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ORIGINAL ARTICLE

The dynamics of stress: a longitudinal MRI study of rat brain

structure and connectome

R Magalhaes'?, DA Barriere®, A Novais'?, F Marques'?, P Marques'?, J Cerqueira'?, JC Sousa'?, A Cachia®*>®, F Boumezbeur’,

M Bottlaender’, TM Jay>*8, S Mériaux” and N Sousa'?

Stress is a well-established trigger for a number of neuropsychiatric disorders, as it alters both structure and function of several
brain regions and its networks. Herein, we conduct a longitudinal neuroimaging study to assess how a chronic unpredictable stress
protocol impacts the structure of the rat brain and its functional connectome in both high and low responders to stress. Our results
reveal the changes that stress triggers in the brain, with structural atrophy affecting key regions such as the prelimbic, cingulate,
insular and retrosplenial, somatosensory, motor, auditory and perirhinal/entorhinal cortices, the hippocampus, the dorsomedial
striatum, nucleus accumbens, the septum, the bed nucleus of the stria terminalis, the thalamus and several brain stem nuclei. These
structural changes are associated with increasing functional connectivity within a network composed by these regions. Moreover,
using a clustering based on endocrine and behavioural outcomes, animals were classified as high and low responders to stress. We
reveal that susceptible animals (high responders) develop local atrophy of the ventral tegmental area and an increase in functional
connectivity between this area and the thalamus, further spreading to other areas that link the cognitive system with the fight-or-
flight system. Through a longitudinal approach we were able to establish two distinct patterns, with functional changes occurring
during the exposure to stress, but with an inflection point after the first week of stress when more prominent changes were seen.
Finally, our study revealed differences in functional connectivity in a brainstem-limbic network that distinguishes resistant and
susceptible responders before any exposure to stress, providing the first potential imaging-based predictive biomarkers of an

individual’s resilience/vulnerability to stressful conditions.
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INTRODUCTION

Stress is an essential component of life, as every living organism
has to continuously face challenges. However, there is a
remarkable repertoire and heterogeneity in the way each
individual responds to stressful conditions.'™ These contrasting
patterns of responses reveal whether the stress exposure
triggered a positive adaptation or a detrimental maladaptive
process.* Whereas the first will be critical to re-establish home-
ostasis, the latter is known to trigger deleterious effects across
different parts of the organism, including the central nervous
system. These deleterious effects may help explain the develop-
ment of psychopathologies such as major depression, anxiety and
posttraumatic stress disorders.>>® Finally, the role of various
factors such as prenatal and early-life exposure to stress, '
personality traits,'>'* epigenetic mechanisms'*'> and the
microbiome'®™'® as modulators of the response to stress should
not be neglected.

The impact of stress in the brain has been studied at different
levels: from the molecular'®?" to the cellular’*** to the network
levels.>?” However, so far, mainly as a result of technical
limitations, studies designed to assess the impact of stress upon
the central nervous system have only provided a snapshot
perspective of what happens in a particular moment in time
and, thus, preclude the understanding of the dynamics of the

shifts that occur in individuals exposed to prolonged stressful
conditions. To the best of our knowledge, a single study has used
resting-state functional magnetic resonance imaging (MRI) to
characterize an animal model of chronic stress;*® in this study an
increased functional connectivity was found within somatosen-
sory, visual and default mode networks in stressed animals. Two
other studies have associated differentiated responses to stress
(resilient or susceptible) with different changes in volume and
fractal anisotropy in several brain regions using both mouse and
rat models and ex vivo MRI.?®?° Areas reported to be altered
include modulators of the hypothalamic—pituitary—adrenal axis
(hippocampus and bed nucleus of stria terminalis) and areas
related to the development of depressive-like behaviour and fear
management (raphe nuclei and periaqueductal grey matter
(PAG)).

Revealing the mechanisms that underlie the development of
vulnerability or resistance to stress is crucial for the development
of new treatments for stress-related disorders of the brain.? On the
other hand, identifying imaging markers that detect susceptibility
to the adverse effects of stress would facilitate clinical practice and
outcomes,* by allowing earlier interventions.

