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Detection of neuronal activity and metabolism
in a model of dehydration‐induced anorexia in
rats at 14.1 T using manganese‐enhanced MRI
and 1H MRS
Nathalie Justa,b* and Rolf Gruettera,b,c
In this study, hypothalamic activation was performe
NMR Biom
d by dehydration‐induced anorexia (DIA) and overnight food
suppression (OFS) in female rats. The assessment of the hypothalamic response to these challenges by manganese‐
enhanced MRI showed increased neuronal activity in the paraventricular nuclei (PVN) and lateral hypothalamus
(LH), both known to be areas involved in the regulation of food intake. The effects of DIA and OFS were compared
by generating T‐score maps. Increased neuronal activation was detected in the PVN and LH of DIA rats relative to
OFS rats. In addition, the neurochemical profile of the PVN and LH were measured by 1H MRS at 14.1 T. Significant
increases in metabolite levels were measured in DIA and OFS relative to control rats. Statistically significant
increases in γ‐aminobutyric acid were found in DIA (p=0.0007) and OFS (p<0.001) relative to control rats. Lactate
increased significantly in DIA (p=0.03), but not in OFS, rats. This work shows that manganese‐enhanced MRI
coupled to 1H MRS at high field is a promising noninvasive method for the investigation of the neural pathways and
mechanisms involved in the control of food intake, in the autonomic and endocrine control of energy metabolism
and in the regulation of body weight. Copyright © 2011 John Wiley & Sons, Ltd.
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INTRODUCTION

Recently, manganese‐enhanced MRI (MEMRI) has been demon-
strated to show an increased potential for the visualization of
functional neural circuits and anatomy in the brain of rodents (1,2).
In vivo tract tracing MEMRI methods enable the study of the
topography, plasticity and functionof neuronal circuits in individual
subjects (3,4), whereas activation‐induced MEMRI methods enable
the mapping of brain activation independent of hemodynamic
changes and following cellular depolarization (1,2,5). Compared
with blood oxygen level‐dependent functional MRI, MEMRI
methods have a high sensitivity and signal‐to‐noise ratio (SNR),
allow high spatial resolution three‐dimensional MRI, can reveal
cortical layers and can be helpful for connectivity studies (6).
Whether MEMRI techniques can provide surrogate markers of

neuronal activity remains to be answered, as the contrast
mechanisms following manganese injection depend on multiple
factors ranging from the type of functional challenge to the
specific type and number of neurons activated (2,5).
An important amount of attention is currently being focused on

obtaining an understanding of the neural mechanisms of feeding
(7,8). In order to understand the organization, interaction and
function of the neuronal pathways controlling feeding in normal,
obese and anorexic states, the identification of important neurons
and their connections is essential.
Anorexia is characterized by abnormal patterns of feeding

behavior and severe weight loss (9). The appetite‐regulating
network resides in the hypothalamus, where food intake is
controlled through pathways emanating from the arcuate nucleus
ed. (2011) Copyright © 2011 John Wiley & Sons, Ltd.
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(ARC) and terminating in the paraventricular nucleus (PVN) (10).
These findings led to the discovery of additional circuits, such as
the anorexigenic pathway emanating in the ARC and the
modulatory pathway emanating in the lateral hypothalamus (LH)
and the ventromedial hypothalamus. These pathways are func-
tionally modulated by neuropeptide Y (NPY), the appetite‐
stimulating neurotransmitter in the brain. Experimental findings
have revealed that NPY secretion is increased in the PVN in
association with increased hunger produced by fasting and dieting
(10). Within the ARC–PVN, homeostasis is deregulated by the
disruption of the NPY network, whether low or high NPY
abundance is elicited at target sites (10).

In this study, MEMRI was used to investigate the underlying
mechanisms of anorexia using a model of dehydration‐induced
anorexia (DIA) in female rats (11). This model of anorexia has been
studied extensively (11–14) and presents reproducible character-
istics that are useful to test the ability of MEMRI techniques to
investigate neuronal activity and neuronal pathways controlling
feeding behavior. In addition to MEMRI, the neurochemical profile
of PVN‐LH was determined using 1H MRS at 14.1 T.
MATERIALS AND METHODS

Animal preparation

All studies were performed in accordance with the local ethics
committee andmet the guidelines of the appropriate government
agency. Thirty‐six female Wistar rats [225–250g body weight on
Day 0 (D0)] were divided into three groups: control (CTL, n=12),
overnight food suppression (OFS, n=8) and dehydration‐induced
anorexia (DIA, n=16) groups. Two rats per group were discarded
from the study as failure of MnCl2 infusion was suspected. MR
experiments were conducted on one rat per group per session.
Animals were acclimatized in an animal facility under humidity and
temperature‐controlled conditions on a 12‐h light/dark cycle
during 1week before the beginning of the experiments. Animals
were allowed access to standard chow and drinking water ad
libitum during this period.

On D0, animals were placed in individual cages. Animals from
the CTL and OFS groups received water and food ad libitum; the
DIA group received 2.5% NaCl (Sigma, Zofingen, Switzerland) as
drinking solution (15). OnD3 at 18.00 h, theOFS rats had their chow
removed until theMR scanwas performed, 24 h later. The amounts
of food and drink weremeasured at 18.00h on D0, D1, D3, D7, D10
and D14. The body weights of the rats were also measured. On D3,
rats from each group were anesthetized with 2% isoflurane in a
mixture of O2 and N2O via a facemask. The tail vein was
catheterized for the intravenous infusion of MnCl2. Each rat
received an intravenous infusion of 100mg/kg at 100mM MnCl2 at
a rate of 0.5–1mL/h via the tail vein to avoid cardiac arrest. Animals
were gently manipulated all the time to avoid stress and suffering.
During infusion and until animals were completely recovered from
anesthesia, their temperature was carefully monitored and kept at
37±1 °C.

