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Hormonal satiety signals secreted by the gut play a pivotal role in the physiological control of appetite. However, therapeutic exploitation
of the gut– brain axis requires greater insight into the interaction of gut hormones with CNS circuits of appetite control. Using the
manganese ion (Mn 2�) as an activity-dependent magnetic resonance imaging (MRI) contrast agent, we showed an increase in signal
intensity (SI) in key appetite-regulatory regions of the hypothalamus, including the arcuate, paraventricular, and ventromedial nuclei,
after peripheral injection of the orexigenic peptide ghrelin. Conversely, administration of the anorexigenic hormone peptide YY3–36

caused a reduction in SI. In both cases, the changes in SI recorded in the hypothalamic arcuate nucleus preceded the effect of these
peptides on food intake. Intravenous Mn 2� itself did not significantly alter ghrelin-mediated expression of the immediate early gene
product c-Fos, nor did it cause abnormalities of behavior or metabolic parameters. We conclude that manganese-enhanced MRI consti-
tutes a powerful tool for the future investigation of the effects of drugs, hormones, and environmental influences on neuronal activity.
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Introduction
There have been considerable advances in understanding the
pathways regulating energy homeostasis in rodents and humans.
Appetite-modifying hormones released by the gastrointestinal
tract interact with CNS circuits of appetite regulation (Elmquist
et al., 2005; Stanley et al., 2005). However, the techniques tradi-
tionally used to investigate the neuronal– endocrinological inter-
face, such as characterization of immediate-early (IE) gene ex-
pression, suffer from significant limitations (Hoffman and Lyo,
2002). Magnetic resonance imaging (MRI) offers a means by
which the time course of neuronal activity in response to a stim-
ulus may be characterized in vivo (Liu et al., 2000; Tataranni and
Delparigi, 2003; Kringelbach et al., 2004; Smeets et al., 2005; Stark
et al., 2006).

Functional MRI paradigms that track neuronal activity
through correspondent hemodynamic changes are prone to sus-
ceptibility artifacts and lack resolution of structures such as the
hypothalamus (Ojemann et al., 1997). T1-based protocols such as
those used in manganese-enhanced MRI (MEMRI) are capable of

delivering higher spatial resolutions (Lin and Koretsky, 1997).
The paramagnetic properties of the manganese ion (Mn 2�) make
it an excellent T1 contrast agent. Furthermore, Mn 2� is able to
mimic calcium and enter cells via voltage-gated calcium channels
(VGCCs) (Hunter et al., 1981; Burnett et al., 1984; Drapeau and
Nachshen, 1984; Narita et al., 1990). These channels are found on
neurons, and therefore Mn 2� accumulates in neurons in an
activity-dependent manner. Thus, MEMRI is well suited to stud-
ies of neuroarchitecture and neuronal connections (Lin and Ko-
retsky, 1997; Saleem et al., 2002; Pautler, 2004; Van der Linden et
al., 2004; Watanabe et al., 2004) and to the monitoring of the
neuronal response to stimuli such as somatosensory stimulation
(Aoki et al., 2002) and injection of hypertonic saline (Morita et
al., 2004) in rodents.

The peptide ghrelin, synthesized predominantly in the stom-
ach, increases food intake in rodents and humans and has a pu-
tative role in meal initiation (Tschop et al., 2000; Wren et al.,
2001a,b). Peptide YY3–36 (PYY3–36) is the predominant circulat-
ing form of PYY, secreted by L-cells of the intestinal tract. In
contrast to ghrelin, PYY3–36 inhibits food intake in rodents and
humans (Batterham et al., 2002, 2003). Neurons in a number of
nuclei in the hypothalamus express receptors for ghrelin and
PYY3–36 and are thought to mediate the actions of these hor-
mones on feeding (Batterham et al., 2002; Wren et al., 2002b;
Stanley et al., 2005).

The application of MEMRI to the study of hormone action
within the CNS is complicated by the penetration of Mn 2� across
the blood– brain barrier (BBB). Use of BBB-disrupting agents, as
in other MEMRI studies (Aoki et al., 2002; Morita et al., 2004),
would result in loss of the differential access to CNS structures on
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which gut peptide activity depends (Bat-
terham et al., 2002; Stanley et al., 2005).
We have previously shown that intrave-
nous administration of MnCl2 causes sig-
nificant T1 shortening within 1 h in the
hypothalamus, even when BBB integrity is
preserved (Kuo et al., 2005; Chaudhri et
al., 2006; Kuo et al., 2006). We therefore
applied the technique of MEMRI without
BBB disruption to detect hypothalamic re-
sponses after administration of ghrelin
and PYY3–36.