In the present study, we designed a longitudinal and multi-
modal approach to assess the dynamics of the changes triggered
by stress exposure in the structure and in the resting-state
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functional connectome of the rat brain. Moreover, and having in
mind the heterogeneity in the stress response of different
individuals, we categorized animals exposed to stress in high
and low responders based on a composite of behavioural and
endocrine longitudinal assessment. Such approaches allowed us
to determine: (1) the temporal dynamics of the impact of stress
exposure on the structure and functional connectome of the rat
brain; (2) the contrasting pattern of changes in networks
and nodes between high- and low-stress responders; (3) the
temporal dynamics of adaptive versus maladaptive shifts and (4)
the pre-existing patterns of the neuromatrix (an aggregate of
neurons that works as a self sustained system and as a dynamic
network®'>?) that would predict a differential response to stress
exposure.

MATERIALS AND METHODS

Animal groups and experimental design

A total of 72 male Wistar rats with 8 weeks of age (Janvier, Le Genest-St-
Isle, France) were housed in groups of two in standard laboratory
conditions (lights on: 0700 to 1900 h; +22°C of temperature; relative
humidity of 55%) and had ad libitum access to food and water. Animals
were divided into 2 sets: set one with 40 animals (25 stress+15 controls)
was assessed after 21 days of stress; set two with 32 animals (24 stress+8
controls) was assessed at 3 time-points: before stress (day 0); after a week
of exposure to stress (day 7); and after 3 weeks of exposure to stress (day
21). Because of the novelty of the methods applied no power analysis was
possible to be conducted. The sample size was chosen by considering
previous published work using rat MRI and previous stress characterization
studies. Animals assigned to the stress group were exposed to a chronic
unpredictable stress (CUS) protocol for a period of 3 weeks. Assessment
included a measure of anxiety-like behaviour (time spent in the open arms
of the elevated plus maze (EPM)), blood corticosterone levels and in vivo
MRI at various intervals. All assessments were conducted on consecutive
days in the order described. To avoid a possible impact of circadian
rhythms, the order by which the animals were assessed was randomized
along the days. For further information regarding the stress protocol,
corticosterone  quantification and behaviour, see Supplementary
Information.

All experiments were performed in accordance with the recommenda-
tions of the European Union Directive (2010/63/EU) and the French
legislation (Decree no. 87/848) for use and care of laboratory animals. The
protocols have been approved by the Comité d’Ethique en Expérimenta-
tion Animale du Comissariat a I'Energie Atomique et aux Energie
Alternatives—Direction des Sciences du Vivant lle de France (CETEA/CEA/
DSV IdF) under protocol ID 12-058.

MRI acquisitions

MR examinations were done with a preclinal BioSpec 11.7T scanner
(Bruker, Ettlingen, Germany) running on Paravision 6.0. A 72 mm diameter
volume coil used for transmission and a 4-channel phased array surface
coil for reception. The scanning protocol consisted in acquiring a resting-
state functional MRI data set using a multi-shot spin-echo echo planar
imaging sequence with the following parameters: interleaved acquisition
with 3 segments, repetition time (TR)=2000 ms, echo time (TE)=17.5 ms,
flip angle (FA)=90°, 450 repetitions, acquisition matrix =20 x 64 x 64, slice
thickness =0.75 mm, inter slice gap=0.2375 mm and in plane resolution of
0.375%0.375 mm?, for a field of view (FoV) of 24x24x19.75 mm>. To
reduce the possible effects of anaesthesia during resting-state functional
MRI, the level of isoflurane was adjusted so as to maintain the breathing
rate between 70 and 80 breaths per min. To reduce artefacts resulting from
breathing movements, a trigger was used so that data were only acquired
during the stable stages of the breathing wave. In addition, a T,-weighted
RARE (rapid imaging with relaxation enhancement) anatomical image was
acquired with the following parameters: turbo-factor=16, TR=1500 ms,
TE=5.5ms, 1 repetition, acquisition matrix=192x192 with 48 sagittal
slices, slice thickness=0.3 mm, in-plane resolution of 0.15 x 0.15 mm? and
a FoV of 28.8 x 14.4 x 28.8 mm? covering the entire brain. All the data were
reconstructed using in-house developed Matlab (version 7, http://math
works.com) scripts and saved in Nifti format. To ease its use with the
different software, the voxel size was multiplied by a factor of 10,
corresponding to a voxel size of 1.5x 1.5x3 mm>.
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Statistics, clustering and data analysis