For 1H MRS studies, five female Wistar rats per group were used.
These ratsdidnotundergoMnCl2 infusionsandwerescannedonD4
after the start of the anorexic protocol (D0) for theDIA group of rats.

During the MR experiments, rats were anesthetized with 2%
isoflurane in amixture of O2 and N2O. The rats were positioned in a
dedicated holder with head fixation. Their body temperature was
maintained at 37.5 ± 0.5 °C using a temperature‐controlled water
circulation and a rectal probe. Their respiration rate was monitored
wileyonlinelibrary.com/journal/nbm Copyright ©
throughout the experiment. MRI was performed on D4, 24h after
MnCl2 infusion.

MRI data acquisition

All the experiments were performed on a 14.1‐T/26‐cm horizontal
bore magnet (Magnex Scientific, Oxford, UK). The magnet was
equipped with 12‐cm inner diameter actively shielded gradient
sets (Magnex Scientific) allowing amaximumgradient of 400mT/m
in 120µs. A home‐built quadrature 17‐mm transmit–receive
surface coil was used. Field homogeneities were adjusted using
an EPI version of FASTMAP (fast automatic shimming technique by
mapping along projections) (16–18).
After the preliminary adjustments (tuning, shimming, acquisition

of scout images for accurate positioning), fast spin echo images
(TR/TE= 2500/12ms; eight echoes; field of view, 25×25mm2;
matrix size, 256×256; axial slices; slice thickness, 0.5mm; eight
averages) were acquired. Three‐dimensional gradient echo
T1‐weighted images (TR/TE= 20/5ms; flip angle, 70° field of view,
25× 25× 25mm3; matrix size, 256× 256× 128; coronal slices;
bandwidth, 25 kHz; five averages) were acquired as part of the
MEMRI protocol.

Image analysis

MR images were processed and analyzed using Image processing
software (Image J 1.3.1_13; National Institutes of Health, Bethesda,
MD, USA) as well as custom‐written routines running in Matlab
(Matlab 7.4; The MathWorks Inc., Natick, MA, USA). The signal
intensity of each voxel of the three‐dimensional images was
normalized by the signal in a reference area to minimize variations
caused by system instability.

Bias field correction

Radiofrequency inhomogeneities over three‐dimensional images
were corrected using an in‐house bias field algorithm (19,20)
inspired by Styner et al. (21). The bias field ‘corrupted’ signal
intensity was modeled using Imeasured(y) = Itrue(y) × β(y) +N(y),
where I is the signal intensity, β is the multiplicative bias field, N
is the noise and y is the pixel position. Legendre polynomials were
used to model the bias field in combination with a priori
knowledge of the shape of the object to be corrected and the
estimation of tissue classes using a manually defined mask. The
segmentation of rat brain images was based on a three‐
dimensional atlas (UCLA rat brains; www.loni.ucla.edu/). The
registration process was performed using the similarity three‐
dimensional transform and the ‘thin plate spline’ transform after
selection of several landmarks on both source (atlas) and target
images. Estimation of tissue class statistics used a nonlinear
optimization evolutionary algorithm. Initial class values must be
given to the algorithm for parameter recognition and were based
on the histograms determined from manually drawn masks on
images to be corrected. The adequate determination of the bias
field and of the classes depends on the appropriate choice of the
degree of the Legendre polynomials, the number of iterations and
the number of classes chosen (19,20). All the images obtained in
the present study were bias field corrected.

Calculation of SNR

Regions of interest (ROIs) were drawn in the ARC, PVN, LH, pituitary
gland (PIT), hippocampus and amygdala with reference to the atlas
2011 John Wiley & Sons, Ltd. NMR Biomed. (2011)
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of Paxinos and Watson (22). For each rat, SNR was calculated in
these ROIs, as well as on a pixel‐by‐pixel basis. An ROI was drawn in
the image background for noise measurement. The positions of
these ‘noise’ ROIs were randomized over each group of animals.
The ratio of the signal intensity to the noise standard deviation was
calculated.

Group averaging

For a better definition of the differences between CTL, OFS and
DIA rats, and in order to target specific neuronal activation
following manganese enhancement in the hypothalamus, three‐
dimensional, gradient echo, T1‐weighted images from rats that
had underdone MRI were compared. Single images from CTL,
OFS and DIA rats from the same plane were adjusted to the
corresponding plane of the rat atlas of Paxinos and Watson (22).
To generate an averaged MnCl2 enhancement map from
animals in the same group and to compare them, three‐
dimensional images corresponding to the same plane were co‐
registered to the corresponding plane of a chosen rat per group.
A group MnCl2 enhancement map was calculated by averaging
individual three‐dimensional MR images in each group. In
addition, standard deviation maps were generated.
Comparison of MnCl2 enhancement maps

To compare the enhancement patterns of the different feeding
behaviors, a T‐score was computed using:

T ¼ x– − y–ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SD2

x
n þ SD2

y

m

q

where x– and y– are the respective averaged signal intensities of the
nearest four pixels of each pixel within the two group‐averaged
enhancement maps compared. SDx

2 and SDy
2 are the respective

variances within the two group‐averaged enhancement maps
compared. n and m represent the respective number of elements.
The T‐scores were thus computed to compare the similarity
between the enhancement patterns of the corresponding clusters
in the LH and PVN of the CTL, OFS and DIA group‐averaged
enhancement maps. The T‐scores were computed successively to
compare CTL andOFS, CTL andDIA and,finally, OFS andDIAgroups.

