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Exposure to chronic stress leads to an array of anatomical, functional, and metabolic changes in the brain that play a key role in triggering
psychiatric disorders such as depression. The hippocampus is particularly well known as a target of maladaptive responses to stress. To
capture stress-induced changes in metabolic and functional connectivity in the hippocampus, stress-resistant (low-responders) or
-susceptible (high-responders) rats exposed to a chronic unpredictable stress paradigm (categorized according to their hormonal and
behavioral responses) were assessed by multimodal neuroimaging; the latter was achieved by using localized 'H MR spectroscopy and
resting-state functional MRI (fMRI) at 11,7T data from stressed (n = 25) but also control (n = 15) male Wistar rats.

Susceptible animals displayed increased GABA- glutamine (+19%) and glutamate- glutamine (+17%) ratios and decreased levels of
macromolecules (—11%); these changes were positively correlated with plasma corticosterone levels. In addition, the neurotransmitter
levels showed differential associations with functional connectivity between the hippocampus and the amygdala, the piriform cortex and
thalamus between stress-resistant and -susceptible animals. Our observations are consistent with previously reported stress-induced
metabolomic changes that suggest overall neurotransmitter dysfunction in the hippocampus. Their association with the fMRI data in this
study reveals how local adjustments in neurochemistry relate to changes in the neurocircuitry of the hippocampus, with implications for
its stress-associated dysfunctions.
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Chronic stress disrupts brain homeostasis, which may increase the vulnerability of susceptible individuals to neuropsychiatric
disorders such as depression. Characterization of the differences between stress-resistant and -susceptible individuals on the
basis of noninvasive imaging tools, such as magnetic resonance spectroscopy (MRS) and magnetic resonance imaging (MRI),
contributes to improved understanding of the mechanisms underpinning individual differences in vulnerability and can facilitate
the design of new diagnostic and intervention strategies. Using a combined functional MRI/MRS approach, our results demon-
strate that susceptible- and non-susceptible subjects show differential alterations in hippocampal GABA and glutamate metabo-
lism that, in turn, associate with changes in functional connectivity. j
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structural and metabolic responses to prolonged stress associate
strongly with the emergence of neuropsychiatric disorders
(Sousa, 2016), our understanding of why some individuals are
more susceptible than others to developing stress-related disor-
ders of the brain remains poor. Noninvasive techniques such as
magnetic resonance imaging (MRI) and magnetic resonance
spectroscopy (MRS) offer unprecedented opportunities to con-
comitantly assess brain anatomy, function and metabolism in
stressed subjects. To date, only a few studies have used either in
vivo MRS to study changes in neurometabolism (Czéh et al.,
2001; Delgado y Palacios et al., 2011; Xi et al., 2011; Hemanth
Kumar et al., 2012) or resting-state functional MRI (rs-fMRI) to
explore how stress impacts on functional networks in rodent
models (Henckens et al., 2015; Magalhaes et al., 2018; Nephew et
al., 2018). Briefly, stress-induced changes in the concentrations of
N-acetylaspartate (NAA; Xi et al,, 2011), glutamate (Glu; Del-
gado y Palacios et al., 2011; Hemanth Kumar et al., 2012), glu-
tamine (Gln), GABA, taurine, myo-inositol (Hemanth Kumar et
al., 2012), and N-acetylaspartatyl-glutamate (Delgado y Palacios
et al., 2011) were reported after in vivo MRS analysis of the hip-
pocampus and prefrontal cortex. Those findings were comple-
mented by ex vivo studies (Knox et al., 2010; Llorente et al., 2012;
Perrine et al., 2014). Notably, the direction of changes were often
found to be inconsistent between studies (possibly because of
differences in the stress and MRS protocols), and only one of
those studies (Delgado y Palacios et al., 2011) attempted to ex-
amine interactions between the response to stress and metabolic
changes.

A central question in contemporary stress research concerns
the biological mechanisms underlying variable responses made
by individual humans and animals after exposure to stress. What
characterizes “stress resistance”? What underpins susceptibility
to the disruptive effects of stress, including predisposition to psy-
chiatric disorders? The value of MRS and MRI in understanding
the role of altered glutamatergic and GABAergic metabolism in
the pathophysiology of depression in patients has been demon-
strated previously (Sanacora et al., 2002; Abdallah et al., 2014,
2018). In the present study in rats, we used the chronic unpre-
dictable stress paradigm to mimic some of the phenotypic fea-
tures of depression (Bondi et al., 2008) to further explore the
neurobiological basis of resilience to stress using MRI and MRS.
Subsequently, rats were examined by MRS and MRI to obtain
measures of metabolic activity and functional connectivity (FC)
in their hippocampus; joint monitoring of these parameters has
been achieved in only a limited number of recent studies (Haag et
al., 2015; Ip et al., 2017; Chen et al., 2018). The experiments
reported in the current work extend our earlier report on FC and
structural changes in the brain of stressed rodents (Magalhaes et
al., 2018). Specifically, the previous analysis revealed changes in
the connection between the dorsal hippocampus and the pre-
frontal cortex when contrasting control and stressed animals.
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Hippocampal circuits have often been suggested to have a central
role in the development of stress-related dysfunctions. Stress is
known to interfere with memory by interrupting hippocampal-
fronto-cortical connectivity (Doyere et al., 1993; Jay et al., 2004; Cer-
queira et al., 2007). Stress triggers fear, anxiety, and dysregulation of
glucocorticoid-negative feedback within the limbic-hypothalamic-
pituitary-adrenal axis (LHPA) by disrupting information relay
between the hippocampus and amygdala, bed nucleus of the stria
terminalis and hypothalamus (Jacobson and Sapolsky, 1991; Aki-
rav and Richter-Levin, 1999; Pitkinen et al., 2000; Richter-Levin
and Akirav, 2000). Building on this background, the current
work couples MRS and rs-fMRI to establish whether stress-
susceptible and stress-resistant animals exhibit distinct neuro-
chemical and FC signatures.