Analysis of endocrine and behaviour data was done using IBM SPSS
Statistics (v22, http://www.ibm.com/analytics/us/en/technology/spss/spss.
html). The normality assumption of all data was verified and subjects with
values diverging more than 3 s.d. from the group average were excluded.
One control animal from set 1 and three stressed animals (two from set 1
and one from set 2) were excluded. All the data were normalized by
transformation into z-scores. To classify the animals according to their
response to stress after exposure to the 21 days of CUS protocol, a k-means
clustering algorithm was used inputting the corticosterone levels and the
anxiety behaviour marker (time spent in the open arms of the EPM). This
algorithm iteratively groups the animals, by creating k initial centroids and
assigning each animal to the closest centroid and then iteratively re-
calculating the centroids from the mean of its assigned animals and re-
assigning the animals to each centroid until there are no more changes
between iterations. Two cluster centres were used. This allowed us to
further divide the stressed animals into high responders (expected high
levels of corticosterone and low time spent in the open arms) and low
responders (expected low levels of corticosterone and high time spent in
the open arms). Comparison between different stress responders and
control animals was done using independent samples t-test.

For the MRI data, the final groups were made of 21 (13+8, for set one
and set two, respectively) controls and 40 CUS. The CUS were further
divided into 10 high responders and 10 low responders for set one, and
6 high responders and 14 low responders for set two. For structural MRI
data a voxel-based morphometry analysis was conducted. Voxels
minimum significance was set as P < 0.005 and P < 0.05 at the cluster
level, corrected for the family-wise error (FWE). For resting-state
functional MRI data, a network-based statistics approach was employed
using a connection threshold of P < 0.005 and P < 0.05 at the network
level through the network-based statistics approach that corrects for
the false discovery rate. We will focus on the result description and
discussion on the key hubs of these networks. Hubs are here defined
as nodes in the network to which a larger number of significantly
affected edges connect when compared with other affected nodes.
Without these hubs the affected network would not exist and so they
are key in mediating the effects under evaluation. For further details
regarding the pre-processing and analysis of MRI data please check the
Supplementary Information.

RESULTS
The impact of stress on the neuromatrix

Comparing controls with animals exposed to 21 days of a CUS
protocol, we confirmed that, as compared with controls, stressed
animals displayed increased plasma levels of corticosterone
(t=5.126, df.=39, P<0.0001 and h=836 95% confidence
interval (Cl)=(6.44-10.29), Figure 1a) and anxious-like behaviour
as they displayed reduced open-arm exploration in the EPM
(t=2.21, df.=39, P=0.033 and h=296 95% Cl=(1.99-4.00),
Figure 1b), as assessed in the 2 days preceding the scanning
procedures. These results illustrate the overall bioefficacy of the
stress protocol used in this study.

Using a voxel-based morphometry approach, we found that
21 days of stress exposure led to a decreased volume of the
prelimbic, cingulate, insular, retrosplenial, somatosensory, motor,
auditory and perirhinal/entorhinal cortices, the dorsomedial
striatum, nucleus accumbens, the septum, the bed nucleus of
stria terminalis, the thalamus (anteromedial, anteroventral, med-
iodorsal, paraventricular posterior), the hippocampus, the med-
iothalamic tract and mammillary peduncle, the PAG, the
interpeduncular, ventral cochlear, trigeminal and facial nuclei
(Figures 1c and e; see Supplementary Table 1a for full list of
significant FWE-corrected clusters). In addition, we found the
overall volume growth of the brain in these subjects (see
Supplementary Table 1) to be significantly lower in animals
exposed to 21 days of stress.

