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Exposure to severe, uncontrollable and long-lasting stress is a strong risk factor for the
development of numerous mental and somatic disorders. Animal studies document that
chronic stress can alter neuronal morphology and functioning in limbic brain structures
such as the prefrontal cortex. Mitochondria are intracellular powerhouses generating
chemical energy for biochemical reactions of the cell. Recent findings document that
chronic stress can lead to changes in mitochondrial function and metabolism. Here, we
studied putative mitochondrial damage in response to chronic stress in neurons of the
medial prefrontal cortex. We performed a systematic quantitative ultrastructural analysis
to examine the consequences of 9-weeks of chronic mild stress on mitochondria
number and morphology in the infralimbic cortex of adult male rats. In this preliminary
study, we analyzed 4,250 electron microscopic images and 67000 mitochondria were
counted and examined in the brains of 4 control and 4 stressed rats. We found
significantly reduced number of mitochondria in the infralimbic cortex of the stressed
animals, but we could not detect any significant alteration in mitochondrial morphology.
These data support the concept that prolonged stress can lead to mitochondrial loss.
This in turn may result in impaired energy production. Reduced cellular energy may
sensitize the neurons to additional injuries and may eventually trigger the development
of psychopathologies.

Keywords: electron microscope, infralimbic cortex, ultrastructure, quantitative analysis, chronic mild stress
(CMS), animal model for depression, medial prefrontal cortex (mPFC), mitochondria

INTRODUCTION

Coping with stress is part of our daily routine, but when stress is severe, long-lasting
and uncontrollable then, it becomes a strong risk factor for the development of several
somatic or mental disorders. Animal studies provide ample evidence that stress exposure can
result in functional and morphological changes of limbic brain areas (McEwen et al., 2015).

Abbreviations: CMS, chronic mild stress; IL, infralimbic cortex; mPFC, medial prefrontal cortex; PFC, prefrontal cortex;
PTSD, Post-traumatic stress disorder.
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Stress-Induced Mitochondria Loss in mPFC

Pronounced stress-induced changes of neuronal morphology
have been documented in the medial prefrontal cortex (mPFC)
of rodents such as dendritic debranching, loss of dendritic spines
and synaptic contacts (Holmes and Wellman, 2009; Lucassen
et al., 2014; Arnsten, 2015; Woo et al., 2021). The infralimbic
cortex (IL), which is the most ventral part of the mPFC, has
been implicated in several higher order executive functions and it
plays a critical role in regulating the chronic stress response (Flak
et al., 2012). Neurons of the IL appear to be highly sensitive to
environmental stress (Izquierdo et al., 2006; Hinwood et al., 2011;
Moench et al., 2015; Czéh et al., 2018).

Mitochondria are intracellular organelles that generate most
of the chemical energy needed to power biochemical reactions of
the cell. According to recent theories, they also seem to play a
key role in the pathological stress response (Morava and Kozicz,
2013; Daniels et al., 2020; Allen et al., 2021). As described by
the “mitochondrial allostatic load” theory, chronic stress disrupts
the glucocorticoid and glucose homeostasis which in turn alter
mitochondrial structure and function (Picard et al., 2014, 2018).
Indeed, it has been documented that chronic stress can lead to
changes in mitochondrial function and metabolism in the mPFC
of mice and that the behavioral profile of the stressed animals
correlates with the mitochondrial DNA encoded gene expression
in the PFC (Weger et al., 2020). Moreover, it has been proposed
that severe, or prolonged stress can result in fragmentation
of mitochondria and disruption of the mitochondrial network,
which in turn give rise to increased vulnerability of the neurons to
further insults and eventually can lead to cell death via apoptosis
(Shutt and McBride, 2013; Choi and Han, 2021).