Materials and Methods

Experimental design and statistical analysis. A set of 40 male Wistar rats,
aged 8 weeks, (Janvier Labs) was housed, in pairs, under standard labo-
ratory conditions (light cycle from 07:00 A.M. to 07:00 P.M.; tempera-
ture 22°C and relative humidity 55%) with ad libitum access to food and
water, unless otherwise specified. The animals were divided into two
subgroups: controls (n = 15) and experimental (n = 25). The latter
group was exposed for 21 days to a chronic unpredictable stress (CUS)
protocol. In this protocol, animals were stressed daily to a randomly
assigned stressor (1 h overcrowding, 1 h in a wet cage with water at 18°C,
1 h restraint, 15 min exposure to hot air, or inversion of the light/dark
cycle over a weekend). Control animals were gently handled on a daily
basis. This CUS protocol has been shown to induce a phenotype that
includes elevated plasma levels of corticosterone, and anxiety and altered
stress-coping behavior (Magalhdes et al., 2018). All animal experiments
were performed in strict accordance with the recommendations of the
European Community (2010/63/EU), the French (Decree No. 2013-118)
and Portuguese legislation (Decreto-Lei No. 113/2013) on the use and
care of laboratory animals; procedures were approved by the Ministere
de PEnseignement Supérieur et de la Recherche (APAFIS 1080) and the
regional committee on animal ethics (CETEA/CEA/DSV 1dF, protocol
ID 13-023). The work presented here is a continuation of our previous
study (Magalhaes et al., 2018), focusing on a subset of animals, exploring
MRS data and the functional circuits of the hippocampus. Metabolite
concentrations were compared first between the two experimental
groups (control and CUS) and then between the two stress clusters (low
and high responders) using independent samples t tests. The metabolites
found to be different were further explored via correlation analyses with
the individual stress assessment parameters through a Pearson corre-
lation analysis conducted using SPSS v25 (https://www.ibm.com/
analytics/data-science/predictive-analytics/spss-statistical-software;
RRID:SCR_002865).

The impact of the stress exposure (comparing controls to CUS
animals) and of the response to stress (comparing Low- and High-
responders) on the FC of the hippocampus was tested through two-
sample ¢ tests using MATLAB v7 (MathWorks; RRID:SCR_001622).
Association between the GABA/GIn and Glu—Gln ratios and the FC of the
hippocampus were explored by testing the interaction effect of the
ratios and the response cluster on the FC of the hippocampus between
the High- and Low-responder groups using MATLAB. Analysis was done
using the general linear model using FC as the dependent variable, the
cluster-by-neurotransmitter interaction as variable-of-interest and the
individual terms as co-variables.

The normality of all variables was confirmed through its skewness
(ranging from —0.5 to 1.3) and kurtosis (ranging from —0.4 to 3.1).
Three subjects (2 CUS and 1 control) were identified as outliers in their
behavior scores (diverging by >3 SD from the group average) and ex-
cluded from the analysis. Furthermore, one control was found to have
spectra with insufficient quality and for that reason was also excluded,
resulting in 36 animals (23 CUS and 13 Control) used in the first part of
the analysis. All raw statistics values, significances (with results consid-
ered significant at p < 0.05), measures of effect sizes (Hedges g) and
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Figure1.

a, Positioning of the MRS voxel over the right dorsal hippocampus. White mesh represents the rat corpus callosum, red mesh the CA1 field, blue mesh the CA2 field, green mesh the CA3

field and yellow the Dentate Gyrus. The box mesh represents the mean position of the SRMN voxel used for the experiment. b, An individual metabolic profile acquired from the right dorsal
hippocampus, its LCModel fit (red dotted line) and the contributions from our metabolites or resonances-of-interest. No filtering was applied. ¢, Three coronal slices representing the right dorsal

hippocampus ROI, overlaid over the average of an EPI scan.

group averages are presented whenever possible. Of the considered da-
taset, four additional animals were excluded from the association be-
tween neurotransmitter ratios and FC data because of movement
artifacts leading to low rs-fMRI data quality, resulting in 32 animals (20
CUS and 12 Control). By default no correction for multiple compari-
sons is presented and a stricter significance threshold of p < 0.01 was
used. However, emphasis was placed on results surviving correction
for the familywise error rate (FWER), correcting for the number of
connections. Visualization of the altered connections was done using
BrainNet Viewer (Xia et al., 2013; https://www.nitrc.org/projects/bnv;
RRID:SCR_009446).