The analysis of the functional connectome after 21 days of
exposure to stress revealed a network that displays increased
functional connectivity in the stressed animals (d.f.=31, P=0.029,
h=127+0.20 95% Cl=(1.20-1.35), 13 connections; Figures 1d

© 2017 Macmillan Publishers Limited, part of Springer Nature.
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Control versus stressed animal comparison after chronic exposure to stress: (a) corticosterone levels as measured at day 21 of stress

(significant difference where **** denotes P < 0.0001); (b) time spent on the open arms of the elevated plus maze (significant difference where
* denotes P=10.033); (c) clusters of decreased grey matter volume in the stressed animals obtained through voxel-based morphometry (VBM)
in blue (voxel-level threshold P-uncorrected < 0.005, cluster size > 300 voxels); (d) network of increased functional connectivity in the stressed
animals as calculated in network-based statistics (NBS; connection-level threshold P-uncorrected < 0.005, networks were significant at
P < 0.05, family-wise error (few) corrected), nodes and edges colour coded according to statistical strength (t-value); (e) mean modulated grey
matter values within the affected areas, where **** denotes P < 0.0001, (f) mean connectivity within the significant network, where ****

denotes P < 0.0001.

and 1f; all statistics available in Supplementary Table 3). Two of the
internal sub-networks involve brain stem nodes: one links a node
involving pontine regions that include the reticular and locus
coeruleus/nucleus subcoeruleus (node no. 54) with the cingulate
(nos. 3 and 57) and the left primary somatosensory cortices (no.
27), and the other involving the link between the raphe (no. 36)
with bilateral primary somatosensory cortices (nos. 15 and 27). The
increased connectivity between the thalamus (no. 46) and the
hypothalamus (no. 56) is also worth noting, as well as with the
prelimbic region of the medial prefrontal cortex (no. 45); the latter
has also increased connectivity with the hippocampus (no. 20) and
with the retrosplenial cortex (no. 11). Finally, there was an
increased connectivity between habenular (no. 52) and amygdalar
(no. 37) nodes.

© 2017 Macmillan Publishers Limited, part of Springer Nature.

Patterns of stress responses in high and low responders

Next, and given that the response to stress is heterogeneous among
distinct individuals (Figures 1a and b), we further categorized the
animals’ response in two contrasting patterns: high and low
responders. For this purpose we used a composite of behavioural
(time spent in the open arms) and endocrine (concentration of
corticosterone in plasma) data to cluster the animals. The use of this
composite allows a more complex separation as not all animals with
behaviour deficits present a strong hormonal response, and vice
versa. This strategy (a k-means clustering, see Supplementary Table 4
for further statistics) allowed us to subdivide the stressed animals in 2
subgroups of 21 high responders (higher levels of corticosterone and
more anxious-like behaviour in the EPM) and 27 low responders
(lower levels of corticosterone and with less anxious-like behaviour),

Molecular Psychiatry (2017), 1-9
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Figure 2.

Low- versus high-responder animal comparison after chronic exposure to stress: (a) corticosterone levels measured at day 21 of

stress (significant difference where *** denotes P=0.0001); (b) time spent on the open arms of the elevated plus maze (significant difference
where * denotes P < 0.044); (c) clusters of decreased grey matter volume in the high-responder animals obtained through voxel-based
morphometry (VBM) in blue (voxel-level threshold P-uncorrected < 0.005, cluster size >300 voxels); (d) network of increased functional
connectivity in the high responders as calculated in network-based statistics (NBS; connection-level threshold P-uncorrected < 0.005,
networks were significant at P < 0.05 family-wise error (few) corrected), nodes and edges colour coded according to statistical strength (t-
value); () mean modulated grey matter values within the affected areas, where **** denotes P < 0.0001; (f) mean connectivity within the

significant network, where **** denotes P < 0.0001.

with significant different levels of corticosterone (t=4.50, df.=25,
P=0.0001T and h=6.61 95% Cl=(4.53-8.28), Figure 2a) and time
spent in open arms of the EPM (t=2.12, df.=25, P=0.044 and
h=2.95 95% Cl=(1.77-3.93), Figure 2b). For a side-by-side compar-
ison of all three final groups please see Supplementary Figure 1.