Statistical analysis

To investigate the enhancement patterns of the different food
regimes, MnCl2 enhancement maps were compared using
Student’s t‐test. The enhancement maps were thresholded at
p<0.05 (one‐tailed, uncorrected for multiple comparisons).

1H MRS in the hypothalamus

Localized 1H spectroscopy was performed using the SPECIAL
(spin echo, full intensity acquired localized) technique (23),
employing TE/TR = 2.8/4000ms in combination with outer
volume suppression and VAPOR (variable pulse power and
optimized relaxation delays) water suppression (24). A voxel of
interest of 50 μL was localized in the PVN‐LH region for all the
rats using the previously acquired three‐dimensional gradient
echo images. All first‐ and second‐order shims were re‐adjusted
using FASTMAP (17) in the voxel of interest, which resulted in
water linewidths of 23 ± 5Hz. To obtain adequate SNR, 640 scans
were acquired. For absolute quantification, the water signal was
NMR Biomed. (2011) Copyright © 2011 John Wiley &
acquired using identical parameters, except without water
suppression and averaging eight scans.

Quantification and statistics

The in vivo 1H MR spectra were processed using LCmodel (25). In
this study, 18 metabolite concentrations were quantified using
databases of simulated spectra of metabolites (24,25).

All data are presented as the mean ± standard error of the
mean (SEM). Unpaired Student’s t‐tests were applied to compare
data acquired in the three groups of rats.

RESULTS

Effect of DIA on body weight, food and drink intake

The body weight changes over 14 days for CTL, DIA and OFS rats
are presented in Fig. 1A. DIA rats demonstrated a significant
weight loss comparedwith CTL and OFS rats (t‐test, p< 0.0001) on
each measurement day. A significant body weight loss was also
measured for DIA rats relative to their body weight on D0 (t‐test,
p<0.0001).

Over 14 days, CTL and OFS rats had regular and continuously
increasing food and drink intakes (Fig. 1B). The food diet was
significantly reduced for DIA rats compared with the other
groups. The drink intake increased for the DIA group from D4
and was significantly higher than that for the CTL group at D14
(p< 0.05) (Fig. 1C).

Detection of neuronal responses in the hypothalamus
by MEMRI

MEMRI was performed on D4, 24 h following MnCl2 intravenous
injection into the tail vein for each rat. Three‐dimensional, gradient
echo, T1‐weighted images acquired at 14.1 T of CTL, DIA and OFS
rats are shown in Fig. 2A. At 24 h post‐MnCl2 injection,
characteristic MRI signal enhancement was noticed in various
brain regions for all rats independent of their diet condition: the
olfactory bulb, hippocampus, ventricles, hypothalamus, PIT and
cerebellum (n=30). The hypothalamus was the main focus of the
present study. Figure 2B shows a schematic overview of the
hypothalamic regions involved in the control of appetite. Some of
these regions showed more specific enhancement in DIA and OFS
rats, as illustrated in Fig. 2C, where hypothalamic ROIs as outlined in
Fig. 2A are shown for CTL, DIA and OFS rats.

Figure 3A compares the mean SNR for each group of rats in the
LH, PVN, ARC, PIT, hippocampus and amygdala. A significant mean
SNR increase was detected in LH (p<0.003), PVN (p<0.0003) and
ARC (p=0.02) in DIA rats with respect to CTL rats. OFS rats
presented increased mean SNR values identical to DIA in all
anatomical structures investigated except for ARC, but compar-
isons with CTL rats did not reach statistical significance (p>0.05).

Examples of SNR pixel‐by‐pixel maps in individual rats
examined on the same day (D4), 4 days after the onset of the
hypertonic saline treatment, are shown in Fig. 3B, C. A
rectangular ROI was drawn encompassing PVN and LH at the
same slice level for CTL, DIA and OFS rats. Figure 3D depicts a
schematic drawing of coronal slices from the atlas of Paxinos
and Watson (22), and corresponding to the slices shown in
Fig. 3B, C. The SNR level was significantly higher in PVN and LH
of DIA rats than in CTL and OFS rats. The identification of specific
structures, such as the medial parvicellular zone of the PVN of
the hypothalamus (PaMP), anterior magnocellular part of the
Sons, Ltd. wileyonlinelibrary.com/journal/nbm



Figure 1. Body weight, cumulative food intake and cumulative liquid intake measurements over 14 days. (A) Body weight records (CTL, control
DIA, dehydration‐induced anorexia; OFS, overnight food suppression). (B) Food consumed by CTL and DIA female rats receiving food ad libitum
(C) Liquid intake. CTL and OFS rats consumed tap water; DIA rats received a 2.5% NaCl solution. All values are the means (g, mL) ± standard error of the
mean (SEM) per group of rats. Student’s t‐test showed significant differences: *, $, +, ++, p<0.05.
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PVN of the hypothalamus (PALM), and ventral (PaV) and posterior
(PaPo) parts of the PVN of the hypothalamus (Fig. 3D), is difficult,
but higher SNR values can readily be noticed along the third
ventricle (3V) in DIA relative to CTL and OFS SNR maps.
Comparison of the neuronal responses to CTL, OFS and DIA
food regimes in the PVN and LH