Hormone and behavioral assessment. These tests were performed before
the MR scanning session. Anxiety-like behavior was tested in the elevated
plus maze (EPM), as described by Pego et al. (2008). Testing, performed
during the light phase of the day after the CUS protocol was completed,
involved measuring the time spent in the open arms (OA) of the maze.
On the following day, blood was collected from each rat by tail venipunc-
ture at 08:00 A.M., before MRI scanning session. Centrifugation at
13,000 rpm during 15 min was used to separate the sera which was then
keptat —80°C. Corticosterone (Cort) levels in the serum were assessed by
ELISA (Enzo Life Sciences).

MR data acquisition. MRI scanning was performed on a preclinical
BioSpec 11.7T scanner (Bruker) running on Paravision 6.0 (RRID:
SCR_001964). A 72 mm diameter volume coil was used for transmission
and a 4-channel phased array surface coil was used for reception. Before
scanning, animals were anesthetized using 4-5% isoflurane in a 1:1 mix-
ture of air and oxygen before being placed on a MR-compatible mechan-
ical cradle; after fixing with bite and ear bars the concentration of
isoflurane was reduced to 1-2% to maintain breathing at ~70/min.
Throughout, body temperature was maintained at 37-38°C using a cir-

culating hot water system. The scanning session included the acquisition
of a three-shot SE-EPI sequence (TE/TR = 17.5/2000 ms, 450 repeti-
tions, slice thickness of 750 wm, inter-slice gap of 0.25 mm in plane
resolution of 375 X 375 um?, FoV of 24 X 24 X 19.75 mm? covering the
cerebrum but not the cerebellum nor the olfactory bulb) and a localized
spectrum with the LASER (Garwood and DelaBarre, 2001) sequence
(TE/TR = 25/3500 ms, 128 averages) from a 18 ul voxel positioned at the
level of the right dorsal hippocampus. B-shimming was performed us-
ing the MAPSHIM Bruker routine leading to typical water linewidths of
11-13 Hz. Water suppression was achieved using VAPOR (Tk4c¢ et al.,
1999). A breathing wave trigger was used to reduce breathing movement
artifacts. EPI data were reconstructed using an in-house developed
MATLAB script.

MR data processing. Spectra were analyzed using LCModel 6.3
(Provencher, 1993; RRID:SCR_014455) and a simulated basis set.
Twenty metabolites were considered and the macromolecule baseline
was parameterized as described previously (Lopez-Kolkovsky et al.,
2016). Metabolite concentrations were derived using total creatine
(tCr = 8 mmol/L) as an internal reference of concentration. Based on
the literature, eight metabolites or ratios-of-interest were considered
in our statistical analysis: GABA and Glu, with their ratios to Gln
ratios serving as an index of GABA and Glu metabolism, as well as
myo-inositol (Ins), taurine (Tau), NAA (N-Acetylaspartic acid), total
choline (tCho) and the group of macromolecular resonances visible
between 0.9 and 1.9 ppm (MM1). The positioning of the voxel and a
representative spectrum is depicted in Figure 1, a and b.

Processing of fMRI EPI data was done using FMRIB Software Library
(FSL, https://fsl.fmrib.ox.ac.uk/fsl; RRID:SCR_002823). Preprocessing
steps included slice timing and motion correction, motion scrubbing,
and outlier detection, extraction of the skull from the brain, confound
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signal regression (excluding motion parameters, outliers, and average
global signal), nonlinear registration to the in-house developed SIGMA
template, spatial smoothing with a FWHM kernel of 8 mm, bandpass
filtering between 0.005 and 0.1 Hz and artifact cleanup using single sub-
ject ICA (Kelly et al., 2010). Subjects with movement exceeding 0.975
mm were excluded from the analysis because of excessive motion.

The in-house developed SIGMA functional atlas, which divides the
brain into 58 regions-of-interest (ROIs), built using a group ICA (Beck-
mann et al,, 2005) and RAICAR (Yang et al., 2008) for component vali-
dation, was used to analyze the functional data. The signal from each ROI
was extracted for each subject and the correlation between each ROI and
the right dorsal hippocampus calculated and normalized using the
fisher-z transformation to yield a measure of FC from the right dorsal
hippocampus to the rest of the brain. The seed ROI and a sample of the
functional data can be seen in Figure Ic.

Clustering. Animals were clustered into “high-responding” (high Cort,
low OA time) and “low-responding” (low Cort, high OA time) groups,
i.e., according to their basal Cort levels and time spent in the OA of the
EPM. As described by Magalhies et al. (2018), a k-means clustering al-
gorithm with two cluster centers was applied to the normalized biochem-
ical and behavioral data. The rs-fMRI and MRS data were subsequently
analyzed as a function of the degree of each individual animal’s resistance
or susceptibility to stress.