Materials and Methods
Animal preparation. All studies were performed
in accordance with the United Kingdom Ani-
mals (Scientific Procedures) Act of 1986
(project license numbers 70/5516 and 70/5632)
and were subject to local ethical review. Male
C57BL/6 mice (16 –24 weeks of age; Harlan,
Bicester, UK) were used throughout. Animals
were maintained at 21–23°C under a 12 h light/
dark cycle (light period, 7:00 A.M. to 7:00 P.M.)
and were allowed ad libitum access to standard
chow (RM3; Special Diets Services, Essex, UK)
and drinking water unless otherwise stated.
Mice were acclimatized in a holding room ad-
jacent to the MRI laboratory before scanning.
The body weights (BWs) of the mice in the dif-
ferent experimental groups were not signifi-
cantly different (ANOVA, p � 0.55; data not
shown).

MRI parameters. Spin-echo multislice T1-weighted sequence imaging
was performed as described previously (Chaudhri et al., 2006; Kuo et al.,
2006) using a 9.4 T horizontal bore scanner (Varian, Palo Alto, CA) with
the following scanning parameters: repetition time, 600 ms; echo time,
10 ms; 1 average and 10 contiguous transverse slices of 1 mm thickness.
The scan time for each acquisition was 117 s. Imaging was performed
using a quadrature mouse head birdcage coil with an internal diameter of
25 mm (Magnetic Resonance Laboratories, Oxford, UK) to give a field of
view of 25 � 25 mm. The data matrix was 256 � 192, giving an in-plane
spatial resolution of �100 �m/voxel.

Experiment 1a: effects of ghrelin on Mn2� uptake in the hypothalamus of
ad libitum-fed mice. To measure the effects of ghrelin on hypothalamic
neuronal activation, MEMRI scans were performed on mice receiving
intraperitoneal injections of 0.06 nmol/g ghrelin (n � 5; Phoenix Pep-
tides, Belmont, CA), 0.3 nmol/g ghrelin (n � 4), or vehicle (0.1 M PBS;
n � 4). The doses of ghrelin were modified from a previous study (Wren
et al., 2001a), in which they were shown to stimulate food intake. Anes-
thesia was induced with 1.5% isoflurane– oxygen mixture (flow rate,
1.5–2.0 L/min) and maintained by 1% isoflurane– oxygen via a facemask
for the duration of scanning. The tail vein was cannulated for intravenous
infusion of MnCl2, and an intraperitoneal catheter was sited. The head
was centrally located inside the mouse head coil, and a phantom consist-
ing of a glass tube (4 mm internal diameter) containing 0.9% saline was
also placed in the head coil and scanned simultaneously with each ani-
mal. The rectal temperature of each mouse was monitored and main-
tained at 35.5 � 0.5°C by a heating system (SA Instruments, Stony Brook,
NY) throughout the scanning period.

Infusion of MnCl2 was started after three initial baseline acquisitions.
Each mouse received 5 �l/g of body weight of 63.2 mM MnCl2
(MnCl2�4H2O; Sigma-Aldrich, Poole, UK) at a rate of 0.2 ml/h and a
simultaneous bolus intraperitoneal injection (100 �l) of ghrelin or vehi-
cle. The dose of MnCl2 administered was chosen with reference to pre-
viously published literature in mice (Silva et al., 2004) and on the basis of
our pilot data, which demonstrated significant T1 changes in the hypo-
thalamus after application of this dosing protocol (Chaudhri et al., 2006;
Kuo et al., 2006). The temporal effects of ghrelin on hypothalamic neu-

ronal activation are not well understood, but an effect on food intake is
apparent from as early as 20 min after intraperitoneal injection into mice
(see below, Experiment 4a: effects of intraperitoneal administration of
ghrelin on food intake). Changes in MRI signal intensity (SI) are depen-
dent on changes in the rate of accumulation of Mn 2� ions in regions of
the CNS, and therefore an intraperitoneal injection of the ghrelin was
given simultaneously with the start of the intravenous MnCl2 infusion to
maximize the likelihood of ghrelin-mediated changes in neuronal activ-
ity coinciding with the phase of greatest Mn 2� movement into the hy-
pothalamus. After the baseline scans, an additional 63 acquisitions were
obtained, taking �2 h.

Image analysis. Image-processing software (NIH ImageJ 1.3.1) was
used to define regions of interest (ROIs) that corresponded to the hypo-
thalamic arcuate nucleus (Arc), the periventricular hypothalamic nu-
cleus (Pe), the ventromedial hypothalamic nucleus (VMH), the hypotha-
lamic paraventricular nucleus (PVN), the anterior pituitary gland (AP),
the posterior pituitary (PP), and the fourth ventricle, with reference to a
standard mouse brain atlas (Paxinos and Franklin, 2001) (Fig. 1). ROIs
were placed with reference to fixed anatomical features such as the third
ventricle and the pituitary gland. The size and shape of the ROI used were
identical across all mice. Although some interanimal variation would be
expected, this was minimized by scanning only male mice that did not
differ significantly in body weight.