The T‐score color‐coded maps are shown (Fig. 4A–C) for the
comparisons OFS–CTL (Fig. 4A), DIA–CTL (Fig. 4B) and DIA–OFS
(Fig. 4C). Several enhancing structures were identified by
T‐scores. Low T‐scores (T‐score < 15, p≥ 0.05) were found in all
the hypothalamic structures in the DIA–OFS T‐score maps.
However, DIA–OFS T‐score maps demonstrated that small
differences existed between DIA and OFS rats. DIA animals
showed higher hypothalamic activation than OFS rats. The
greatest differences (10 < T‐score < 15) were located along 3V at
the level of PVN. Statistically significant differences were found
over the entire brain slice for OFS–CTL and DIA–CTL T‐score
maps (15 < T‐score < 30, p<0.005). The T‐scores were highest in
the hypothalamus, in the nuclei of the septal complex and in the
amygdala (20 < T‐score < 30) in DIA versus CTL rats. The T‐scores
were also particularly elevated in OFS versus CTL rats with
wileyonlinelibrary.com/journal/nbm Copyright © 2011 John Wiley & Sons, Ltd. NMR Biomed. (2011
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differences covering much of the brain slice (15 < T‐score < 30).
Within the hypothalamic regions, T‐score maps revealed
important differences between DIA and OFS rats. In particular,
higher T‐scores were readily noticed in LH in DIA relative to CTL
rats compared with OFS relative to CTL rats. Moreover, the
highest T‐scores were found above the fornix for DIA–CTL
(T‐score ~ 30) and OFS–CTL (20 < T‐score < 30) T‐score maps in
areas corresponding to PaMP and PaPo. In DIA–CTL T‐score
maps, high T‐scores were also found in the central part of the
anterior hypothalamic area or the posterior zone of the LH in
the subfornical area, whereas, in OFS–CTL T‐score maps, high
T‐scores were located in areas under the PVN corresponding to
the posterior part of the anterior hypothalamic area.
Comparison of the neurochemical profiles of PVN at 14.1 T
in DIA, OFS and CTL rats

Examples of single‐voxel spectra measured by the SPECIAL
technique with peak assignment successively in CTL, OFS and
DIA rats on D4 are shown in Fig. 5B, with the voxels of interest
drawn in Fig. 5A.
Figure 5C compares the average metabolite concentrations in

the PVN‐LH region for each group of rats. Larger metabolite
)



Figure 2. Examples of bias field‐corrected, three‐dimensional, T1‐weighted images acquired at 14.1 T in individual rats scanned on the same day at
24 h post‐MnCl2 infusion (TR/TE = 20/5ms; flip angle, 70°; field of view, 25 × 25× 25mm3; matrix size, 256 × 256× 128; coronal slices; bandwidth,
25 kHz). (A) CTL, control; DIA, dehydration‐induced anorexia; OFS, overnight food suppression. Images are shown at the same level for comparison. The
square regions of interest (ROIs) encompassing the hypothalamus are shown. Zoomed images of these ROIs are shown in (C). (B) Schematic overview
of the hypothalamic structures involved in the control of appetite. ARC, arcuate nucleus; DMH, dorsomedial hypothalamic nucleus; f, fornix; LH, lateral
hypothalamus; PVN, paraventricular nucleus; VMH, ventromedial hypothalamic nucleus; 3V, third ventricle. (C) Hypothalamic structures from (A) in CTL,
DIA and OFS rats. PVN, LH and ARC structures show enhancement in DIA and OFS rats relative to CTL rats.

MANGANESE‐ENHANCED MRI OF ANOREXIC RATS
concentrations were measured for OFS and DIA rats than for CTL
rats. Significant increases were found for γ‐aminobutyric acid
(GABA) (unpaired t‐test, two‐tailed: CTL versusDIA, p= 0.0007; CTL
versus OFS, p= 0.0024), glutamate (Glu) (unpaired t‐test, two‐
tailed: CTL versus OFS, p=0.0005), myo‐inositol (myo‐Ins) (t‐test:
CTL versus DIA, p=0.008), taurine (Tau) (unpaired t‐test, two‐
tailed: CTL versus DIA, p<0.05; CTL versus OFS, p< 0.03), lactate
(Lac) (unpaired t‐test, two‐tailed: CTL versus DIA, p= 0.035),
N‐acetylaspartate (NAA) (unpaired t‐test, two‐tailed: CTL versus
OFS, p= 0.0014), creatine (Cr) (unpaired t‐test, two‐tailed: CTL
versus DIA, p= 0.035) and phosphocreatine (PCr) (unpaired t‐test,
two‐tailed: CTL versus OFS, p=0.021). The DIA and OFS groups of
rats showed no statistically significant differences for the
metabolite concentrations in the present study, except for Glu
(p< 0.05) and NAA (p= 0.018). With the hypothesis that DIA
induced a 10% loss of water, the metabolic profile of the DIA
rate was corrected (DIA‐corrected) and is also represented in
Fig 5C. Only GABA (t‐test, CTL versus DIA‐corrected, p= 0.0008),
myo‐Ins (unpaired t‐test, two‐tailed: CTL versus DIA‐corrected,
p=0.011) and Lac (unpaired t‐test, two‐tailed: CTL versus DIA‐
corrected, p< 0.05) conserved significantly higher levels for DIA
relative to CTL rats.
NMR Biomed. (2011) Copyright © 2011 John Wiley &
DISCUSSION