Results

Response to stress

The effectiveness of the CUS paradigm was confirmed by com-
paring serum Cort levels and time spent in the OA of the EPM.
Serum Cort levels were increased in CUS-exposed rats versus
control animals (t value = 5.6, df = 30.7, p < 10 4 with Hedge’s
g = 1.53; Fig. 2a); CUS-treated rats spent less time in the OA of
the EPM, suggesting their increased anxious-like behavior (¢ =
—2.8, df = 34, p = 0.008, g = 0.97; Fig. 2b).

Using a k-means clustering algorithm, animals were divided
into two clusters (Magalhdes et al., 2018); this procedure pro-
duced clusters consisting of 10 animals each. Our previous obser-
vations were confirmed, with the High-responder cluster
presenting reduced levels of Cort (34 = 6.9,p < 10 %, g = 2.40,
independent two-sample t test; Fig. 3a) and increased time spent
in the OA of the EPM (3, = —4.8, p < 10~ % g = 1.30, by
independent two-sample t test; Fig. 3b) compared with the
High-responders.

Neurometabolic changes with stress

Comparison of neurometabolite concentrations between control
and CUS animals revealed that stress only caused a significant
change in the GABA-GIn ratio (Table 1a). On the other hand, the
High- and Low-responders showed significant differences in
the concentrations of MM1 (survives FWER correction) and in
the GABA-GIn and Glu—Gln ratios (Table 1b). Average spectra
for both groups are depicted in Figure 4.

Testing for possible correlations between the significant neu-
rometabolic changes (above) and Cort levels across all animals
revealed significant positive associations for GABA/GIn (p,, =
0.43, p = 0.008; Fig. 5a) and Glu/Gln (p34), = 0.36, p = 0.029; Fig.
5b), and a negative association for MM1 (p,) = —0.43, p =
0.009, Fig. 5¢). Examination of these correlations within each
subgroup revealed stronger effects for GABA/GIn in the High-
responders and smaller on low and control (pce rowresp = 0-09
Pcus-Lowresp = 0-18, and pcys mighresp = 0-35). For Glu/Gln
(Pcut-Lowresp = 017, Pcus-Lowresp = 0-36, and peus mighresp =
0.14) the association was stronger for the CUS Low-responders.
In the case of MM effects, the correlations were negative and were
stronger in Low-responders (pcutrowresp = 0-12, Pous-rowresp =
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Table 1. Differences in metabolite concentrations in the right dorsal hippocampus between: (a) Control and CUS animals; (b) the clusters of Low- and High-responders

(a) Control vs CUS

(b) Low- vs High-responders

t p Mean Ctrl Mean CUS q t p Mean Low Mean High q
GABA -2 0.06 232 2.68 0.68 —124 0.22 247 2.7 0.43
GABA/GIn —2.1 0.04 0.71 0.90 0.71 —2.1 0.04 0.77 0.95 0.73
Gln 0.47 0.64 331 3.19 0.16 1.51 0.14 336 2.98 0.52
Glu 0.58 0.56 9.57 9.23 0.19 —1.43 0.16 9.08 9.91 0.49
Glu/Gln —0.59 0.56 2,94 313 0.20 —2.05 0.05 2.87 3.46 0.71
Ins 0.41 0.68 8.1 8.01 0.14 1.48 0.15 8.17 7.82 0.51
MM1 1.13 0.27 2241 21.51 0.38 3.05 0.004 22.59 20.12 1.06
NAA 1.90 0.06 10.08 9.73 0.64 0.67 0.51 9.90 9.77 0.23
Tau 0.17 0.86 6.41 6.31 0.06 —1.39 0.17 6.09 6.86 0.48
tCho —0.17 0.86 1.08 1.09 0.06 —0.27 0.79 1.08 1.09 0.09

Here presented is the t statistic (f), the test significance ( p), mean values for each group and a measure of effect sizes (Hedge's g).

—0.36 and pcys tighresp = —0-19). The in-
dividual fits are shown in Figure 5.

No significant associations were found
between any of the metabolic changes and
the time spent in the OA of the EPM.

Correlation between neurotransmitter
levels and FC of the hippocampus

First, we tested the existence of differences
in the FC of the right dorsal hippocampus
between (1) Controls to CUS animals and
(2) response clusters. Several effects were
found in the first comparison (for statis-
tics, see Table 2a), although none survives
the full correction for multiple compari-
sons. For a threshold of p < 0.01, associa-
tions were found with the right primary
cortex (Node 1) and the prelimbic cortex

Low Responders

High Responders

(High-Low) x 5

(Node 8). No effects surviving any thresh-
old were found for the second comparison |

(Table 2b) 40

Next, we tested whether stress expo-
sure impacted on the correlation between
GABA-GIn ratio in the right dorsal hip-
pocampus and its FC. For this, the inter-
action of the metabolite’s ratio with the
group membership was calculated as the product of the two. The
interaction was used as variable-of-interest and the FC of each
connection as the dependent variable. No associations survived
either correction for multiple comparisons or a less-stringent
threshold of p < 0.01. Weaker associations (p < 0.05) were found
for the right posterior thalamic nucleus (Node 26), superior col-
liculus (Node 32), right entorhinal cortex (Node 41), and the
right accumbens (Node 57).