Our aim was to investigate putative mitochondrial damage
in response to chronic stress in neurons of the mPFC. We
carried out a systematic quantitative ultrastructural analysis
to investigate the consequences of prolonged (9-weeks) stress
on mitochondria number and morphology in the infralimbic
cortex. We subjected rats to the chronic mild stress (CMS)
protocol, which is a widely used and thoroughly characterized
rodent model for major depressive disorder (Willner, 2005,
2016). It is well documented that rats, in response to CMS,
develop behavioral abnormalities that are typical of depressed
patients, such as anhedonia (Willner et al., 1992; Wiborg, 2013),
cognitive deficits (Henningsen et al., 2009; Martis et al., 2018),
or disturbed circadian rhythms (Gorka et al., 1996; Christiansen
et al., 2016). In addition to that, a large variety of neuronal
changes have been described in the brains of rats subjected
to the CMS model (Willner, 2016; Khan et al., 2020). Our
hypothesis was that chronic stress exposure will reduce the
number and alter the morphology of mitochondria in neurons
of the infralimbic cortex.

MATERIALS AND METHODS

Eight adult, male Wistar rats (Taconic, Denmark) were used
in the present study (n = 4 control and n = 4 stressed rats).
These animals were selected from a much larger cohort. The
original experiment involved 335 rats. 260 rats were subjected
to the CMS protocol, whereas the remaining 75 rats were

kept undisturbed in separate rooms and used later as controls.
Stressed animals responded differently to the chronic stress
exposure. Many animals developed pronounced anhedonia, a
smaller fraction displayed distinct resilience, while most animals
displayed intermediate behavioral phenotype. The behavioral
phenotyping is described below.

Animals were kept is standard laboratory conditions. Control
and stressed rats were singly housed and kept in separate
rooms. All experimental procedures were done in accordance
with Aarhus University (Aarhus, Denmark) guidelines, Danish
and European legislation regarding laboratory animals and
approved by Danish National Committee for Ethics in Animal
Experimentation (2008/561-447).

The chronic mild stress (CMS) procedures were done
according to our standard protocol as described in detail
before (Henningsen et al., 2009, 2012; Csabai et al., 2017; Czéh
et al., 2018). Briefly, stressed rats were subjected to daily mild
microstressors for 9 weeks. The following mild stressors were
used: grouping, food or water deprivation, periods of intermittent
illumination, stroboscopic light, soiled cage, and cage tilting
(45°). During grouping, rats were housed in pairs with different
partners, with the individual rat alternately being a resident or
an intruder. These microstressors were applied in a predefined
schedule over the 9 weeks of CMS and each microstressor lasted
for a duration of 10-14 h.

The behavioral phenotyping of the animals was done using
the sucrose consumption test (Henningsen et al., 2012; Csabai
et al, 2017). This behavioral test enables the detection of
anhedonic behavior in response to stress since stress-susceptible
animals reduce their sucrose intake indicating a depressive-like
anhedonic behavior. Rats were trained to consume a palatable
sucrose solution (1.5%) for five weeks before the real experiment
started. During this training period, sucrose consumption was
measured twice a week in the first two weeks and once per week
during the last three weeks. The mean of this last three sucrose
intake measurements was specified as the baseline sucrose
consumption of the rats. Animals were food and water deprived
for 14 h before the test. During the test the rats had free access to
a bottle with 1.5% sucrose solution for 1 h. During the 9 weeks
of the chronic mild stress period, the sucrose consumption
test was performed once per every week. Based on the sucrose
intake data, the hedonic state of the animals was evaluated and
stressed rats were finally further divided into stress-susceptible
rats (anhedonic animals) and stress-resilient rats (Henningsen
et al., 2012). Anhedonic animals are the ones that reduce their
sucrose solution intake by more than 30% in response to the
stress exposure. Stress resilient animals are the ones which do not
decrease their sucrose intake during the stress procedures. Data
from these animals have been published elsewhere (Csabai et al.,
2017, 2018; Varga et al.,, 2017; Czéh et al., 2018).

