protocol is capable of generating fear behavior and 
does not affect all animals equally.

The glucose metabolism in the amygdala, analyzed by 
the mean 18F-FDG SUVr are shown in Fig. 5. The animals 
were submitted to the microPET scanning at two different 
time points. On day 1, before the experimental procedures, 
to evaluate the basal metabolic activity and 8 days after, to 
observe the effects of the PTSD protocol on the amygdala 
glucose metabolism during the SR. The one-way ANOVA 
for repeated measures showed no statistically significant 
differences in the 18F-FDG SUVr data between the groups 

(F(2,26) = 0.63; p = 0.54) and time × group interaction 
(F(2,26) = 0.47; p = 0.63).

The number, size and shape of the dendritic spines in 
the BLA from all the experimental groups were studied 
(Figs. 6, 7). The statistical analysis revealed a significant 
increase in the spine density (F(2,17) = 3.84; p = 0.045), 
showing that the animals in the EBR group had more 
proximal dendritic spines when compared with the ani-
mals from the control group (mean difference = − 0.16; 
q = 3.92; p < 0.05; effect size(d-Cohen) = 1.13), as shown 
in Fig. 8a. Dendritic spines classified as stubby/wide, 
thin and mushroom-like spines were the most common 
types found in the BLA neurons, although there was no 
statistically significant difference in the number of each 
type of spine between the groups (thin: F(2,17) = 2.125; 
p = 0.153/mushroom: F(2,17) = 3.385; p = 0.061/stubby/
wide: F(2,17) = 1.503; p = 0.254/ramified: F(2,17) = 1.827; 
p = 0.195/atypical: F(2,17) = 0.690; p = 0.516) (Fig. 8b). 
Also, total spine length (thin: F(2,17) = 0.095; p = 0.909/
mushroom: F (2,17) = 0.242; p = 0.787/stubby/wide: 
F (2,17) = 0.504; p = 0.613/ramified: F (2,17) = 1.955; 
p = 0.176/atypical: F(2,17) = 0.440; p = 0.651), neck length 
(thin: F(2,17) = 0.063; p = 0.939/mushroom: F(2,17) = 1.835; 
p = 0.193/ramified: F(2,17) = 1.486; p = 0.257), head 
diameter (thin: F(2,17) = 1.189; p = 0.331/mushroom: 
F(2,17) = 0.694; p = 0.514/stubby/wide: F(2,17) = 0.123; 
p = 0.884/ramified: F(2,17) = 0.347; p = 0.712), and 
neck diameter (thin: F(2,17) = 0.666; p = 0.528/mush-
room: F(2,17) = 0.802; p = 0.466/ramified: F(2,17) = 0.443; 
p = 0.649/atypical: F(2,17) = 0.597; p = 0.562) did not differ 
in any spine type among the groups (Fig. 9a–d).

Fig. 4   a The duration of total freezing time measured before the 
stress protocol (i.e.) baseline and after the stress protocol. a At base-
line, no animals from any of the three groups presented freezing 
behavior. After the stress, both the EBR and MBR groups showed 
longer duration of freezing time when compared to the control group. 
Additionally, the duration of freezing behavior was longer in the 

EBR when compared with the MBR group. a = MBR versus control 
(p ≤ 0.001); b = EBR versus control (p ≤ 0.0001) and c = EBR versus 
MBR (p ≤ 0.0001) and b distribution of freezing behavior during the 
entire 2 min of the test, plotted at intervals of 30 s. a = MBR versus 
control (p ≤ 0.002); b = EBR versus control (p ≤ 0.0001) and c = EBR 
versus MBR (p ≤ 0.0001)
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We found a positive correlation between the freezing 
time and the percentage of body weight gain (r = 0.4963; 
r2 = 0.2463; p < 0.01) (Fig. 10a) and also between freezing 
time and spine density (r = 0.5336; r2 = 0.2848; p < 0.05) 
(Fig. 10b). No correlation was found between freezing time 
and 18F-FDG activity (Fig. 10c); spine density and the per-
centage of body weight gain (Fig. 10d) or spine density and 
18F-FDG activity (Fig. 10e).

Discussion

In our study, we show that, as observed in humans, ani-
mals can express individual differences in their behavioral 
responses when exposed to a situational trauma. The ines-
capable footshock protocol used to induce PTSD symptoms 
revealed that the animals were not equally affected, as shown 
by the different durations of freezing behavior.