In this study, we have shown that MnCl2 can be used to detect
differences in the hypothalamus of female rats under different
feeding regimes. These results suggest that MEMRI is a
promising noninvasive method for the investigation of the
neuronal activation and neuronal circuitry involved in the
autonomic nervous system. Many studies have been conducted
to obtain an understanding of the mechanisms of DIA (11–14).
DIA rats limit their spontaneous food intake despite the
presence of endocrine and neuropeptidergic profiles of negative
energy balance, and share an identical profile of caloric deficit
markers with food‐restricted animals (11). Unlike food‐restricted
animals, spontaneous food intake in DIA animals (11) is not
stimulated by undetectable levels of circulating leptin and
insulin, increased plasma glucocorticoid concentrations, elevat-
ed NPY gene expression in the ARC and body weight loss.
Dehydration stimulates the compensatory drinking of water,
which subsequently helps to restore both intracellular and
extracellular fluid compartments (26). These adaptive processes
and responses to osmotic dehydration help to restore body fluid
homeostasis. The present work shows that MEMRI and 1H MRS
Sons, Ltd. wileyonlinelibrary.com/journal/nbm



Figure 3. Signal‐to‐noise ratio (SNR) comparisons. (A) Comparison of SNR calculated in small regions of interest (ROIs) in the lateral hypothalamus
(LH), paraventricular nuclei (PVN), arcuate nucleus (ARC), pituitary gland (PIT), hippocampus (Hip) and amygdala (Amyg) of rats (CTL, control; DIA,
dehydration‐induced anorexia; OFS, overnight food suppression). Data are presented as the mean ± standard error of the mean (SEM). (B) Example of
false color‐coded SNR pixel‐by‐pixel maps in CTL, DIA and OFS rats imaged on the same day. (C) Example of SNR pixel‐by‐pixel maps in CTL and DIA
rats imaged on the same day. (D) Schematic drawing of a coronal slice at a distance of −1.80mm from the bregma copied from the atlas of Paxinos and
Watson (22) and corresponding to the slices shown in (B) and (C). An ROI was drawn encompassing several hypothalamic structures, such as the PVN
and LH. AHC, central part of the anterior hypothalamic area; AHP, posterior part of the anterior hypothalamic area; ArcD, arcuate nucleus, dorsal part;
ArcL, arcuate nucleus, lateral part; ArcM, arcuate nucleus, medial part; f, fornix; mfb, median forebrain bundle; opt, optic tract; PaDC, paraventricular
hypothalamic nucleus, dorsal cap; PaLM, anterior magnocellular part of the PVN of the hypothalamus; PaMP, medial parvicellular zone of the PVN of
the hypothalamus; PaV, ventral part of the PVN; Pe, PVN of the hypothalamus; SO, supraoptic nucleus; sox, supraoptic decussation; SPa,
subparaventricular zone of the hypothalamus; TC, tuber cinereum area; VMHA, ventromedial hypothalamic nucleus, anterior part; 3V, third ventricle.
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are powerful techniques to obtain an understanding of the
differences between the physiological, behavioral, neuronal and
metabolic responses to fasting and DIA in the hypothalamus.
MEMRI for the investigation of hypothalamic structures

Many invasive biochemical and histological methods have been
used to investigate the hypothalamic–pituitary–thyroid axis
(11–14). Confocal microscopy and autoradiography are the
methods of choice for the imaging of hypothalamic structures in
the rat: immunohistochemical staining for Fos‐like immuno-
reactivity has become a standard technique for the investigation
of changes in neuronal activity. Despite their invasiveness, these
techniques offer the possibility to examine various nuclei of the
hypothalamus with high spatial resolution. The PVN contains 104

neurons in a volume of approximately 0.5mm3 on either side of
3V (27). c‐Fos techniques allow the precise localization of the
specific neuroanatomical structures of populations of neurons
that respond to stimulation. Quantification is performed simply
by counting the number of neurons labeled for Fos. However,
the procedures for Fos staining are not dynamic and neuronal
wileyonlinelibrary.com/journal/nbm Copyright ©
stimulations need to be strong and prolonged before quanti-
fiable Fos expression is reached. Furthermore, not all the
activated neurons express the Fos gene, and it is not clear
how to define a threshold for c‐Fos expression (28). Therefore,
the absence of c‐Fos expression cannot rule out the presence of
neuronal activity (28).
For the first time, three‐dimensional T1‐weighted MEMRI

images, in which hypothalamic structures, such as the PVN,
can be distinguished, have been obtained. Three‐dimensional
T1‐weighted gradient echo imaging appears to be an adequate
method for MEMRI studies, especially for the investigation of
smaller structures (1,29,30). At 14.1 T, the three‐dimensional
technique allowed a 98× 98‐µm2 in‐plane spatial resolution
following FASTMAP shimming. Increased T1 weighting of three‐
dimensional images, as well as increased spatial resolution,
would certainly further improve the detection of specific
hypothalamic structures. A recent study (31) has shown that
ultrahigh‐field micro‐imaging of the rodent brain can reveal
interesting anatomical structures up to an in‐plane resolution of
33 µm, although the aforementioned study was performed by
taking advantage of susceptibility differences at 14.1 T.
2011 John Wiley & Sons, Ltd. NMR Biomed. (2011)