The SI was measured within the ROI by an investigator blinded to the
experimental groups. To correct for changes in the SI caused by nonbio-
logical factors over the course of the scan, the SI of each target area was
normalized to the SI of the phantom scanned simultaneously with each
mouse (SI of target area/SI of phantom). Data are presented as absolute
normalized values and as percentage increase in SI over baseline values.
Baseline acquisitions were those obtained before the start of the intrave-
nous Mn 2� infusion and the administration of the intraperitoneal
injection.

To correct for slight variations in the time taken for the MnCl2 to enter
the circulation, the first enhancing time point of each scan was defined as
the acquisition in which the SI in the fourth ventricle was increased
�20% over baseline. The acquisitions were then realigned in time so that
the first enhancing acquisition was in register across all animals.

Figure 1. Relative positions of the transverse MRI slices within the mouse brain obtained during MEMRI scanning. The corre-
sponding ROIs from which the signal intensity profiles were generated are also shown. 4V, Fourth ventricle.
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Experiment 1b: effects of intravenous Mn2� on ghrelin-induced Fos-like
immunoreactivity. To test whether MnCl2 itself affected neuronal activ-
ity, staining for the product of the IE gene c-fos was performed on coronal
hypothalamic slices of male C57BL/6 mice. Ad libitum-fed mice were
anesthetized in an identical manner to that described in Experiment 1a.
Four experimental protocols combined intravenous infusion of either
MnCl2 or 0.9% saline with a simultaneous bolus intraperitoneal injection
of either ghrelin (0.3 nmol/g in 0.1 M PBS) or vehicle (n � 4 per group).
The concentration and rate of infusion of MnCl2 were identical to those
used in Experiment 1a. Animals were then killed and transcardially per-
fused with ice-cold PBS containing 4% paraformaldehyde 90 min after
intravenous administration of either MnCl2 or saline. After perfusion-
fixation, brains were removed and stained for Fos-like immunoreactivity
(FLI) as described previously (Dakin et al., 2004). Slides were examined
for FLI-positive nuclei using a light microscope, and images were cap-
tured using a Nikon (Tokyo, Japan) digital camera. The Arc, VMH, PVN,
and the paraventricular thalamic nucleus (PVTN) were defined with
reference to a standard mouse brain atlas (Paxinos and Franklin, 2001),
and the number of nuclei positive for FLI was counted by an investigator
blinded to the experimental groups.

Experiment 1c: effects on behavioral and metabolic parameters of Mn2�

administered under anesthesia. The dose of Mn 2� used in Experiment 1a
was similar to the dose administered intravenously in other MEMRI
studies in mice (Hu et al., 2001; Lee et al., 2005) and is lower than the dose
at which neurotoxicity has been reported. A cohort of mice (n � 8) was
allowed to recover and observed for a period of 3 months after scanning.
All mice survived with no visible neurotoxic manifestations. Formal be-
havioral analysis was also conducted to examine the possibility of neuro-
toxicity at the dose of Mn 2� used.

Mice (n � 12 per group) were anesthetized in a manner identical to
that described in Experiment 1a. Animals received 5 �l/g of body weight

63.2 mM MnCl2 or 0.9% saline intravenously at a rate of 0.2 ml/h and
were then allowed to recover from the anesthesia and monitored for 24 h
using an open-circuit Oxymax Comprehensive Laboratory Animal
Monitoring System (CLAMS; Columbus Instruments, Columbus, OH).
Animals were individually housed in Plexiglas cages through which air
was passed at a flow rate of 0.6 L/min. Mice were acclimatized to their
cages for 3 d before this study, and powdered chow and drinking water
were available ad libitum. During CLAMS monitoring, the ambulatory
activity of each mouse was measured using the optical beam technique
(Opto M3; Columbus Instruments). Consecutive photo-beam breaks
were scored as an ambulatory movement. Cumulative activity counts in
the x-axis were recorded every minute and were used to determine hor-
izontal movement. The food intake of each animal was also measured
every minute, and data are presented as 5 min mean of cumulative food
intake. Oxygen consumption (VO2) and carbon dioxide production
(VCO2) were also measured by volume every 30 min, and respiratory
quotient was calculated as the ratio VCO2/VO2.

In addition, for the first 1 h after intravenous infusion of Mn 2� or
0.9% saline and recovery from anesthesia, behavioral analysis was also
conducted by direct observation by an investigator blinded to the exper-
imental groups. Behavior was classified into eight different categories:
feeding, drinking, grooming, rearing, locomotion, head down, tremors,
and sleeping, as adapted from Fray et al. (1980). This technique has
previously been used to study behavior after neuropeptide administra-
tion (Abbott et al., 2001; Wren et al., 2002a; Neary et al., 2005; Smith et
al., 2006). During the analysis, each mouse was observed for 15 s every 5
min. This 15 s period was subdivided into three, and the behavior of the
mouse during each time period was scored.