Subsequently, we tested whether the correlation between
GABA-GIn and Glu—Gln ratios in the right dorsal hippocampus
and its FC were dependent on the response to stress in the ex-
posed animals by examining the interaction with the response
clusters. The approach described for the interaction with the
group was again applied. Detailed results of this analysis are listed
in Table 2, ¢ and d, and shown in Figure 6, a and b. Briefly,
significant associations were found between GABA/GIn and the
clustering response to stress in the connection to the piriform
cortex (Node 3: t(39) = 3.71, p = 0.002, independent two-sample
t test); the left thalamus (Node 18: £(;5, = 3.98, p = 0.001, inde-
pendent two-sample ¢ test, survived FWER correction); and the
right amygdala (Node 34: t;,, = 3.01, p = 0.008, independent
two-sample ¢ test). Notably among the other associations, albeit

Figure 4.

1.0 ppm

Average spectra for the Low- and High- responders (mean == SD, black), corresponding LCModel fit (red dotted line)
and average glutamate, glutamine, and GABA changes between hoth clusters.

with lower levels of significance were those in connections to the
nucleus accumbens, the striatum and the raphe nucleus. An in-
teraction between the Glu—Gln ratio and the clustered response
to stress was also associated with FC of the hippocampus (Fig.
6d,e). Strong associations were found in connections with the
piriform cortex (Node 3: t;,y = 3.17, p = 0.006, independent
two-sample ¢ test) and the left thalamus (Node 18: t5o, = 2.94,
p = 0.009, independent two-sample ¢ test). Other associations,
with lower significance, are presented in Table 2, among which is
the right amygdala.

Last, these increases in the GABA—GIn and Glu-GlIn ratios
were associated with an average increase in FC in High-
responders (Fig. 6¢) and a decrease in Low-responders (Fig. 6¢,f).

Discussion

The present study used in vivo neuroimaging tools to reveal how
chronic stress affects the metabolism of two key neurotransmit-
ters (Glu and GABA) in the rat dorsal hippocampus; further it
examined how these changes correlate with behavioral and endo-
crine biomarkers of stress s susceptibility in individual animals
and FC patterns. We focused on the hippocampus because its
structure (Sousa et al., 2000; McEwen, 2002) and function are



Magalhdes et al. @ A MRS/fMRI Study of the Hippocampus of the CUS Rat

£
o
<
3
| L] L) 1) 1
0 50 100 150 200 250
Cort (ng/mL)
b
B ®
]
o
3
(C)
| L) L) 1) 1
0 50 100 150 200 250
Cort (ng/mL)
Cc
g
[¢]
£
E
) L] L] 1
0 50 100 150 200 250
Cort (ng/mL)

J. Neurosci., May 8, 2019 - 39(19):3640-3650 * 3645

1.5+ A
£
)
<
3
L L] L] L] 1
0 50 100 150 200 250
£
(C)
3
(O]
1-
L L) L] L) 1
0 50 100 150 200 250
Cort (ng/mL)
26+
=
=
[+]
£
E
13 T T L] L) L)
0 50 100 150 200 250

Cort (ng/mL)

+@ Controls-Low Responders
@ CUS-Low Responders
A+ CUS-High Responders

Figure5.

Associations between corticosterone levels and the metabolites found to be significantly different between clusters of response to stress: (a) GABA/GIn: p = 0.43,p = 0.008, df = 36;

(b) Glu/GIn: p = 0.36, p = 0.029, df = 36; or () MM1: p = —0.43, p = 0.009, df = 36. Left, Low-responders; right, High-responders to stress. Compact lines represent the overall described

association, whereas the individual dotted lines represent the different groups or clusters.

highly sensitive to stress (Luine et al., 1994; Conrad et al., 1996;
Kim and Diamond, 2002).

Exposure to a CUS paradigm was accompanied by a rise in
GABA concentrations in the dorsal hippocampus, indicating ac-
cumulation of the neurotransmitter, most likely in the intracel-
lular compartment. Furthermore, levels of NAA in this area
presented a decreasing trend, suggesting a compromise of neuro-
nal integrity.

The response to stress is known to be heterogeneous, with
some individuals being more susceptible to the impact of stress
upon brain and behavior. After clustering animals as High- and
Low-responders, based on their hormonal (corticosterone) and
behavioral (anxiety-like behavior) responses, we sought neuro-
metabolic signatures of resistance and susceptibility to stress.
While concentrations of NAA, GABA, and Glu did not differ
between High- and Low-responders, the ratios of GABA-GlIn and
Glu—Gln were higher in stress-susceptible animals. However, these

results should be regarded with caution because the effect sizes were
modest and did not survive correction for multiple comparisons.
Nonetheless, the observed disruptions of GABAergic and gluta-
matergic metabolisms are consistent with the literature. Some
authors reported that stress increased glutamate/tCr levels in the
ventral hippocampus (Delgado y Palacios et al., 2011), increased
GABA levels in the dorsal hippocampus (de Groote and
Linthorst, 2007) and anterior cingulate (Perrine et al., 2014); on
the other hand, others recorded stress-induced decreases in the
concentrations of Glu and GABA in these brain regions (He-
manth Kumar et al., 2012; Shao et al., 2015).