Restricting the analysis to the subjects who underwent the
stress protocol in set one and comparing the brain structure of
high and low responders after 21 days of stress, we found a global
atrophy in several brain regions, including: ventral orbital cortex,
primary somatosensory, retrosplenial and temporal associative
cortices, the hippocampal formation, the ventral tegmental area
(VTA, paranigral), the hypothalamus (dorsomedial), sensitive
trigeminal nucleus and the pontine reticular nucleus regions
(parvicellular) (Figures 2c and e; see Supplementary Table 2b for
full list of significant FWE-corrected clusters).

Molecular Psychiatry (2017), 1-9

When comparing the functional connectome of the high and
low responders, we found a network composed of 11 nodes
displaying increased functional connectivity in the high respon-
ders (d.f.=18, P=0.044, h=1.68 (1.52-1.82), 10 connections;
Figures 2d and e; statistics available in Supplementary Table 2)
that can be further subdivided into two main sub-networks. One
of these sub-networks has a hub in the right thalamus (no. 44) and
is connected with brain stem nodes such as the PAG (no. 31) and
ventral tegmental area (no. 42), but also with the subiculum (nos.
26 and 35). Another network has a hub on the subiculum (no. 26)
and is linked with the ipsilateral cingulum (no. 4), dorsomedial
striatum (nos. 22 and 62) and hippocampus (no. 10). Interestingly,
the latter displays increased connectivity with the ipsilateral visual
cortex (no. 59). Contrasting with the previous comparison, the
affected edges in this network are mostly short-range connections

© 2017 Macmillan Publishers Limited, part of Springer Nature.
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Figure 3.

Results from the interaction between response cluster (low and high responders) and stress duration (a, ¢ between days 0 and day 7;

(b, d) between days 7 and 21). (a, b) Clusters of grey matter displaying different volume changes obtained through voxel-based morphometry
(VBM). Clusters with increasing volumes in high responders compared with low responders are presented in red, and decreasing volumes in
blue (voxel-level threshold P-uncorrected < 0.005, cluster size > 300 voxels). (c, d) Network of altered functional connectivity as calculated in
network-based statistics (NBS; connection-level threshold P-uncorrected < 0.005, networks were significant at P < 0.05 family-wise error (few)
corrected), nodes and edges colour coded according to statistical strength (F-value). Increasing connectivity in high responders when
compared with low responders is coloured in red (days 0 to 7), and decreasing connectivity in blue (days 7 to 21). (e) Box plot of mean,
minimum and maximum connectivity change within the significant networks of (c, d) from days 0 to 7 to 21 relative to the day 0 mean. Mean
network changes were significant at day 7 (where ** denotes P < 0.0001) and day 21 (where * denotes P < 0.042).

between posterior (cortical and sub-cortical) and medial thalamic
areas (statistics for the comparison of connection length distribu-
tion available in Supplementary Table 5 and Supplementary
Figure 2).

Temporal dynamics in stress-induced changes
To test the longitudinal temporal dynamics of the stress-induced
shifts in brain volumes and in the functional connectome between

© 2017 Macmillan Publishers Limited, part of Springer Nature.

high and low responders to stress, using the second set of
animals, a mixed design analysis of variance was performed with
time as repeated measures within-subject factor (days 0, 7 and 21),
and cluster (high and low responders) as between- subject factor.

Between days 0 and 7, at the structural level, we found a trend for
decreased volumes in the raphe nuclei (paramedian), but increased
volumes in the precuneiform and cuneiform nuclei, and in the
isthmic reticular formation (Figure 3a; full list of significant FWE-
corrected clusters is available in Supplementary Table 2c and d).

Molecular Psychiatry (2017), 1-9
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Figure 4 Comparison between animal category (low and high responders) at day 0 (a, b) and day 7 (c, d). (a, ¢) Network of altered functional
connectivity as calculated in network-based statistics (NBS; connection-level threshold P-uncorrected < 0.005, networks were significant at
P < 0.05 family-wise error (FWE) corrected), nodes and edges colour coded according to statistical strength (t-value). Decreasing connectivity
in high responders when compared with low responders is coloured in blue (day 0), and increasing connectivity in red (day 7). (b, d) Mean
connectivity within the network between animal categories (where **** denotes P < 0.0001 in both).