Experiment 1d: blood glucose profile after infusion of Mn2� and injection
of ghrelin. To investigate whether changes in hypothalamic SI might be
secondary to changes in circulating glucose levels after infusion of Mn 2�

or injection of ghrelin, ad libitum-fed mice were anesthetized as in Ex-
periment 1a. Four experimental protocols combined intravenous infu-
sion of either MnCl2 or 0.9% saline with a simultaneous bolus intraperi-
toneal injection of either ghrelin (0.3 nmol/g) or vehicle (n � 4 per
group). The concentration and rate of infusion of MnCl2 were identical
to those used in Experiment 1a. At 0, 15, 30, 60, 90, and 120 min after the
start of the intravenous infusion and the administration of the intraperi-
toneal injection, blood samples for measurement of blood glucose were
taken from the tail vein upstream of the site of MnCl2 infusion.

Experiment 2: effects of PYY3–36 on Mn2� uptake in the hypothalamus of
fasted mice. Fasted animals demonstrate a significantly elevated SI in a
number of hypothalamic regions when compared with nonfasted coun-
terparts as measured by MEMRI (Chaudhri et al., 2006; Kuo et al., 2006),
and PYY3–36 has also been shown to reverse fasting-induced c-Fos ex-
pression in the Arc (Riediger et al., 2004). Therefore, to detect the possi-
ble effects of exogenous PYY3–36 on SI in the hypothalamus, MEMRI
scans were performed on fasted mice given intraperitoneal injections of
PYY3–36 (0.025 nmol/g; n � 5) (Phoenix Peptides) or vehicle (0.1 M PBS;
n � 5). Mice had their chow removed at 4:00 P.M. on the day before
scanning but were allowed ad libitum access to water. The following
morning, MEMRI scans were performed as described in Experiment 1a,
except that PYY3–36 was injected as an intraperitoneal bolus instead of
ghrelin. The dose of PYY3–36 chosen has previously been shown to de-
crease food intake in mice (Batterham et al., 2002).

Experiment 3: effects of hypertonic NaCl on Mn2� uptake in the hypo-
thalamus of ad libitum-fed mice. It is possible that the changes in SI seen
after ghrelin and PYY3–36 administration were attributable to the prox-
imity of the Arc to the median eminence (ME), a region lacking a com-
plete BBB and therefore likely to be the major point at which circulating
Mn 2� ions cross into the hypothalamus. Hypertonic (3%) NaCl injec-
tion has previously been shown to activate neurons, particularly in the
PVN and supraoptic nucleus (SON) of the hypothalamus (Han and
Rowland, 1996; Xiong and Hatton, 1996). To investigate whether
changes in T1-weighted MEMRI SI were attributable to possible effects of
exogenous gut hormones on the diffusion of Mn 2� ions away from the
ME via the Arc, ad libitum-fed mice (n � 5) were prepared as for Exper-
iment 1a. After the three baseline acquisitions, mice received a bolus
intraperitoneal injection of hypertonic (3%) saline (100 �l), coinciding

Figure 2. Transverse MEMRI images from a representative ad libitum-fed control mouse 1, 6,
12, 18, 24, 32, 48, and 60 min after the start of intravenous manganese infusion.

Kuo et al. • Gut Peptide–CNS Interactions Tracked by MRI J. Neurosci., November 7, 2007 • 27(45):12341–12348 • 12343



with the start of the intravenous MnCl2 infu-
sion. The SI within Arc, PVN, VMH, and SON
was analyzed.

Experiment 4a: effects of intraperitoneal ad-
ministration of ghrelin on food intake. Ad
libitum-fed C57BL/6 mice were monitored us-
ing CLAMS. Animals received a single intra-
peritoneal injection of either vehicle (0.1 M

PBS) or 0.3 nmol/g ghrelin (n � 8 per group) in
the early light phase. Animals were returned to
their home cage with ad libitum access to food.
During CLAMS monitoring, the food intake of
each individually housed animal was measured
simultaneously every minute for 150 min. Data
are presented as 5 min mean of cumulative food
intake.

Experiment 4b: effects of intraperitoneal ad-
ministration of PYY3–36 on food intake. The pro-
tocol used was identical to that described in Ex-
periment 4a, except that animals were fasted
overnight before early light phase injection of
vehicle (0.1 M PBS) or PYY3–36 (0.025 nmol/g)
(n � 8 per group).

Statistical analysis. All data are presented as
mean � SEM. Differences in SI and CLAMS
data through time were compared across ex-
perimental groups using generalized estimating
equation curve analysis (Stata 9.1; Statacorp,
College Station, TX).

In addition to comparison of the kinetic
curves, the percentage increase over baseline in
mean normalized SI 90 –120 min after Mn 2� infusion was compared
across ROI and treatment groups. This time period was selected for
analysis of the “mean regional enhancement” (MRE) on the basis that it
occurs during the final stages of the scan, after the end of the intravenous
MnCl2 infusion, and represents a relative plateau of SI in the ROI tested.
The start of this time period, at 90 min after intravenous infusion and
intraperitoneal injection, also coincides with the time point selected for
analysis of FLI.