Our results demonstrate that animals classified in the 
EBR and MBR groups showed longer duration of freezing 
behavior when compared to the control group. Moreover, 
animals from the EBR group remained more time in freezing 
when compared with animals from the MBR group. These 
findings support previous reports which showed that stressed 
animals submitted to the same protocol can either remain 
unaffected or exhibit different levels of fear behavior (Cohen 
et al. 2003, 2004, 2014; Saur et al. 2017; Mitra et al. 2005), 
even in inbred lines (Krishnan et al. 2007). In addition, a 
closer examination of the animals’ fear behavior revealed 
an increase in the time spent freezing in the MBR and EBR 
groups, as presented in Fig. 4b. Ours results indicate that, 
at least in the initial two minutes of the SR test, the freezing 
response increases along with the test. One hypothesis to 

explain this phenomenon could be an increase in activity 
in the brain regions responsible for the freezing behavior 
(Fanselow 1994; Mongeau et al. 2003; Wei et al. 2015; Silva 
et al. 2016).

The reasons for this resilience or susceptibility remain 
unknown, although some studies suggest that the suscep-
tibility to develop stress-related disease is associated with 
genetic factors, early life stress, past experience, microbiome 
and the individual neurobiology (Mitra et al. 2005; Heim and 
Nemeroff 2001; Diehl et al. 2007; McEwen 2008; Adamec 
et al. 2012; Luczynski et al. 2016; Malan-Muller et al. 2018). 
Considering that all the animals studied here were from the 
same strain and reared under the same standard laboratory 
conditions prior to beginning the experiments, the present 
data indicate a likely innate variability in the response to 
aversive stimulation within Wistar rats.

The EBR group showed a significant increase in body 
weight gain when compared to the control group, which 
was positively correlated with the freezing time. In rodents, 
stress protocols can produce the full range of responses in 
relation to body weight, no difference (Saur et al. 2016), 
weight loss (Vallès et al. 2000; Jiang et al. 2011) or weight 
gain (Goto et al. 2014). One explanation for the weight gain 
found in our study might be related to a possible increase in 
serum corticosterone levels, leading to increased food and 
water intake and sodium reabsorption induced by the min-
eralocorticoid effects of corticosterone. Future studies using 
similar stress protocols evaluating serum corticosterone 
levels and food/water intake shed some light on this point. 
Interestingly, the increase in body weight gain observed in 
the EBR group is similar to findings reported in patients 
with PTSD. In fact, several studies have shown that PTSD 
can predispose to weight gain and obesity (Kubzansky et al. 

Fig. 5   a 18F-FDG uptake in 
the amygdaloid complex. The 
results are expressed as standard 
uptake value ratio (SUVr). b 
18F-FDG rat brain image in 
coronal (left), sagittal (mid), 
and transverse (right) views of 
all three groups and microMRI 
rat template in coronal (bottom-
left), sagittal (bottom-mid), and 
transverse (bottom-right) views. 
The amygdala, outlined in 
purple, was defined using a rat 
ROI-template based on Paxinos 
coordinates
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2014; van den Berk-Clark et al. 2018) and some suggest 
that overeating is an emotionally driven response (Carmassi 
et al. 2015).

In relation to the microPET-CT data some points should 
be mentioned: The normalization of 18 F-FDG data can 
be performed using different brain regions, however, some 
regions are classically used for normalization, such as the 
cerebellum or the whole brain (Platt et al. 2011; Poisnel 
et al. 2012; Li et al. 2016; Zanirati et al. 2018). In our study, 
no differences were found between the groups in either 
region. Thus, we chose to normalize the data based on the 
whole brain. Interestingly, a recent study showed that cer-
ebellar structure and function are affected in PTSD patients 
(Holmes et al. 2018), which is in accordance with the idea 

that emotional context, such as stressful/aversive experi-
ences, can affect the locomotor system (Metz et al. 2005). 
Transposing these findings to rodent models of PTSD, ani-
mals that received two intense electrical footshocks (1 mA, 
60 Hz, 20 s) showed impaired walking adaptability (Medei-
ros et al. 2018). This evidence suggests that in a rodent 
model of PTSD, changes might be found in brain regions 
involved in posture and gait control, including the cerebel-
lum. It should be noted that this model of PTSD is stronger 
than the model used in our study and no animals presented 
the MBR response (Medeiros et al. 2018). In our study, we 
adopted a weaker stress protocol to differentiate EBR and 
MBR responses, and no changes in cerebellar metabolism 
were found. While locomotion and gait were not assessed in 
our study, future studies comparing stronger versus weaker 
PTSD protocols and their effects on brain metabolism in 
regions involved in posture and gait control as well as on 
other locomotor parameters could be relevant to elucidate 
these points.