Figure 4. Statistical maps of differential manganese‐related signals for rats (CTL, control; DIA, dehydration‐induced anorexia; OFS, overnight food
suppression). (A) T‐score maps for CTL versus OFS and OFS versus CTL rats. (B) T‐score maps for CTL versus DIA and DIA versus CTL rats. (C) T‐score maps
for OFS versus DIA and DIA versus OFS rats. Results are presented as color‐coded T‐scores thresholded using clusters to a significance level of p<0.05.
Brain regions were identified by overlaying images on the rat brain atlas of Paxinos and Watson (22). (D) Hypothalamic brain structures can be
identified by reference to the panel of the atlas of Paxinos and Watson (22) at level 28 (distance from bregma, –2.12mm). A table of the list of
abbreviations is given.

MANGANESE‐ENHANCED MRI OF ANOREXIC RATS
Detection of enhancement in the hypothalamus with MEMRI
following overnight food deprivation and dehydration
challenges

In this study, increased MnCl2 enhancement was seen in the LH,
PVN and ARC of DIA and OFS rats compared with ad libitum‐fed
rats, in line with previous MEMRI studies (32–34). Compared with
previous studies, Mn2+ enhancement was examined at 24 h post‐
injection without using dynamic T1‐weighted methods. Moreover,
there was no need to disrupt the blood–brain barrier (35). Using a
dynamic T1‐weighted protocol, Kuo et al. (34) showed significant
differences in enhancement between fasted and nonfasted mice
that also underwent overnight fasting: PVN, approximately +10%;
ventromedial hypothalamus, approximately +20%; periventricular
nucleus of the hypothalamus, approximately +24%; ARC, approx-
imately +20%; however, no significant difference was found in PIT.
In the present study, significant SNR differences were found
between CTL and OFS rats in hypothalamic regions with small ROI
analysis: SNR positive differences of 39% and 22% were found in
NMR Biomed. (2011) Copyright © 2011 John Wiley &
LH and PVN, respectively, for OFS rats compared with CTL rats.
Partial volume effects, as well as variability between animals of
the same group, may explain why no statistically significantly
different SNRs were found in ARC and PIT. Pixel‐by‐pixel SNR
maps, as well as T‐scores, revealed increased differences in PVN
and LH and along 3V. In ARC of fasted mice, Kuo et al. (34)
detected a fast and strong signal enhancement during Mn2+

infusion, as well as faster signal intensity decay post‐infusion,
relative to other hypothalamic regions. Therefore, Mn2+ washout
at 24 h post‐injection may explain why no significant difference
can be seen in ARC in both ROIs and pixel‐by‐pixel maps.

Both ROI and pixel‐by‐pixel analyses revealed statistically
significant SNR enhancement in DIA rats with respect to CTL and
OFS rats. Increased SNR in the hypothalamus of DIA rats relative
to CTL rats was measured in PVN (approximately +59%), LH
(approximately +53%) and ARC and PIT (approximately +28–36%).
PVN are located inside the blood–brain barrier. Earlier MEMRI
studies showed that blood–brain barrier disruption was necessary
to detect signal intensity enhancement in these nuclei (35).
Sons, Ltd. wileyonlinelibrary.com/journal/nbm



Figure 5. Single‐voxel spectra acquired in the hypothalamus of rats at 14.1 T with metabolite assignments. (A) Example of a voxel of interest (localized
in the hypothalamus) overlaid over three‐dimensional, T1‐weighted images of rats (CTL, control; DIA, dehydration‐induced anorexia; OFS, overnight
food suppression). (B) Spectra of CTL, DIA and OFS rats. (C) Neurochemical profile of the paraventricular nucleus of the lateral hypothalamus acquired
at 14.1 T. Metabolites were compared in a voxel of interest of identical size for CTL, DIA and OFS rats. Data are presented as the mean± standard error
of the mean (SEM). An unpaired two‐tailed t‐test was used; p<0.05 was considered to be significant. *Statistically significant difference for CTL versus
DIA rats. +Statistically significant difference for CTL versus OFS rats. DIA‐corrected represents the neurochemical profile of DIA rats assuming a 10% loss
of brain water. $Statistically significant difference for CTL versus DIA‐corrected rats. Cr, creatine; GABA, γ‐aminobutyric acid; Glc, glucose; Gln,
glutamine; Glu, glutamate; Ins, myo‐inositol; Lac, lactate; Mac, macromolecules; NAA, N‐acetylaspartate; PCr, phosphocreatine; Tau, taurine; tCr, total
creatine (Cr + PCr).
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However, recent studies (32–34), including the present work, have
shown that Mn2+ slowly distributes to distal regions from ARC
where the blood–brain barrier is not present. Increased activation
in hypothalamic nuclei and other brain structures as a result of
saline administration was also found in previous MEMRI and c‐Fos
studies (35).
Evaluation of relevant differences between CTL, OFS and
DIA rats