Statistical analysis of the MRE, the FLI cell counts, and the observed
behavior patterns across treatment groups was performed using two-way
ANOVA with the Bonferroni correction for multiple comparisons.

Results
Experiment 1a: effects of ghrelin on Mn 2� uptake in the
hypothalamus of ad libitum-fed mice
Figure 2 shows representative images from the series in a single ad
libitum-fed control mouse. Administration of ghrelin intraperi-
toneally led to significant modulation of the MEMRI signal in a
number of the ROIs tested. On comparison of the change in SI
over baseline, significant differences between treatment groups
were seen in the Arc (Fig. 3A), VMH (Fig. 3B), PVN (supplemen-
tal Fig. 1A, available at www.jneurosci.org as supplemental
material) and Pe (supplemental Fig. 1B, available at www.
jneurosci.org as supplemental material). This was seen at both 0.3
nmol/g and 0.06 nmol/g doses of ghrelin.

In addition, in the VMH region, there was a significantly
higher level of enhancement in mice receiving 0.3 nmol/g ghrelin
than in those administered 0.06 nmol/g ( p � 0.001). In contrast
to these effects on the hypothalamus, injection of ghrelin resulted
in no significant modulation of signal in the AP (Fig. 3C), the PP
(supplemental Fig. 1C, available at www.jneurosci.org as supple-
mental material), or the fourth ventricle (supplemental Fig. 1D,
available at www.jneurosci.org as supplemental material). The
same effects were also evident on comparison of the dynamic
absolute SI profiles for the ROIs tested (supplemental Fig. 2A–H,
available at www.jneurosci.org as supplemental material).

Figure 4 shows representative images from control and
ghrelin-treated mice. The images are representative of the plateau
in signal intensity from the time period 90 –120 min after injec-
tion and therefore correspond to the time period selected for
MRE analysis. When the MRE data were compared across hypo-
thalamic ROIs, the Arc revealed the greatest percentage increase
over baseline for all experimental groups, and the least enhance-
ment over baseline was observed in the PVN (Fig. 4B). We found
no significant difference in MRE between controls and ghrelin-
injected animals in regions corresponding to the Arc, Pe, AP, PP,
and fourth ventricle. Significant differences in MRE were, how-
ever, seen in the region of the PVN in mice injected with 0.3
nmol/g and in the ROI corresponding to the VMH after injection
of either dose of ghrelin.

Figure 3. A–C, Time course of T1-weighted MRI signal change in the Arc (A), VMH (B), and AP (C) after intravenous MnCl2
infusion into nonfasted mice also receiving an intraperitoneal injection of 0.3 nmol/g ghrelin, 0.06 nmol/g ghrelin, or vehicle (n �
4 –5 per group). The arrows indicate the start of intravenous MnCl2 infusion and bolus intraperitoneal injection. The hatched bars
indicate the duration of intravenous infusion. NPE, Normalized percentage enhancement (percentage enhancement over baseline
of normalized signal intensity). *p � 0.05, ***p � 0.01 via generalized estimated equation. Data are presented as mean � SEM.

Figure 4. A, Transverse MEMRI images recorded during the steady-state plateau in SI 90 –
120 min after manganese infusion in mice also receiving an intraperitoneal injection of vehicle
or ghrelin (0.06 or 0.3 nmol/kg). B, MRE from 90 –120 min after intravenous infusion of MnCl2
and intraperitoneal administration of ghrelin (0.3 or 0.06 nmol/g) or vehicle in nonfasted ani-
mals (n � 4 –5 per group), expressed as percentage increase over baseline. *p � 0.05; **p �
0.01. Statistical differences between groups were determined by two-way ANOVA with post hoc
Bonferroni test. Results are mean � SEM. 4th V, Fourth ventricle.
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Experiment 1b: effects of intravenous Mn 2� on ghrelin-
induced Fos-like immunoreactivity
Mice administered intravenous Mn 2� demonstrated no signifi-
cant difference in FLI in all the areas tested compared with saline-
injected controls (Table 1). There was a significant increase in FLI
in the Arc in response to intraperitoneal ghrelin, as expected, and
coadministration of intravenous MnCl2 did not significantly alter
this response (Table 1). In the VMH, PVN, SON, and PVTN, no
significant change in the number of FLI-positive neurons was
seen after intraperitoneal ghrelin or intravenous Mn 2� adminis-
tration compared with control animals (Table 1).

Experiment 1c: effects on behavioral and metabolic
parameters of Mn 2� administered under anesthesia
The BWs of the Mn 2�- and saline-treated animals were not sig-
nificantly different, both groups gaining weight similarly over the
24 h (initial BW saline, 22.9 � 0.4 g; initial BW Mn 2�, 22.6 �
0.5 g; 24 h BW saline, 23.2 � 0.7 g; 24 h BW Mn 2�, 23.7 � 0.5 g;
p � 0.05). Intravenous infusion of Mn 2� into mice under isoflu-
rane anesthesia resulted in no significant difference in 24 h loco-
motion compared with saline-infused controls (data not shown),
nor was there a significant difference in food intake or respiratory
exchange ratio (data not shown). No significant difference in
observed behavior was noted in the 1 h after intravenous infusion

of Mn 2� compared with 0.9% saline-
infused controls (data not shown).