Our results show no alterations in the amygdala glu-
cose metabolism between the experimental groups in 
either evaluation. Few studies have analyzed the ence-
phalic metabolism in animal models of PTSD. A previ-
ous study by our research group shows a similar result 
24 h after the situational reminder, thus, these findings 
corroborate the idea that PTSD does not produce a sig-
nificant change in amygdala metabolism immediately 
or 24 h after the situational reminder (Saur et al. 2017). 
Additionally, our findings are in accordance with a recent 
study using microPET-FDG imaging which also reported 
unchanged amygdala glucose metabolism when comparing 
the animals’ baseline scans with the scans realized imme-
diately after the fear conditioning procedure and 1 week 

Fig. 6   Digitized fluorescent images of neurons labeled with Dil and 
reconstructed by confocal microscopy. Representative proximal den-
dritic branches showed pleomorphic spines in the basolateral amyg-
dala of rats from control, MBR and EBR groups. Samples under 
higher magnification are shown on the right. s stubby, t thin, m mush-
room, w wide

Fig. 7   Three-dimensional reconstructed images of dendritic spines 
from the BLA. Representative examples of each spine type according 
to their classification
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later (Radford et al. 2018). On the other hand, a previous 
study, using a fear conditioning protocol which consisted 
of ten sets of tones (30 s, 75 dB) that co-terminated with 
a footshock (1 s, 0.5 mA) showed an increase in amygdala 
metabolism after this stress protocol (Zhu et al. 2016). 
It is possible that different stress intensities and frequen-
cies, associated with an auditory stimulus might generate a 
more pronounced amygdala response and consequently an 
increase in amygdala glucose metabolism. Indeed, condi-
tioning with different auditory stimuli may recruit distinct 
forms of synaptic plasticity and provide more malleable 
fear memory at least in the lateral amygdala of rats (Park 
et al. 2016). Changes in the amygdaloid glucose metab-
olism may be triggered by different kinds of perceived 
threat and maybe revealed using imaging techniques such 
as 18F-FDG coupled to microPET-CT.

In clinical research, several conflicting results have been 
reported regarding the amygdala metabolism in patients 
with PTSD. Studies evaluating 18F-FDG or cerebral blood 
flow (CBR) in this area show increased (Yehuda et al. 2009; 
Ramage et  al. 2015; Vermetten et  al. 2007), decreased 
(Yehuda et al. 2009; Buchsbaum et al. 2015; Stocker et al. 
2014) and unaltered (Molina et al. 2010) glucose metabo-
lism and CBR. These inconsistent findings may be due to 
the physiological complexity of PTSD and other factors 
should be considered such as the length of time since the 
onset of PTSD, different trauma type and severity and the 
distinct paradigms performed during the analyses (resting 
state, symptom provocation, trauma-related sensory stimuli).

Before discussing the dendritic spines, it is important to 
mention that, as previously cited in the “Materials and meth-
ods” section, some neurons could not be classified as either 
bitufted or stellate due to overlapping images. However, 
as they were almost certainly non-pyramidal neurons they 
were included in our analysis. Additionally, the clustering 
of these neurons is corroborated by the absence of any sta-
tistical difference in the density of dendritic spines, between 

the types of neurons (bitufed, stellate and unclassified) (data 
not shown).