Brain tissue fixation and preparation for the electron
microscopic analysis was carried out according to our
standard protocol (Csabai et al., 2017, 2018). Animals were
deeply anesthetized with an overdose of sodium pentobarbital
(200 mg/ml dissolved in 10% ethanol) and then, transcardially
perfused with ice cold 0.9% physiological saline followed by
4% paraformaldehyde containing 0.2% glutaraldehyde in 0.1
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M phosphate buffer (pH 7.4). Brains were extracted from the
skulls and serial, 80 wm thick, coronal sections were cut using
a Vibratome (Leica VT1200 S) throughout the entire prefrontal
cortex (between Bregma levels of 4.70 to 2.20) (Paxinos and
Watson, 1998). Two sections that included the IL cortex were
selected from these serial sections (Figure 1A) and osmicated
(1% OsO4 in PB for 60 min at 4°C) and then, dehydrated in
graded ethanol where the 70% ethanol contained 1% uranyl
acetate. After complete dehydration in ascending ethanol series,
the sections were immersed in propylene-oxide and then, into
a mixture of propylene-oxide and Durcupan resin. Finally,
they were flat-embedded in Durcupan resin (Fluka-Sigma-
Aldrich, Hungary). After polymerization at 56°C for 48 h, the
sections were viewed under a light microscope, and areas of
interest were chosen for re-embedding and electron microscopic
sectioning. To select the appropriate region of the IL cortex
for wultrathin sectioning, semithin (500 nm) sections were
stained with toluidine blue (Figure 1B). The ultrathin (60 nm)
sections were cut with a Leica Ultracut UCT microtome and
collected on Formvar-coated single slot copper grids, stained
with uranyl-acetate and lead citrate (Figure 1C).

The ultrathin sections were inspected and microphotographs
were taken for the further quantitative analysis via transmission
electron microscope (JEOL 1200 EX-II). From every cortical
layers, 100-120 high resolution (40000 x) image series were
taken from a random systematic start point along a transect
line (Figure 1D). The systematic quantitative analysis was done
with the Neurolucida system (Version 7, MicroBrightField,
Williston, VT, United States), using unbiased counting frames
covering 14,977 um? of the neuropil tissue (Figure 1E). Two
investigators (DC and AST) carried out the quantification in a
blinded manner. Mitochondria were counted and their cross-
sectional areas were outlined in every 5th images (Figures 2C,D).
The first image was identified with a random generator.
Quantitative data (mitochondria numbers and contour details)
were exported to Microsoft Excel 365 where data was grouped
for statistical analysis.

We also determined the volume of the IL cortex based
on the Cavalieri’s principle. The volume measurements were
done as follows: we collected a series of 80 pwm thick coronal
sections covering the entire IL cortex starting from 3.5 mm to
2.0 mm relative to Bregma (Paxinos and Watson, 1998) from
every animal. Every 3rd serial section (5-6 sections/animal) were
stained with Cresyl Violet and thereafter analyzed with a Nikon
Eclipse Ti-U bright field microscope, using a 4 x objective. We
outlined the borders of the IL cortex using the Neurolucida
software based on the descriptions of the stereotaxic rat brain
atlas of Paxinos and Watson (1998). In these Nissl stained
sections, we also measured the cross-sectional areas of cortical
layers I, II, III, V, VI of the infralimbic cortex (note that the IL
has no layer IV). The boundaries between the cortical layers were
recognized according to the description given by Gabbott et al.
(1997). The volume of the IL cortex was calculated by multiplying
the cross-sectional areas with the thickness of the sections and by
the intersection interval.

Results are presented here as the mean £+ SEM. GraphPad
Prism 7.0 package was used for the statistical analysis. We

used the Shapiro-Wilk normality test to verify that the data
had Gaussian distribution, but we did not specifically assess the
homogeneity of variances. Results of the sucrose preference test
were analyzed with one-way ANOVA, followed by Dunnets’s
Multiple Comparison Test. Group values of mitochondria
numbers and morphology were compared with two-tailed
unpaired Student ¢-test. Mitochondria numbers and densities
in the different cortical layers were compared with 2-way
ANOVA (stress x cortical layer) followed by Sidak’s multiple
comparisons post hoc test. Results were considered significant
when P value was < 0.05.

RESULTS

We used the sucrose consumption test to evaluate the response
of the animals to the CMS exposure, since this test provides a
reliable behavioral readout of anhedonia (Willner, 1997). From
the 260 stressed rats, 98 animals (38%) displayed anhedonic
phenotype, ie., these animals reduced their sucrose intake
by more than 30% compared to their baseline intake value
(Figure 3). A much smaller fraction of the stressed rats, 46
animals (18%) showed stress-resilient phenotype, i.e., these
animals did not decrease their sucrose intake during the stress
procedures. The remaining 116 stressed rats had an intermediate
phenotype therefore, these animals were excluded from the
experiment. From the 98 anhedonic animals, we selected 4 rats
which had pronounced reduction in sucrose consumption and
the brains of these animals were processed for the electron
microscopic analysis.