Experiment 1d: plasma glucose profile
after infusion of Mn 2� and injection
of ghrelin
The injection of 0.3 nmol/g ghrelin intra-
peritoneally into anesthetized mice simul-
taneously infused with Mn 2� or saline did
not significantly alter plasma glucose lev-
els at any of the time points tested (data
not shown).

Experiment 2: effects of PYY3–36 on
Mn 2� uptake in the hypothalamus of
fasted mice
In the Arc, the peak in SI in the PYY3–36

group was increased over baseline to a
peak value that was 20% less than that seen
in vehicle-injected animals (Fig. 5A).
However, this difference did not reach sta-
tistical significance in analysis of either the
SI profile or the percentage change in
MRE (data not shown). Significant mod-
ulation of SI by intraperitoneal PYY3–36

injection was, however, recorded in the Pe
ROI (PYY3–36 vs fasted controls, p �
0.044) and fourth ventricle (PYY3–36 vs
fasted controls, p � 0.034) (Fig. 5B,C).
There was no significant difference re-

corded on comparison of the SI profile for PYY3–36-injected an-
imals and controls in the VMH (Fig. 5D), PVN, AP, or PP (data
not shown).

Experiment 3: effects of hypertonic NaCl on Mn 2� uptake in
the hypothalamus of ad libitum-fed mice
Although there was no significant difference in the SI profile in
the region of the Arc between control animals and those receiving
hypertonic saline, this ROI again demonstrated the greatest and
most rapid signal enhancement over baseline (Fig. 6A). Signifi-
cant differences in SI were detected, however, in the ROIs of the
SON and VMH, and there was a trend toward significance in the
region of the PVN (Fig. 6B–D).

Experiment 4a: effects of intraperitoneal administration of
ghrelin on food intake
The orexigenic effect of a bolus intraperitoneal injection of 0.3
nmol/g ghrelin in ad libitum-fed mice was confirmed in the
CLAMS metabolic cages. The cumulative food intake of the
ghrelin-injected animals began to diverge from controls at 10 –15
min and became statistically significant at 25 min after injection
[cumulative food intake 25 min after injection, 0.18 � 0.04 g (i.p.
ghrelin) vs 0.02 � 0.01 g (i.p. saline) ( p � 0.05)], remaining so

Table 1. The effects of ghrelin and MnCl2 on hypothalamic FLI

Intraperitoneal injection Intravenous infusion Arc VMH PVN PVTN SON

Vehicle Vehicle 11 � 2 58 � 12 90 � 25 137 � 23 65 � 11
Vehicle Mn2� 8 � 4 94 � 27 117 � 19 155 � 31 49 � 11
Ghrelin Vehicle 49 � 8* 67 � 10 101 � 29 148 � 31 58 � 6
Ghrelin Mn2� 52 � 4*** 91 � 5 99 � 24 172 � 31 51 � 3

FLI-positive neurons after administration of intraperitoneal ghrelin (0.3 nmol/g) or vehicle and intravenous Mn2� or vehicle (n � 4 per group) as recorded in the Arc, VMH, magnocellular neurons of the PVN, PVTN, and magnocellular
neurons of the SON. *p � 0.001 versus intraperitoneal vehicle and intravenous vehicle; ***p � 0.001 versus intraperitoneal vehicle and intravenous Mn2� (two-way ANOVA with Bonferroni correction).

Figure 5. A–D, Time course of T1-weighted magnetic resonance signal change in the Arc (A), Pe (B), fourth ventricle (C), and
VMH (D) after intravenous MnCl2 infusion into fasted mice also receiving intraperitoneal injections of PYY3–36 (0.025 nmol/g) or
vehicle (n � 4 –5 per group). The arrows indicate the start of intravenous MnCl2 infusion and bolus intraperitoneal injection. The
hatched bars indicate the duration of intravenous infusion. NPE, Normalized percentage enhancement (percentage enhancement
over baseline of normalized signal intensity). *p � 0.05 via generalized estimated equation. Data are presented as mean � SEM.
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for the duration of the study (supplemen-
tal Fig. 3A, available at www.jneurosci.org
as supplemental material).

Experiment 4b: effects of
intraperitoneal administration of
PYY3–36 on food intake
The anorexigenic effect of a bolus intra-
peritoneal injection of PYY3–36 (0.025
nmol/g) in fasted mice was recorded in the
CLAMS metabolic cages. At 75 min after
injection, the cumulative food intake of
the PYY3–36-injected animals was signifi-
cantly lower than that of saline-injected
animals [cumulative food intake 75 min
after injection, 0.62 � 0.02 g (i.p. PYY3–36)
vs 0.84 � 0.08 g (i.p. saline) ( p � 0.05)]
and remained significant until 135 min af-
ter injection (supplemental Fig. 3B, avail-
able at www.jneurosci.org as supplemen-
tal material).