Furthermore we found decreased levels of MM1 in High-
responders (strong effect size). The MM1 signal was detected
by resonances that mostly correspond to those produced by
methylene and methyl groups in semi-mobile macromole-
cules (proteins and lipids; Behar et al., 1994). Reduction of this
signal likely reflects activation of cellular stress, inhibition of
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Table 2. Associations between the FC of the right dorsal hippocampus and every ROl in the SIGMA atlas

(a) Control vs CUS (b) Low- vs High-responders (c) GABA/GIn (d) Glu/GIn
No. p t p t p t p t

Right primary somatosensory 1 0.006 2.93 0.819 —0.23 0.376 0.91 0.497 0.7
Right cingulate cortex 2 0.657 0.45 0.441 0.79 0.569 0.58 0.302 1.07
Right piriform cortex 3 0.131 1.55 0.060 2.01 0.002 3.7 0.006 3.17
Right primary somatosensory cortex (BE) 4 0.366 0.92 0.552 —0.61 0.181 14 0.152 1.5
Left posterior lateral striatum 5 0.255 1.16 0.637 —0.48 0.073 1.92 0.179 14
Cingulate cortex 2 6 0.051 2.03 0.983 0.02 0.103 173 0.368 0.93
Cingulate cortex 3 7 0.887 0.14 0.851 0.19 0.710 0.38 0.528 0.65
Prelimbic cortex 8 0.004 3.10 0.419 —0.83 0.206 132 0.466 0.75
Right temporal association cortex 9 0.577 0.56 0.116 —1.65 0.410 0.85 0.326 1.01
Cingulate cortex 1 10 0.173 1.40 0.585 —0.56 0.955 —0.07 0.973 —0.03
Left primary somatosensory " 0.055 1.99 0.569 —0.58 0.086 1.83 0.296 1.08
Left primary somatosensory cortex (BE) 12 0.121 1.60 0.670 —0.43 0.161 1.47 0.185 1.39
Left pontine reticular/subcoeruleus 13 0.863 0.17 0.950 0.06 0.079 1.88 0.538 0.63
Right striatum 14 0.284 1.09 0.324 —1.01 0.020 2.58 0.275 1.13
Retrosplenial cortex 15 0.577 0.56 0.310 —1.05 0.956 —0.06 0319 1.03
Left dorsal medial striatu, 16 0.178 1.38 0.546 —0.62 0.408 0.85 0.277 1.13
Left CA1 (transition dorsal ventral) 17 0.714 —037 0.576 —0.57 0.361 0.94 0.348 0.97
Left ventrolateral thalamic 18 0.512 0.66 0.833 0.21 0.001 3.98 0.010 2.94
Left CA3 hippocampus 19 0.646 0.46 0.607 —0.52 0171 1.43 0.090 1.81
Leftinsular cortex 20 0.200 131 0.438 —0.79 0.165 1.46 0.107 1.7
Raphe (pallidum/magnun) nuclei 21 0.670 —0.43 0.579 0.56 0.030 239 0.013 2.78
Pontine nuclei 22 0.408 —0.84 0.695 0.40 0.084 1.85 0.384 0.89
Retrosplenial cortex 23 0.583 0.55 0.271 —1.14 0.443 0.79 0.141 1.55
Right Postsubiculum/retrosplenial granular cortex zone A 24 0.528 0.64 0.523 0.65 0.881 —0.15 0.864 0.17
Right Subcoeruleum/pontine reticular nu 25 0.229 —1.23 0.411 0.84 0.022 2,53 0.128 1.61
Right posterior thalamic nucleus 26 0.425 —0.81 0.881 0.15 0.095 1.78 0.076 1.9
Left amygdalar nuclei (Ce) 27 0.417 0.82 0.378 0.90 0.022 2,53 0.050 2.12
Right medial mammillary nucleus 28 0.074 —1.85 0.885 0.15 0.021 2.56 0.607 0.52
Left accumbens 29 0.452 0.76 0.927 —0.09 0.174 142 0.357 0.95
Right lateral accumbens shell 30 0.082 1.80 0.489 0.71 0.019 2.6 0.011 2.89
Right insular cortex 31 0.030 2.27 0.492 —0.70 0.168 1.44 0.053 2.09
Superior colliculus 32 0.369 0.91 0.390 0.88 0.431 0.81 0.063 2
Right subiculum 33 0.563 —0.58 0.059 2.01 0.101 1.74 0.185 1.38
Right amygdala (central, BLA, nuclei) 34 0.167 142 0.108 —1.69 0.008 3.01 0.049 2.14
Right (medial) habenular nuclei 35 0.727 —0.35 0.888 0.14 0.500 0.69 0.451 0.77
Right Raphe/median(paramedian) pontine reticular nucleus 36 0.435 0.79 0.938 —0.08 0.029 24 0.158 1.48
Left interpeduncular nucleus 37 0.926 0.09 0.393 0.88 0.446 0.78 0.993 —0.01
Hypothalamus 38 0.867 0.17 0.529 0.64 0.147 1.52 0373 0.92
Right Septal nucleus (triangular) 39 0.061 1.95 0.277 1.12 0.423 0.82 0.478 0.73
Left dorsal dentate gyrus of the hippocampal formation 40 0.939 —0.08 0.453 —0.77 0.507 0.68 0.271 1.14
Right intermedial entorhinal cortex 41 0.766 0.30 0.750 0.32 0.283 1 0.349 0.97
Right primary/secondary visual cortex 43 0.351 0.95 0.478 —0.72 0.492 0.7 0.338 0.99
Left subiculum (parasubiculum) 44 0.747 —033 0.759 0.31 0.243 —1.21 0.624 —0.5
Left CA1 (ventral) 45 0.646 0.46 0.610 —0.52 0.549 0.61 0.591 0.55
Retrosplenial granular cortex ¢ 46 0.156 1.45 0.536 —0.63 0.876 0.16 0.217 1.29
Right ventral tegmental nucleus 47 0.924 0.10 0.476 0.73 0.134 1.58 0.477 0.73
Right external cortex inferior colliculus 48 0.257 —1.16 0.367 0.93 0.473 0.73 0.414 0.84
Left parasubiculum 49 0.136 —1.53 0.400 —0.86 0.876 —0.16 0.904 —0.12
Dorsal lateral PAG 50 0.664 0.44 0.221 127 0.088 1.81 0.173 1.43
Left medial geniculate nucleus 51 0.895 0.13 0.792 0.27 0.128 1.61 0.214 1.29
Right inferior colliculus 52 0.287 —1.08 0.548 0.61 0.366 0.93 0.543 0.62
Retrosplenial cortex 53 0.012 2.68 0.955 0.06 0.524 —0.65 0.725 0.36
Left piriform cortex 54 0.189 134 0.240 1.22 0.558 0.6 0.234 1.24
Left striatum 55 0.692 0.40 0.688 —0.41 0.024 249 0.074 191
Left retrosplenial granular cortex a 56 0.226 1.24 0.706 0.38 0.967 0.04 0.843 0.2
Right accumbens 57 0.118 1.61 0.428 0.81 0.944 0.07 0.849 0.19
Left primary visual cortex 58 0.769 —0.30 0.277 —1.12 0.726 0.356 0.530 0.64