Examples of representative electron micrographs from the
present study are shown on Figure 2. We analyzed 2,152
electron microscopic images, and 36,712 mitochondria were
counted and examined in the four control rats. Similarly,
2,101 electron microscopic images were examined and 30,279
mitochondria were counted in the infralimbic cortex of the
four stressed animals. On average, we analyzed 90 electron
microscopic images in each cortical layer in each animal.
We not only quantified the mitochondria, but we also
delineated the cross-sectional areas of the mitochondria (for
every 10th examined mitochondria) and afterward with the
aid of the Neurolucida Explorer software we determined
the following morphological parameters: ferret; aspect ratio;
compactness; form factor and convexity. However, this analysis
of mitochondrial morphology did not yield any statistically
significant difference between the control and stressed animals.
Results of the morphological evaluation are summarized in
Table 1.

The total number of mitochondria had normal Gaussian
distribution both in the Control and Stress animals. Shapiro-
Wilk normality test found no significant difference in the Control
(W = 0.893, P = 0.399) and Stress (W = 0.847, P = 0.218)
groups therefore, these values passed the normality test in both
groups. When comparing the total number of mitochondria
between the Control and Stress groups, we found that the stressed
rats had significantly reduced number of mitochondria in their
infralimbic cortex (t = 2.498, P = 0.046; Figure 4A).

Frontiers in Behavioral Neuroscience | www.frontiersin.org

May 2022 | Volume 16 | Article 885849


https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

Csabai et al. Stress-Induced Mitochondria Loss in mPFC

Bregma 3.20 mm

FIGURE 1 | lllustrating the protocol for the systematic quantitative analysis of mitochondrial morphology and number in the infralimbic cortex of rats. (A) Two pieces
of 80 pm thick coronal sections from the prefrontal cortex were selected between Bregma coordinates of 2.2 - 2.3 mm. Afterward, tissue fragments containing the
infralimbic cortices were cut out and re-embedded in durcupan resin to produce tissue blocks for further ultra-sectioning. (B,C) First, semi-thin sections were cut
and stained with toluidine blue dye to determine the exact area for further ultra-sectioning. (C) Afterward, serial 60 nm ultrathin sections were sectioned and we
collected every 5th sections on single slot copper grids. The red lines on the image indicate the ultrathin sections. From each animal, we examined 10 ultrathin
sections with the electron microscope. (D) In every ultrathin section, in each cortical layer, we made at least 10 non-overlapping photomicrographs using a sampling
line with a random starting point. We analyzed 90 photomicrographs in each cortical layer of each animal. Mitochondria were counted and their cross-sectional
profiles were outlined in these 40000 x magnified images. (E) For the quantification we used an unbiased counting frame (3.87 x 3.87 pwm). Mitochondria profiles
touching the exclusion (red) lines were not counted.
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cross-sectional profiles outlined for the morphological analysis. Scale bar: 500 nm.

FIGURE 2 | Representative high-resolution electron microscopic images showing the neuropil in the infralimbic cortex in control (A,B) and stressed (C,D) rats. (A) An
image with 30000 x magnification, where numerous mitochondria are visible both in dendritic (brighter areas) and in axonal (darker areas) structures. Scale bar:

1 wm. (A) Representative images with mitochondria with higher magnification (40000x). The outer and inner mitochondrial membranes, matrix and cristae are clearly
visible. Scale bar: 500 nm. (C) An image with 30 000x magnification displaying the neuropil in a stressed rat. Asterisks identify the mitochondria as it was marked
with the Neurolucida software when we counted them. Scale bar: 1 pm. (D) An image with 40000 x magnification showing several mitochondria with their

Mitochondrial density values in the cortical layers had normal
distribution both in the Control and Stress groups. Shapiro-Wilk
normality test found no significant difference in the Control
(W =0.899, P = 0.407) and Stress (W = 0.930, P = 0.596) groups
therefore, the values passed the normality test in both groups.
When we compared the mitochondrial density values between
the two groups we found not statistical difference, only trends for
reduction (Figure 4B).