Discussion
The handling of Mn 2� ions in a manner
similar to that of Ca 2� has propelled their
use in the investigation of excitable cells.
Mn 2� ions are able to enter cells via
VGCCs (Hunter et al., 1981; Burnett et al.,
1984; Drapeau and Nachshen, 1984; Narita et al., 1990). The rate
of Mn 2� entry into neurons is therefore activity dependent. This
forms the basis of the contrast in MEMRI (Lin and Koretsky,
1997; Aoki et al., 2002; Morita et al., 2004) and arguably more
closely couples SI with neuronal activity than functional MRI
techniques based on hemodynamic changes (Lin and Koretsky,
1997; Silva et al., 2004).

Mn 2� accumulation in areas of the CNS is dependent on
Mn 2� entry, as well as the neuronal activity within a particular
region. The kinetics of Mn 2� entry into the CNS are complex. In
the presence of an intact BBB, Mn 2� entry into the CNS occurs
largely via the blood–CSF barrier (BCB) at the choroid plexus
(London et al., 1989; Murphy et al., 1991; Rabin et al., 1993).
Thus, MEMRI studies of acute stimuli have previously required
BBB disruption to facilitate Mn 2� entry into the CNS (Aoki et al.,
2002; Morita et al., 2004). In our protocol, it was necessary to
preserve BBB integrity because the physiological actions of ghre-
lin and PYY3–36 depend on differential access to different areas of
the hypothalamus (Banks et al., 2002; Batterham et al., 2002;
Nonaka et al., 2003). However, the hypothalamus is approximal
to major crossing points for Mn 2� across the BCB and the rela-
tively deficient BBB in the ME, making MEMRI of hypothalamic
structures possible without BBB disruption.

Interpretation of MEMRI signal change is complex. Current
functional MRI paradigms, including MEMRI, cannot discrimi-
nate between different populations of neurons in the same re-
gion. An increase in SI may therefore indicate net activation of
either stimulatory or inhibitory neurons. Similarly, no change in
SI might indicate a lack of effect of a stimulus, or it might repre-
sent a decrease in activity in one subpopulation of neurons bal-
anced by a corresponding increase in activity in another
subpopulation.

This is of particular relevance in appetite regulation. The Arc
contains two major neuronal subpopulations that project to the
PVN and elsewhere. Neurons coexpressing neuropeptide Y

(NPY) and AgRP (agouti-related peptide) promote feeding,
whereas those coexpressing pro-opiomelanocortin (POMC) and
cocaine- and amphetamine-related transcript are inhibitory of
feeding (Elmquist et al., 2005; Stanley et al., 2005). Ghrelin caused
an increased release of NPY from hypothalamic explants in vitro
(Wren et al., 2002b), and electrophysiological studies indicated
that ghrelin stimulates NPY neurons and inhibits POMC-
containing neurons (Nakazato et al., 2001).

The pattern of ghrelin-induced neuronal activation tracked
using MEMRI is consistent with previously published FLI expres-
sion and microinjection studies (Hewson and Dickson, 2000;
Wren et al., 2001a; Olszewski et al., 2003). The increase in SI in
our study in the Arc may represent a net effect arising out of a
combination of stimulation of NPY neurons and inhibition of
POMC neuronal tone. Although the increased signal in the VMH
and Pe in ghrelin-injected animals was at variance with previ-
ously described FLI expression patterns after systemic ghrelin
administration (Hewson and Dickson, 2000; Olszewski et al.,
2003), measurement of FLI provides a snapshot of c-Fos expres-
sion and lacks sufficient temporal resolution to detect transient
neuronal activity. Moreover, absence of FLI does not imply ab-
sence of neuronal activity (Harris, 1998; Hoffman and Lyo,
2002), and the VMH has been implicated in ghrelin signaling by
electrophysiological studies (Chen et al., 2005). Thus, one of the
strengths of MEMRI as a technique rests in the more direct rela-
tionship between MEMRI signal and neuronal activity and there-
fore the detection of neuronal activity in areas not previously
implicated by more traditional methodologies.