Although it is important to detect Mn2+ enhancement within
and between groups of animals, it is also important and
challenging to define appropriate methods to compare images
of functional information between groups of animals. Tech-
niques currently rely on image normalization and registration
processes, whereby images are transformed into the same
stereotactic space for subsequent analysis. Recently, such
optimized analyses have been conducted in other MEMRI
wileyonlinelibrary.com/journal/nbm Copyright ©
studies (29,36). In the present study, group‐averaged T‐score
maps were used. One of the main results of this analysis was
that fasting and DIA significantly affected a large part of the rat
brain. Significant changes were revealed not only in the
hypothalamus, as expected, but also in the amygdala and septal
nuclei, which has not been reported previously for DIA.
One of the major goals of current studies of the regulation of

food intake is to determine reproducible and recognizablemarkers
of feeding behavior. In anorexia, the drive to increase food intake in
the face of negative energy balance is reduced or totally
eliminated. The mechanisms inhibiting appetite and food intake
are still poorly understood. In the current study, we aimed to
determine the differences in the hypothalamus between fasted
and anorexic rats using MEMRI. For a further understanding of
anorexigenic mechanisms, it is important to identify specific neu-
ronal activations in specific areas of the hypothalamus. The T‐score
maps revealed significant increases in activation patterns that
should correspond to increased neuronal activity within the PVN
2011 John Wiley & Sons, Ltd. NMR Biomed. (2011)
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and LH of DIA and OFS with respect to CTL rats. Moreover,
increased activation of PVN and LH was found for DIA compared
with OFS rats. These findings appear to correlate with previous
studies on neuronal activation of the hypothalamus following
fasting and DIA: the drinking of hypertonic saline elicited
statistically significant Fos expression in the LH, ARC, lateral
parvicellular part (autonomic and behavioral control) and lateral
magnocellular part (endocrine control) of the PVN of DIA rats
compared with the corresponding areas in control rats (11). Acute
fasting (24–72h) also increased Fos expression in several nuclei of
the hypothalamus (37). Nevertheless, attributing increased MEMRI
enhancement to specific nuclei in the hypothalamus appears to
be difficult at this stage and requires further investigation.
Studies investigating an inhibitor of food intake, glucagon‐like

peptide 1 (GLP1), demonstrated significant increases in Mn2+

enhancement in the PVN and ARC relative to fasted animals
(32–34). GLP1 clearly demonstrated an anorectic effect mediated
through the PVN of the hypothalamus with a reduction in
orexigenic neuron [NPY/Agouti‐related protein (AgRP)] expression,
an enhancement of anorexigenic neuron [pro‐opiomelanocortin/
cocaine–amphetamineregulated transcript (POMC/CART)] expres-
sion and a reduction in adenosine‐5′‐monophosphate‐activated
kinase (AMP) expression opposed to that seen in 48‐h‐fasted rats
(38).AlthoughDIAmayfollowsimilarmechanisms, itappears that, in
this model of anorexia, the role of NPY ismore complex (14).
Neurochemical profile of the hypothalamus investigated
using 1H MRS at 14.1 T

For a better understanding of the metabolic mechanisms engaged
to generate anorexia, the neurochemical profiles of the PVN and LH
of the hypothalamus were determined using 1H MRS at 14.1 T. The
measurement of the rat hypothalamic neurochemical profile by
MRS is not an easy task because of its deep localization within the
rat brain. In the present study, a few challenges were overcome by
measuring the neurochemical profile of the upper part of the
hypothalamus at 14.1 T. A dedicated in‐house‐built flat quadrature
surface coil (ellipse‐shaped loops) was centered over the upper
part of the hypothalamus of the rat brain and, to enhance power
settings, a 500‐W radiofrequency amplifier was used. 1H spectros-
copy was performed only when the water linewidth was below
28 Hz for acceptable water suppression and outer volume
suppression.
The neurochemical profiles of the PVN and LH were significantly

different in DIA and OFS rats relative to ad libitum‐fed rats.
However, similar neurochemical profiles weremeasured in DIA and
OFS rats.
Osmotic dehydration is caused by salt loading. In response

to changes in osmolality, a cell shrinks or swells and then
exhibits a regulatory volume increase or decrease. On hyperna-
tremic challenge, a cell loses water until the intracellular and
extracellular osmolality are equal. The recovery of water is
mediated through inorganic (Na+, K+, Cl–) and organic [Glu,
glutamine (Gln), Tau, myo‐Ins] osmolytes (26).
Rats (39–41) and rabbits (41) exposed to acute hypernatremia

demonstrate a rapid decrease in brain water content (7–12%),
followed by an increase in solute concentration. Volume regulation
is mediated by Na+, K+ and Cl– derived from the bulk flow of NaCl
from the cerebrospinal fluid and contributions from blood and
transcellular water. Under sustained hypernatremia over several
days, brain water and volume values are restored to normal.
Moreover, prolonged hypernatremia results in an accumulation of
NMR Biomed. (2011) Copyright © 2011 John Wiley &
organic osmolytes to restore the total brain water content to
normal levels.

In the case of prolonged hypernatremia, as in this study, DIA rats
have unrestricted access to hypertonic water. Cellular dehydration
is expected to be compensated for by the continuous ingestion of
water loaded with sodium over 4days of the protocol. As a
consequence, volume regulation and cerebral adaptation occur.
The formation of edema was not observed. In addition, no renal
dysfunction was observed in rats, as urine was normally excreted
over 4 days and excess sodium should have been rapidly excreted
in the urine.