We also calculated the total number of mitochondria in
the different cortical layers. These numbers were calculated
from cortical layer volumes and mitochondrial density. Total
mitochondria numbers in the different cortical layers also showed
normal distribution both in the Control and Stress groups.
Shapiro-Wilk normality test found no significant difference in

the Control (W = 0.33, P = 0.147) and Stress (W = 0.887,
P =0.345) groups therefore, the values passed the normality test
in both groups. Comparison of mitochondria numbers in the
different cortical layers revealed a significantly reduced number
of mitochondria in layer I (Figure 4C). Two-way ANOVA
(stress x cortical layer) revealed a highly significant difference
between cortical layers [F (4, 30) = 40.23, P < 0.0001] and
between the two groups [F (1, 30) = 25.59, P < 0.0001)].
Sidak’s post hoc analysis found significant difference between
control and stressed animals in cortical layer I (t = 3.76,
P = 0.004). In the other layers, we found a clear trend of
stress-induced reduction, but statistical difference emerged only
when we combined data from the five layers as it is shown on
Figure 4A.
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. TABLE 1 | Comparisons of mitochondrial morphology.
25 Sucrose consumption test
Control Stress Student t test

20 * * Perimeter (nm) 929.70 £ 31.17 977.90 + 31.49 t=1.087 P=0.319
c Area (um?) 0.06 £ 0.01 0.07 + 0.01 t=1.046 P =0.336
% Feret Min 186.30 + 8.21 203.80+£17.90 t=0.888 P =0.409
€ 15 Feret Max 352.80+10.03 365.00+15.39 t=0.665 P =0.531
§ " * Aspect Ratio 1.89 +0.02 1.83 +£0.07 t=0.710 P=0.504
'g 10 \%—" " Compactness 0.75 + 0.00 0.76 + 0.01 t=0.941 P=0.383
@ ‘ix * * % Form Factor 0.83 £ 0.00 0.85 £+ 0.01 t=0.894 P =0.406
~i-"§“-§."i'--§ Convexity 0.998 0.999 t=1792 P=1.128

Control ® Resilient A Anhedonicl
Base 1 2 3 4 5 6 7 8 9

Weeks

FIGURE 3 | Results of the sucrose consumption test. The sucrose intake of
the rats was determined every week in order to behaviorally phenotype the
animals and to evaluate their response to the chronic mild stress exposure.
The original CMS study involved 335 rats. 260 rats were subjected to the
CMS protocol, whereas the remaining 75 rats were kept undisturbed in
separate rooms and used as controls. About 40% of the stressed rats (n = 98)
were vulnerable to stress and significantly reduced their sucrose intake

by > 30%. These animals were then labeled as “anhedonic” rats. Out of these
98 anhedonic rats 4 animals were selected for the present quantitative
electron microscopic analysis based on their marked reduction in sucrose
intake. About 20% of the stressed rats (n = 46) were unaffected by the stress
exposure and even increased their sucrose intake, similarly to the control
animals. These stress resistant rats were labeled as “stress-resilient”. The
remaining stressed animals (n = 116) with intermediate sucrose consumption
phenotype were excluded from the experiment. Baseline sucrose
consumption was defined as the mean sucrose consumption during three
sucrose tests conducted before the stress protocol started. Statistics:
one-way ANOVA, followed by Dunnets’s multiple comparison tests where
results are compared of the baseline sucrose consumption of the
corresponding group. *P < 0.05 versus baseline value of the same group.

DISCUSSION

This is the first systematic electron microscopic investigation
examining the effect of chronic stress on mitochondria numbers
and morphology in the medial PFC of rats. Our present
preliminary findings extend our earlier report where we found
decreased number of synapses in the infralimbic cortex of the
same stressed animals (Csabai et al., 2018). Now, we report that
the total number of mitochondria was reduced in the infralimbic
cortex of the stressed animals. This finding is a collective result
of the diminished mitochondrial density in the different cortical
layers together with the stress-induced volume shrinkage that
we have observed in the infralimbic cortex of these animals (for
details see Figure 5 of Csabai et al., 2018). However, we could
not detect any stress-induced alteration in the cross-sectional
mitochondrial morphology. Notably, our present preliminary
data does not provide any specific information on the potential
functional consequences of this mitochondrial loss.