In terms of functional connectivity, we found a network where high-
responders showed increasing connectivity, whereas low-responders
displayed a very small decrease (df.=1,18, P=0.010, n*>=0.20+0.04
(0.18-0.21), 16 connections; Figure 3c; all statistics available in
Supplementary Table 3). In this network, there were 14 nodes that
presented significantly affected edges, with important hubs in the
retrosplenial (nos. 14 and 60), somatosensory cortices (nos. 7, 13 and
15) dorsolateral striatum (no. 23) and hippocampus (no. 32). Of
notice is the increased connectivity between PAG (no. 31) and
cingulate (no. 3), and between the hippocampus (no. 32) and raphe
regions (no. 51).

In contrast, between days 7 and 21, there was a widespread
reduction in the volumes of the ventral orbital cortex, hippocampus,
lateral posterior hypothalamus, substantia nigra (reticular), nucleus
interpeduncular and VTA, sensitive trigeminal nucleus and the pontine
reticular nucleus regions (parvicellular) (Figure 3b; all significant FWE-
corrected clusters are available in Supplementary Table 2e). As for the
functional connectome analysis, a significant network was found with
decreasing connectivity in high responders that matched with a small
increase of connectivity in low responders (df.=1,18, P=0.004,

Molecular Psychiatry (2017), 1-9

N°=0.19+005 (0.18-0.21), 19 connections; Figure 3d; all statistics
available in Supplementary Table 3). Most significant changes occur in
cortical nodes of primary somatosensory cortices (nos. 15 and 27) and
their connections to retrosplenial regions (nos. 14 and 60) and to VTA
(no. 42) and thalamic regions (no. 52); there is also a strong
involvement of prelimbic region of the medial prefrontal cortex (no.
45), thalamic (no. 46), habenular (no. 52), hippocampal (nos. 19 and
20) and PAG (no. 31) nodes. Also of note is the decreased connectivity
between hippocampal regions (nos. 19 and 20) and sensory and
insular cortices (nos. 23 and 53), as well as between the pontine
reticular/subcoeruleus region (no. 43) and the retrosplenial cortex (no.
60). Again, we have an involvement of the frontal cortical areas with
long-range connections to posterior areas, although in this case
thalamic and hippocampal regions also display a role as can be seen
through the presence of more of these nodes and its increased
centrality. In Figure 3e we plot the mean network changes from day 0
to day 7 to day 21 revealing that despite the two opposing directions
of results, this effect is much stronger in the first week and revealing a
mean functional connectivity increase in high responders at day 21
relative to day 0.

© 2017 Macmillan Publishers Limited, part of Springer Nature.



Performing the same comparisons with control animals in place
of the low responder vyielded very similar results (see
Supplementary Figure 3 and Supplementary Tables 6 and 7 for
all clusters and statistics).

Predictive markers of the response to stress

To test whether the maladaptive response to stress is purely
developed during the stress exposure, or whether there are some
predictive markers that allow the early identification of vulnerable
individuals, independent sample t-tests were done at days 0 and 7
between high and low responders.

At day 0 we found a network surviving a connection threshold
of P < 0.0075, where the high responders have lower connectivity
than the low responders; this network is composed by 15 nodes
(df.=18, P=0.042, h=1.66+0.22 (1.57-1.76), 9 connections;
Figures 4a and b; see Supplementary Table 3 for all statistics)
and includes midbrain PAG (no. 31), median raphe regions (no. 51)
and thalamic and hippocampal regions (nos. 20, 38 and 46).

In contrast, at day 7, there was a network of increased
connectivity in the high responders (d.f.=18, P=0.027,
h=1.48+0.78 (1.17-1.80), 12 connections; Figures 4c and d; see
Supplementary Table 3 for all statistics) that involves connections
between hypothalamic (nos. 34 and 56), thalamic (nos. 44 and 46)
and habenular (no. 52) nodes, but also between these regions and
the cingulate/prelimbic cortex (no. 17), the amygdala and piriform
cortex (nos. 29, 39 and47), the hippocampus (no. 19) and the
septum (no. 33). Interestingly, this network mostly involves areas
that are known to be critical for the stress response. No significant
volumetric variations between high and low responders at day 0
were found.