In our study, the number and shape of dendritic spines 
from BLA bitufted and stellate neurons were studied 1 day 
after exposure to the situational aversive reminder. We show 
in the EBR group, in which the animals exhibit more pro-
nounced freezing behavior, there is an increased number 
of proximal dendritic spines. In all the studied groups, the 
freezing time is positively correlated with spine density. Our 
result is in accordance with a previous study where animals 
with extreme PTSD-like behavioral disruption demonstrated 
an increase in spine density and in dendritic arborization of 
BLA pyramidal neurons (Cohen et al. 2014). Furthermore, 
other studies evaluated the association between BLA neu-
rons and emotional resilience and reported that individuals 
with more anxiety-like behaviors also showed higher BLA 
dendritic complexity and spine density (Mitra et al. 2009; 
Adamec et al. 2012; Hegde et al. 2017). The overall increase 
in the BLA spine density can be long-lasting (persisting for 
more than a month following the initial fear learning), sus-
ceptible to considerable plasticity and reversed by extinction 
training (Heinrichs et al. 2013). Other paradigms, such as 
chronic stress (Vyas et al. 2002, 2006; Mitra et al. 2005), 
early-life stress (Koe et al. 2016) or social stress (Patel et al. 
2018), have been shown to induce increased spine density in 
BLA neurons associated with anxiety-like behaviors.

Together, these data show that in both BLA pyrami-
dal and non-pyramidal neurons there are more dendritic 
spines in stressed animals, which suggests a higher syn-
aptic input due to aversive stimulation. To modulate 
defensive behavior, the BLA neurons are connected to the 
hypothalamic regions (Petrovich et al. 2001). Thus, the 
experience-dependent plasticity of BLA neurons involves 
the perception of imminent threats and the adoption of 
defensive responses, such as freezing behavior (Janak and 
Tye 2015; Sah 2017). Hence, the BLA neurons would 
encode aversive learning in the fear/anxiety neural circuits 

Fig. 8   Values (mean ± SEM) for a the density of overall dendritic spines measured in the proximal 40 µm and b the number of each dendritic 
spine type evaluated in the proximal 40 µm in the basolateral amygdala neurons (BLA) *p ≤ 0.05
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by increasing the number of dendritic spines and the pro-
jections from these neurons reach downstream targets to 
modulate behavioral responses (Sah 2017). This would 
explain the strong response found in the EBR group when 
compared to the MBR group.

Notably, despite the overall increase in the number of 
dendritic spines, we found no specific class of dendritic 
spine was recruited more than any other. This suggests that 
irrespective of form and likely functions, spines of bitufted 
and stellate non-pyramidal neurons are similarly important 
for processing emotional information in the BLA. Likewise, 
the behavioral plasticity induced by our stress protocol is 
not associated with changes in a specific shape of dendritic 
spine or the structural morphometric parameter. This may be 
a task-specific feature which contrasts with the region-spe-
cific and spine-specific modulation of the synaptic plasticity 
that occurs in other amygdaloid areas, such as the postero-
dorsal medial amygdala (Zancan et al. 2018; Becker et al. 
2017). Ultrastructural, optogenetic and electrophysiological 
approaches could be used to establish whether the proximal 
dendritic spines of different subpopulations of BLA neurons 
receive more excitatory or inhibitory contacts and the impact 
of this firing output in fear-conditioned rats.

Previous studies have provided reliable evidence regard-
ing the effects of stress on spine morphology in different 
brain regions, such as the hippocampus and pre-frontal cor-
tex (Sebastian et al. 2013; Radley et al. 2008).

In our study, we counted the number of different spine 
types in the BLA according to their morphology (thin, 
mushroom, stubby/wide, ramified and atypical) and meas-
ured their morphometrical data regarding spine length (SL); 
neck length (NL); head diameter (HD); and neck diameter 
(ND) in an animal model of PTSD.

Considering the dendritic spines, no statistical difference 
was found either in the number of each spine type or in any 
structural changes between the groups. Thus, we suppose 
that the behavioral plasticity induced by our stress protocol 
is not associated with morphological changes in spines or 
metabolic changes evaluated by microPET-18F-FDG.

Conclusions

In conclusion, our study demonstrates that animals exposed 
to the same situational trauma can express individual differ-
ences in their behavior, showing more or less susceptibility 
to the stress situation. Animals that showed extreme behav-
ioral response (EBR) demonstrated an increase in proximal 
dendritic spine density in non-pyramidal BLA neurons with 
no alterations in the shape or morphometric parameters of 
the spines and no metabolic changes analyzed by microPET-
FDG. We hope that our findings could help other researchers 
to understand the morphological bases of individual differ-
ences in the neurobiology underlying PTSD and other stress-
related disorders.

Fig. 9   Morphometric data (mean ± SEM) regarding the a spine 
length; b neck length; c neck diameter and d head diameter measured 
in µm for the different spine types in the basolateral amygdala from 
each experimental group. Right-hand images exemplify each morpho-
logical parameter measured
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