One potential explanation for the present finding is that
neurons die and this cell death contributes to the volume
shrinkage and to the reduction in mitochondria numbers. For

We examined mitochondrial morphology the following way: The cross-sectional
boundaries of the mitochondria were outlined on the electron microscopic images
using the Neurolucida software. Afterwards another software (NeuroExplorer)
scrutinized these cross-sectional outlines and quantified the following features: 1)
Perimeter is the length of the contour. 2) Area is the 2-dimensional cross-sectional
area enclosed within the boundary of a closed contour. 3) Feret Min and Feret
Max are the smallest and largest dimensions of the contour. 4) Aspect ratio is the
ratio of maximal and minimal diameters. This indicates the flatness of the shapes.
5) Compactness describes the relationship between the area and the maximum
diameter. 6) Form Factor indicates the smoothness of the perimeter. The higher
this value is, the smoother the perimeter of the shape is. 7) Convexity indicates the
profile complexity — convex objects have a convexity value of 1. Data are expressed
as mean + S.E.M.

example, a study investigating the consequences of a single-
prolonged stress exposure in an animal model of PTSD reported
on stress-induced increase of apoptotic cells in the hippocampus,
together with release of cytochrome ¢ from the mitochondria
into the cytosol and with morphological abnormalities of the
mitochondria (i.e., vacuolar degeneration, cristae fragmentation,
exterior membrane disruption, and swollen mitochondria) (Li
et al., 2010). It has also been shown that mitochondrial
protein pathways seem to mediate the effect of stress on
neurodegeneration (Lopes et al., 2017). Another possibility is
that stress alters neuronal complexity, the dendritic arbors
shrink, which leads to the significant loss of neuropil. Numerous
studies have reported on stress-induced reduction of dendritic
complexity and axon loss in the infralimbic cortex of rats
(Izquierdo et al., 2006; Perez-Cruz et al., 2009; Csabai et al.,
2018; Wellman et al, 2020). In the present study, the most
pronounced reduction of mitochondria numbers was detected
in layer I of the IL cortex. This layer is the molecular layer, and
consists mainly the most distal part of the apical dendritic tufts
of pyramidal neurons and horizontally oriented axons. This layer
contains mainly glial cells and only a few scattered GABAergic
neurons are found here. The explanation for this pronounced
change in mitochondrial numbers in layer I could be the stress-
induced shrinkage of the apical dendritic tree and loss of axons
(Perez-Cruz et al., 2009; Csabai et al., 2018; Wellman et al., 2020).

Mitochondria play a key role in chemical energy production
for the cells and execute a wide range of additional functions
including the production of reactive oxygen species, buffering
intracellular calcium and regulating neuronal structure and
function. Importantly, glucocorticoid hormones have a
direct influence on mitochondrial DNA transcription and
mitochondrial function (Du et al., 2009; Hunter et al., 2016).
Mitochondrial glucocorticoid receptors seem to mediate the
glucocorticoid-induced apoptosis (Sionov et al.,, 2006). It has
been proposed that individuals with inadequate mitochondrial
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FIGURE 4 | (A) Chronic mild stress significantly reduced the total number of
mitochondria in the infralimbic cortex (t test, *P = 0.04). Total mitochondria
numbers in the infralimbic cortex were calculated by multiplying mitochondria
densities with the volume of the infralimbic cortex. (B) Mitochondria densities
were only marginally reduced in the different cortical layers of the stressed
animals, but these changes were not statistically significant (stress effect:

P = 0.07). (C) Mitochondria numbers in the different cortical layers were
compared with two-way ANOVA (stress x cortical layer) which revealed a
significant difference between cortical layers (P < 0.0001) and also a
significant stress effect (P < 0.0001). Sidak’s post hoc test found significant
difference between control and stressed animals only in the first cortical layer
(*P = 0.004). Mitochondria numbers within the cortical layers were calculated
by multiplying mitochondria densities with the different cortical layer volumes.

function could be vulnerable to the stress-induced depletion of
the brain’s energy resources and, by that, to the development
of psychopathologies (Morava and Kozicz, 2013; Filiou and
Sandi, 2019; Daniels et al., 2020). Therefore, dysfunctional
mitochondria have been pointed out as a central feature of
neuropsychiatric disorders (Bansal and Kuhad, 2016; Pei and
Wallace, 2018; Filiou and Sandi, 2019; Allen et al., 2021).