DISCUSSION

The current work, using voxel-based morphometry, reveals that
several brain regions become atrophic after prolonged stress
exposure, including numerous cortical areas, the hippocampus
and the bed nucleus of stria terminalis. Voxel-based morphometry
analysis involve a voxel-wise comparison of the local grey matter
concentration. The exact nature and association of these
mesoscopic grey matter modifications with neurological and
psychiatric dysfunction are still a matter of debate but, generally,
variation of grey matter concentration is interpreted as cell size
modification, neural or glial cell genesis/apoptosis, spine density
or blood flow modifications.'®'” Our findings are in line with
previous studies assessing the morphological impact of stress in
the rat brain.?®3373° Previous histopathological studies show that a
chronic exposure to stress reduces dendritic arborization and
synapse density in many of these brain regions, as well as
neurogenesis within the hippocampus.?*3%3’

The next step of our analysis provided another insightful, and
biologically more relevant, view of the impact of stress upon the
central nervous system. Discriminating between resistant (low
responders) and vulnerable (high responders) subjects to a
biological challenge is of the utmost importance, but most studies
fail to undertake such contrast. The strategy of dividing stressed
animals into two groups that display a high versus a low response
to stress, based on a composite with behavioural-endocrine
measurement, allowed to distinguish the networks, and the nodes,
that are critical for such differential response.

This subsequent analysis revealed that some of the stress-
induced changes (for example, in the hippocampus) were similarly
present in high and low responders, but other changes such as
those in the orbital cortex, the VTA, the hypothalamus and the
pontine reticular nucleus were specific to high or low responders,
suggesting that these areas might be critical for determining a
differential response to stress. Interestingly, a previous study
described the VTA as a critical node for such maladaptive
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response to stress, where increased phasic firing of dopaminergic
neurons in the VTA was found to be a key factor in determining
susceptibility to depression under a social defeat protocol,*®
suggesting a role in passive resilience to stress.> Although no
structural alterations were previously reported in this context, our
results corroborate the important role of this structure. Impor-
tantly, alterations in gene expression in the VTA and nucleus
accumbens suggest the existence of secondary mechanisms of
resilience in these areas that may explain why antidepressants
promote adaptations.3%4°

From the dynamics perspective, the longitudinal analysis of
voxel-based morphometry data revealed two different progres-
sion patterns marked by small opposite volumetric variations in
brain stem nuclei after the first week of stress exposure, with
trends for a decrease in the raphe and for an increase in
precuneiform and cuneiform nuclei, and in the isthmic reticular
formation. Such pattern is followed in subsequent weeks by a
reduction in the volumes found in the previous comparison with
the addition of the substantia nigra (also a key area of the
dopaminergic system), the nucleus interpeduncular and sensitive
trigeminal nucleus. These shifts reveal the dynamics of the stress
response in terms of structural alterations, and reveal a progres-
sion pattern that is mechanistically relevant to understand the
causal effects of stress exposure in the whole brain.

Our second dimension of analysis was based on resting-state
functional connectomics. This innovative approach allowed us to
reveal a network of increased connectivity after stress that
includes connections between brain stem and cortical regions,
as well as widespread thalamic connections (with the hippocam-
pus, amygdala, prelimbic, insular and retrosplenial cortices),
highlighting the role of thalamic regions as a hub in the shifts
of connectivity after stress exposure. The increased connectivity
might seem a paradoxical result, given that stress exposure is
typically viewed as leading to decreased complexity of neuronal
connections. Nonetheless, this decrease may result in a reduced
specificity and segregation of the networks, and in an overall
increase of the synchrony of the signals, a tendency observed in
other studies where stress was also found to increase functional
connectivity.?>?%