In DIA rats, significant increases in GABA, Glu, Cr and Tau were
found. PCr, NAA and Gln also showed a tendency to increase.
Simultaneously, a tendency for glucose to decrease was found, but
was not significant. Previous studies in dehydrated anorexic rats
have shown that normal plasma glucose concentrations are
maintained (42). These observations show that the response to
negative energy balance is biased towards increased glycogenol-
ysis and lipolysis, as expected. Similar changes were found in OFS
rats, showing that DIA rats maintain a normal metabolic response
to reduced food intake.

However, increased levels of Lac were detected in DIA rats, but
not OFS rats. A recent study in mice hypothalamus, using 13C high‐
resolution magic angle spinning (HR‐MAS), demonstrated Lac
accumulation following overnight fasting (43), as well as an in-
crease in GABA. The increase in GABA was attributed to increased
synthesis involving an increased activity of the Glu–Gln–GABA
cycle, as Glu and Gln are the main precursors of GABA (44). This
hypothesis matches the results of the present study, where
significant increases in Glu and Gln concentrations were found in
both DIA and OFS rats. Levels of Lac rose in DIA rats, following the
hypothesis of Lac acting as a neuronal fuel (44,45) as well as the
astrocyte to neuron Lac shuttle hypothesis (44,45).
Anorexic behavior and hyperosmolality

Hyperosmolality has been shown to generate glucose oxidation,
Lac production, the release of ammonia and amino acids, and
changes in brain nitrogen, sodium and potassium in the rat brain
(46,47). GABA concentrations increase significantly in rat brain as a
result of NaCl (240%), sucrose (98%) and glucose (26%) (46,47).
Increases in Tau, Glu, aspartate andGln have been attributed to salt
dependence only (46). Interestingly, changes in brain GABA, Glu,
aspartate and Tau do not seem to be influenced by their elevation
in the plasma (46). However, changes in metabolites are weighted
by the degree of hyperosmolar challenge. The protocol used in this
study was closest to the chronic moderate hypernatremia model
employed by Lien et al. (47). Their results were similar to those
observed in our study for DIA rats. Increases in Tau, Glu, Gln, inositol
and glycine, known as ‘idiogenic osmoles’, serve tomaintain the cell
volume in response to a hypertonic challenge (46,47). This
mechanism is expected to avoid the disruption of enzyme function
at the cellular level. The genesis of idiogenic osmoles is not
regionally specific: increases were noted in both the hypothalamus
and hippocampus in our study and for entire brain extracts in other
studies (46,47).

In the hypothalamus, changes in the osmoregulation mecha-
nisms demonstrate implications for the regulation of food intake
(10). Dehydration mechanisms, such as chronic water deprivation,
produce increasedNPY expression in the ARC to the same extent as
salt loading (48), but have different effects in the PVN (49).
Moreover, the hypothalamus plays a fundamental role in the
Sons, Ltd. wileyonlinelibrary.com/journal/nbm
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maintenance of body fluid homeostasis through vasopressin and
oxytocin release in response to osmotic stimuli (50,51). In particular,
it has been shown that hyperosmotic stimulation increases
oxytocin secretion (15) in the PVN, which receives inputs from
the forebrain osmosensitive network to regulate both vasopressin
and oxytocin secretion.

The neurochemical profile of the PVN‐LH in OFS rats presented
similar characteristics to that in DIA rats. In the OFS group,
changes in metabolite concentrations cannot be attributed to
hyperosmolality. One hypothesis may be that fasting also induces
osmotic changes in the hypothalamus in response to the need to
maintain plasma osmolality in the absence of food (52).

Importance of GABA

Fasting andDIA induce similar profiles of caloric deficits in rats (42).
Neurons of the PVN synthesize thyrotropin‐releasing hormone
(TRH) and corticotropin‐releasing hormone (CRH) which play
important roles in energy homeostasis (11). Under a restricted
food regime, rats show decreased TRH expression in the PVN and
increased expression of NPY in the ARC (11). By contrast, anorexic
animals show increased TRH expression in the PVN. Food‐restricted
and DIA animals show a similar reduction in CRH expression
comparedwith control animals. In the presentwork, they showed a
similar increase in GABA levels, known to suppress feeding in rats
and to have an impact on body weight loss (53). Watts (15)
suggested that CRH neurons of the LH are specifically activated by
the dehydration‐induced stimulus and project to TRH neurons in
the PVN, so that food inhibition as a result of low energy intake is
overridden by dehydration mechanisms. In addition, the majority
of inputs to neurons of the PVN contain the inhibitory
neurotransmitter GABA. No GABAergic neurons are located within
the PVN itself (54). GABAergic projections from regions surround-
ing the PVN (anterior hypothalamic area, dorsomedial hypotha-
lamic nucleus, LH, medial pre‐optic area), as well as from the
forebrain, convey inhibitory signals to CRHneurons in response to a
stressor, such as DIA or food deficiency, and limit hypothalamic
activity by an important braking mechanism that includes an
increase in GABA release at the level of the PVN (54). A potential
explanation of the similar GABA levels found in OFS and DIA rats
may be the regulation of the hypothalamus via different GABA‐A
receptor subunits (55,56).

CONCLUSIONS

Stimulation of the PVN and LH of the hypothalamus on cellular
dehydration produces changes in both neurochemistry and
neuronal activation. A specific response of the hypothalamic–
pituitary–thyroid axis is detectable with high‐fieldMEMRI andMRS.
The combination of MEMRI and MRS methods shows promise for
the investigation of the mechanisms and neural networks
responsible for anorexia.
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