In the present study, the rats exposed to chronic mild
stress were characterized based on their anhedonic behavior,
i.e., the amount of sucrose solution they consumed during the
sucrose consumption test. Anhedonia, or reward sensitivity,
is typically assessed with the use of sucrose consumption or
preference. The anhedonic behavior, in response to CMS, can be
detected both with the single-bottle consumption tests and with
the two-bottle, sucrose-water, preference tests (Willner, 1997).
Furthermore, it has been shown that the observed decrease in
sucrose consumption is specific and does not reflect a general
decrease in fluid consumption (e.g., decreased thirst), since intake
of pure water is unaffected by the CMS paradigm (Willner et al.,
1992; Henningsen et al., 2012). Therefore, the decreased sucrose
consumption is not a physiological but a mental phenomenon.
The reduced sucrose consumption implies a diminished reward
sensitivity. This has been confirmed by assessing the rewarding
properties of food, which are also reduced, as indicated by an
attenuation of food-induced place preference conditioning (Papp
et al., 1991; Muscat and Willner, 1992).

In the present study, we did not assess any other behavioral
changes in response to chronic stress. However, our research
group has been working with this animal model for many
years and we have demonstrated several behavioral alterations
in the chronically stressed animals. For example, rats exposed
to the same paradigm develop disturbed circadian rhythms
(Christiansen et al., 2012, 2016) and learning deficits in cognitive
tasks which assess fronto-cortical cognitive performances (Czéh
et al., 2018; Martis et al., 2018). In addition to that, we have
described reduced dentate cytogenesis (Jayatissa et al., 2006), and
reduced number of granule cells in the hippocampus (Jayatissa
et al, 2008) as well as changes in GABAergic neuronal cell
numbers in the hippocampus and in the frontal cortex (Czéh
et al., 2015, 2018; Varga et al.,, 2017). Using magnetic resonance
imaging we could also detect microstructural and metabolic brain
alterations (Delgado y Palacios et al., 2011; Khan et al., 2016,
2018). Overall, this model is one of the best characterized animal
model for depression (Willner, 2005, 2016).

A major limitation of the present study is that the data have
been generated from a small number of animals. We should
point out however, that quantitative electron microscopic studies
often involve only a few animals (see e.g., Hajszan et al., 2009,
2010; Kikuchi et al., 2020; Santuy et al., 2020; Huzian et al,
2021). The main reason for this is that a systematic quantitative
electron microscopic analysis is a time-consuming and labor-
intensive method. On the other hand, the quantified values, e.g.,
synapse counts in a specific brain structure, appear to have a low
variation, i.e., their standard deviations are in the range of 5-10%
of the mean (Hajszan et al., 2009, 2010). Another limitation of
the present study is that we did not include any stress-resilient
rats in our histopathological analysis. We should emphasize that

Frontiers in Behavioral Neuroscience | www.frontiersin.org

May 2022 | Volume 16 | Article 885849


https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

Csabai et al.

Stress-Induced Mitochondria Loss in mPFC

this study was a preliminary investigation. First, we wanted to
see whether stress has any effect on mitochondria numbers and
morphology therefore, we selected animals which were most
susceptible to the stress exposure. According to our previous
studies, the stress-resilient animals often displayed cellular
changes with values in-between the control and anhedonic
animals (Czéh et al., 2015, 2018). Future, more detailed studies
using larger number of animals should confirm our present
findings. Including stress-resilient animals in the investigations
should also answer the question whether the different behavioral
phenotypes correlate with the mitochondrial loss.

In summary, the present data provide further experimental
evidence that stress can affect neuronal mitochondria. Our
observations however, provide no information on the functional
consequences. Therefore, further studies are necessary to
confirm the concept that the stress-induced mitochondrial
damage can sensitize neurons to additional injuries leading
to impaired neuronal functioning and to the development of
mental disorders.
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