(a) Comparison between Control and CUS animals; (b) comparison between Low- and High-responders to stress; (c) GABA/GIn-Cluster interaction with FC; (d) Glu/GIn-Cluster interaction with FC. Here presented is the t statistic (£) and the

test significance ( p; with higher significances highlighted).

cell proliferation and/or alterations in the brain lipidome (OI-
iveira et al., 2016), specifically, of ceramide (Gulbins et al.,
2013; Oliveira et al., 2016). The ceramide pathway, recently
linked to adult hippocampal neurogenesis (Gulbins et al.,
2013, 2016), may therefore play a role in the development of
stress-related diseases, and help explain the bifurcation in the
responses to stress.

It is pertinent to note that inconsistencies between MRS-based
findings may be attributed to technical issues. For example, (1)
the spectra reported by Hong et al. (2009) were acquired using a
TE of 144 ms although macromolecules and J-coupled metabo-
lites (e.g., GABA, Glu) have very short-lived signals; (2) even
though Hemanth Kumar et al. (2012) used a spectroscopic voxel
(24 pl) comparable to that used by us, their spectral decomposi-
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tion exhibited a free-moving macromolecule baseline that could
contribute to substantial quantification errors (Xin and Tkéc,
2017); and (3) Shao et al. (2015) appear to have used an inappro-
priate free-moving macromolecule baseline.

By considering GABA—glutamine and glutamate—glutamine
ratios as proxy measures of metabolism in hippocampal neurons,
we observed associations with serum corticosterone levels but
not with changes in anxious-like behavior, a stress-related adap-
tation. The reasons for this apparent discrepancy are twofold.
First, because corticosterone and the measured metabolites di-
rectly reflect tightly-regulated brain biochemistry, interactions
between them are more likely to be detected than interactions
between neurotransmitter-hormone levels and behavior. Sec-
ond, behavioral measures such as anxiety-like behavior are a
summation of multiple inputs that are influenced by many fac-
tors that are, arguably, less easily related to specific changes in
neurotransmitter levels. As discussed below, this view is sup-
ported by previous reports that describe how high levels of corti-
costerone directly impact on neurotransmitter and receptor
expression.