Comparing different responders to stress, our analysis revealed
a hub in the right thalamus, exhibiting an increased connectivity
to brain stem nodes such as the PAG and ventral tegmental
nucleus, but also with the subiculum and entorhinal cortex.
Dendritic remodeling of parts of the thalamus have previously
been associated with increased anxious-like behaviour in stressed
animals*' but, to the best of our knowledge, this is the first to
report on the key role of this area in mediating the response to
stress. In turn, the right subiculum and entorhinal cortex display
stronger links with the ipsilateral cingulum, caudate and
hippocampus. Connections between the entorhinal cortex and
the hippocampus have been shown to play a key role in
neurogenesis in the dentate gyrus** under the modulatory
regulation of glucocorticoids, and anti-depressants are known to
improve neurogenesis in the hippocampus by reducing the
synchronicity between these regions,** an idea supported by our
results.

The study of the longitudinal dynamics in the functional
connectome between high and low responders to stress exposure
also revealed two contrasting events. In the acute phase (days Oto
7) of the stress response, high responders display an increased
connectivity in a sub-network that recapitulates well the described
acute stress response networks.** In contrast, later in the stress
exposure (days 7 to 21), even though there is a decreased
connectivity in a similar sub-network in high responders, this does
not reach the levels of low responders, revealing that the shift to
maladaptation to stress results from a faster and more intense
initial activation of these networks. Also of note across the
functional results is the presence of areas responsible for stimuli
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processing, from somatosensory to the visual cortex. Although
these areas are not commonly studied in stress, our results seem
to indicate that the way that these animals perceive the stressors
may be altered through an exacerbation of these circuits.

Comparing the temporal dynamics of the functional and
structural alterations, our results seem to point to an interdepen-
dence of effects. Considering the changes found during the first
week, it seems that the initial changes predominantly occur at the
functional level, with increased connectivity within a functional
network constituted by several regions commonly related to
stress. Such a functional response eventually triggers comple-
mentary anatomical alterations in key regions, such as the
orbitofrontal cortex and raphe nucleus, that are important in the
regulation of the serotonergic system, thus further consolidating
the functional alterations at day 21.

Finally, in a retrospective analysis, we decided to search for
predictors of differential response to stress. We found, before
the start of stress exposure, a functional network where high
responders had lower connectivity than low responders, that
includes links between mesencephalic reticular regions, pontine
raphe regions and thalamic and hippocampal regions. In contrast,
later at day 7 of the exposure to stress, we also found that high
responders displayed higher connectivity mostly in limbic
connections that are known to be critical targets of the stress
response, with a focus on the connectivity of the hypothalamus
and thalamus with the infralimbic/prelimbic cortices, the amyg-
dala and piriform cortex, the hippocampus and the septum. These
findings, especially at day 0, are also consistent with previously
published results describing the predictable relationship between
anxiety and exploratory behaviour with the development of stress
vulnerability.'>™"*

It is important to consider that all the functional data presented
here were obtained under anaesthesia. Although we controlled for
the effects of variations, isoflurane is known to act as an overall
inhibitor of neuronal activity and synchronicity, as measured by
functional MRI. These may reduce the effects observed, as more
subtle changes may be found if these experiments were
conducted in awake rats or during tasks.

In conclusion, the present study reveals a profound impact of
stress in the brain that results from two waves of changes, with an
inflection point around 1 week after the beginning of the stress
exposure (see Supplementary Video where we display first the
overall alterations resulting from the comparison of controls and
stressed animals, followed by all the differences in the temporal
evolution of the low and high responders from days 0 to 21). This
inflection point could play an important role in how stress-
associated psychiatric conditions are treated, for example, by
allowing tailoring of treatments to specific points in the course of
psychopathological development. More importantly, we were able
to distinguish the neuromatrix of subjects displaying distinct
responses to stress and highlight the critical role of the VTA,
thalamus and entorhinal cortex in the establishment of a
maladaptative response to stress, an interesting avenue to
investigate for future pharmacological intervention and therapeu-
tic innovation in psychiatry. Finally, we identified several
signatures, namely reduction in connectivity between mesence-
phalic reticular, pontine raphe, thalamic and hippocampal regions,
which may work as potential a priori markers of vulnerability to
the harmful effects of stress, serving as likely translatable aids for
early diagnosis of stress related brain pathologies.
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