Once manganese has accumulated after infusion, its distribu-
tion does not change significantly (Newland et al., 1989). It is thus
not possible to extrapolate the duration of gut hormone activity
from our data. The slow clearance rate of intracranial manganese
also highlights the difference between whole-curve SI analysis
and MRE analysis. Whole-curve analysis incorporates a measure
of the rate of Mn 2� uptake as well as the final level of Mn 2�

Figure 6. A–D, Time course of T1-weighted magnetic resonance signal change in the Arc (A), SON (B), VMH (C), and PVN (D)
after intravenous MnCl2 infusion into mice also receiving a bolus intraperitoneal injection of 3% NaCl or 0.9% NaCl (control) (n �
4 –5 per group). The arrows indicate the start of intravenous MnCl2 infusion and bolus intraperitoneal injection. The hatched bars
indicate the duration of intravenous infusion. NPE, Normalized percentage enhancement (percentage enhancement over baseline
of normalized signal intensity). ***p � 0.01 via generalized estimated equation. Data are presented as mean � SEM.
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accumulation and thus provides information on the temporality
of an effect. MRE analysis reflects more the sustained effect of a
stimulus on regional net neuronal activity. Neuronal deactivation
could be detected with an appropriately designed MEMRI para-
digm. Because neuronal activity affects the rate of uptake of Mn2�

ions, extension of the time over which Mn2� is infused would see
activation and deactivation of neuronal activity in response to a
stimulus reflected in changes in the rate of increase in SI.

Similarly, the action of PYY3–36 on Y2 receptors in the Arc is
thought to result in a decrease in NPY release (Batterham et al.,
2002). The net SI change seen after injection of PYY3–36 in our
study may result from a combination of inhibition of some neu-
rons and disinhibition of others, possibly explaining why the re-
duction in signal did not achieve statistical significance. Never-
theless, the direction of this change in SI was consistent with the
role of PYY3–36 as a satiety signal.

The key advantage of functional imaging over more tradi-
tional techniques is the ability to follow a single animal across
time. Comparison of MEMRI SI profiles with feeding data al-
lowed us to analyze regional changes in SI in the context of
changes in food intake. An effect of ghrelin on MEMRI signal in
the Arc preceded an effect on feeding. However, a difference
between groups in SI in the region of the VMH was not seen until
12–16 min after injection, and this may reflect delayed modula-
tion of neuronal activity in the VMH. Conversely, peripheral
injection of PYY3–36 reduced food intake in mice. The trend to-
ward reduced MEMRI SI in the Arc had its onset �30 min after
injection of PYY3–36 and compares with a significant reduction in
food intake after 75 min.

As discussed above, differences in MEMRI SI may be attribut-
able to differences in neuronal activity or the kinetics of Mn 2�

movement into the CNS. This raises the possibility that this tech-
nique measures peptide-mediated changes in the movement of
Mn 2� across the BBB at the ME or across the BCB, and not
changes in neuronal activity. The observation that ghrelin in-
creased Arc SI, whereas PYY3–36 tended to decrease it, is reassur-
ing because it argues against a nonspecific effect of peptide injec-
tion per se. That the hunger hormone ghrelin altered the SI
profile of a satiated mouse toward that of a fasted mouse, and vice
versa in the case of PYY3–36, also supports the case that our tech-
nique is measuring changes in neuronal activity.

Within the hypothalamus, the Arc is closest to the ME. Thus,
SI in the Arc rises most rapidly and to the greatest degree of the
ROIs tested. More distant ROIs, such as those corresponding to
the PVN and the VMH, demonstrate a less rapid increase in SI.
Detection of a change in SI in a hypothalamic region may there-
fore reflect a change in neuronal activity at that time point, or it
may correspond to the earliest time point at which a change in
neuronal activity becomes detectable, once sufficient Mn 2� ions
have penetrated into that region. Peripheral injection of hyper-
tonic NaCl strongly induces FLI in the SON and PVN (Han and
Rowland, 1996; Xiong and Hatton, 1996; Kawasaki et al., 2005).
The SON is anatomically more distant from the ME than the Arc,
and this is reflected in the relatively slow rate of rise in SI over the
2 h of each scan. Analysis of our data suggests that despite this
distance, there was sufficient penetration of Mn 2� ions into the
region of the SON for a difference in SI to be apparent as early as
14 min after the start of the intravenous MnCl2 infusion. This
therefore provides a frame of reference with respect to the earliest
time point at which a change in SI, if present, will become detect-
able in anatomically distant regions of the hypothalamus in the
presence of an intact BBB.

Our findings and the absence of a discernible effect of Mn 2�

ions per se on neuronal activity raise the possibility that MEMRI
could be used to study the effects of other agents on the CNS. We
demonstrate that changes in neuronal activity may be tracked
using MEMRI with an intact BBB. We have previously shown
that Mn 2� ions penetrate throughout the CNS after sufficient
time has elapsed (Kuo et al., 2005), and an appropriately designed
protocol may therefore allow for the investigation of areas other
than the hypothalamus. Moreover, an increase in neuronal activ-
ity in those neuroendocrine cells terminating particularly in the
perivascular zone of the ME would be expected to result in a
higher level of stimulus–secretion coupling and Mn 2� uptake.
The possibility of retrograde accumulation of Mn 2� in the
perikarya and dendritic fields of these neuroendocrine cells raises
the possibility that the technique could offer a systems approach
to observing regulation of neuroendocrine function. Thus, this
technique, in conjunction with more traditional methodologies,
provides a foundation on which future hormonal and pharma-
cological studies may be conducted, both within the field of obe-
sity research and beyond.
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