Increases in glutamate turnover in the hippocampus have
been previously described in the context of the stressed brain
(Lowy et al., 1995; Venero and Borrell, 1999; Delgado y Palacios

etal.,,2011; Popoli et al., 2011). Increased extracellular glutamate
levels have been associated with glucocorticoid-induced (Stein-
Behrens et al., 1994; Venero and Borrell, 1999) neuronal atrophy
or reduced neurogenesis (Cameron et al., 1995; Sapolsky, 2000).
Because glucocorticoids reduce glutamate reuptake (Olivenza et
al., 2000; Yang et al., 2005) and increase glutamatergic neuron
excitability (Musazzi et al., 2011), we interpret our observations
as being suggestive of stress-elicited increases of de novo synthesis
of glutamate with parallel reductions in the rate of glutamate-
glutamine recycling. However, given that glutamate is a precursor of
GABA, it is conceivable that the changes observed are mainly be-
cause of alterations in inhibitory pathways; the overlap of FC nodes
and connections observed makes this notion plausible.

Notably, the increased FC in High-responders, linked to the
metabolic changes therein, is likely to be functionally important.
Increased synchronization of large populations of neurons and
subsequently, increased FC between distant brain areas arise by
filtering out small local oscillations that favor the emergence of
gamma fluctuations corresponding to global states of synchron-
icity (Fingelkurts et al., 2004; Pathak et al., 2016); importantly,
these are linked to GABAergic inhibition, as supported by the
present data. On the other hand, decreased FC, accompanied by
higher GABA and glutamatergic metabolism in Low-responders,
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likely reflects a balance between excitation and inhibition that
endures stressful insults.

Reinforced connections between the hippocampus and
amygdala have been previously described (Pitkinen et al., 2000),
as have their interactions in the context of stress-associated mod-
ulation of memory formation and learning (Akirav and Richter-
Levin, 1999; Richter-Levin and Akirav, 2000; Kim et al., 2001;
Roozendaal et al., 2009). The thalamus plays a key role in the relay
of information between different parts of the limbic system (Su
and Bentivoglio, 1990). In particular the anterior-dorsal nuclei,
with which our region of interest partially overlaps, are known to
project to the hippocampus (Wyss et al.,, 1979; Amaral and
Cowan, 1980; Shah et al., 2012; Jankowski et al., 2013) and to be
involved in memory formation and retrieval (Harding et al.,
20005 Stein et al., 2000; Aggleton et al., 2010; Dillingham et al.,
2015). The piriform cortex is not typically studied in stress.
Mainly associated with odor processing (Staubli et al., 1987; Hab-
erly, 2001), this area, and in particular its posterior components
(Litaudon et al., 2003) has been shown to have multiple functions
including a role in integration of information (Calu et al., 2007);
in fact, it plays a similar role to the thalamus with which it shares
strong connections (Ray and Price, 1992). In the context of stress,
the piriform cortex and its association with the amygdala are
thought to play an important role in the integration of predatory
scent information and fear conditioning (Kondoh et al., 2016), a
process which may be key in determining response to stress. The
piriform cortex, thalamus, and amygdala show commonalities in
their relationship with the hippocampus with respect to the inte-
gration and retrieval of fear-related memories. From a higher-
order system perspective, a striking feature of these results is that
they all involve sub-elements of the limbic system. This becomes
more evident by considering the participation of the striatum, the
raphé nucleus and the accumbens, also found to display altered
connectivity in response to stress. The limbic system is a key
mediator of the stress response (Morgane et al., 2005), through its
close association with the HPA axis and the raphé and the inter-
action between the serotonergic system, and GABAergic path-
ways (Jacobs and Azmitia, 1992).

Regarding the overall effect of CUS on FC, our results point to
interdependency between the alterations in FC and the neu-
rotransmitter ratios. As the comparison of the response is not
enough to explain the hippocampal related changes in CUS phe-
notype (Table 2b), it stands to reason that other variables may be
necessary to explain them. Furthermore, as we see in Figure 5, the
changes in the neurotransmitter ratios are likely related to corti-
costerone levels, suggesting that this increase may push the sys-
tem past a critical point, altering the nature of excitatory and
inhibitory circuits of the hippocampus, leading to increased syn-
chronicity with different regions.

A few limitations of this work should be mentioned. It re-
mains unclear whether the neurotransmitter alterations drive the
changes in connectivity or vice versa, or whether they are inde-
pendently driven by a common factor (e.g., perhaps corticoste-
rone) or the direction of changes in connectivity. The MRI and
MRS acquisitions were done under light anesthesia, which could
potentially dampen signal detection and reduce the range of
functional and neurotransmitter dynamics. The classification of
the response to stress considered only two dimensions of the
response, making it critical to explore other dimensions in future
studies, consider more complex classifications and even a spec-
trum of responses.

In conclusion, this study demonstrates that chronic stress al-
ters neurotransmitter metabolism in the dorsal hippocampus

Magalhdes et al. @ A MRS/fMRI Study of the Hippocampus of the CUS Rat

and relates these changes to alterations in FC of the brain. The
present observations are consistent with literature documenting
the remodeling of the hippocampus and related structures by
chronic stress.
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