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To maintain homeostasis, hypothalamic neurons in the arcuate
nucleus must dynamically sense and integrate a multitude of
peripheral signals. Blood-borne molecules must therefore be able
to circumvent the tightly sealed vasculature of the blood–brain
barrier to rapidly access their target neurons. However, how information encoded by circulating appetite-modifying hormones is
conveyed to central hypothalamic neurons remains largely unexplored. Using in vivo multiphoton microscopy together with ﬂuorescently labeled ligands, we demonstrate that circulating ghrelin,
a versatile regulator of energy expenditure and feeding behavior,
rapidly binds neurons in the vicinity of fenestrated capillaries,
and that the number of labeled cell bodies varies with feeding
status. Thus, by virtue of its vascular connections, the hypothalamus is able to directly sense peripheral signals, modifying energy
status accordingly.
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ontinuous integration of peripheral signals by neurons belonging to the arcuate nucleus of the hypothalamus (ARH) is
critical for central regulation of energy balance and neuroendocrine function (1). To dynamically report alterations to homeostasis
and ensure an appropriate neuronal response, blood-borne factors
such as hormones must rapidly access the central nervous system
(CNS). This is particularly evident in the case of food intake, which
is regulated by a plethora of circulating satiety signals (2) whose
levels ﬂuctuate in an ultradian manner. Despite this, it remains
unclear how key energy status-signaling hormones such as ghrelin
can be rapidly sensed by target neurons to alter feeding responses (3). Elucidation of the mechanisms underlying molecule entry into the brain is important for understanding not only
normal maintenance of homeostasis but also how this is perturbed
during common pathologies such as obesity and diabetes (4, 5).
Although molecule transport mechanisms within the ARH
are poorly characterized, they likely assume one of two forms.
First, chronic feedback may be accomplished by uptake of circulating molecules into the ARH via saturable receptor-mediated transport at the level of the choroid plexus and/or blood–
brain barrier (BBB) (6–9). Second, the ARH is morphologically
located in close apposition to the median eminence (ME),
a circumventricular organ composed of fenestrated capillaries.
Because these vessels project toward the ventromedial ARH
(vmARH), they could represent a direct vascular input for passive diffusion of peripheral molecules into the hypothalamus (10–
13). So far, study of the functional importance of fenestrated
capillaries in molecule entry into the metabolic brain has been
impeded by lack of appropriate tools.
To evaluate the role of fenestrated ME/ARH capillaries in
rapid detection of peripheral signals by the hypothalamus, we
used a recently developed in vivo imaging approach to visualize
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in real time the extravasation of ﬂuorescent molecules (14). Ghrelin
was chosen as a candidate hormone because its acute effects upon
feeding behavior (15), together with a short circulating half-life,
demand the presence of rapid and precise sensing mechanisms.
Although ghrelin’s orexigenic effects on hypothalamic feeding
centers are well documented (16, 17), it remains unclear how peripherally secreted hormone accesses this BBB-protected site, as
a specialized transport system from the circulation to the brain is
yet to be identiﬁed (18). Here, we show that circulating ﬂuorescently
labeled ghrelin diffuses through fenestrated capillaries of the ME,
which project to the vmARH before rapidly binding nearby neuropeptide Y (NPY)- and proopiomelanocortin (POMC)-expressing
neurons, the two functionally opposing neuron populations implicated in regulation of food intake in the ARH. Thus, our data
support a role for ARH-residing neurons in eliciting ghrelin’s
effects on feeding behavior through direct and rapid sensing of
circulating ghrelin. Furthermore, we demonstrate that this process
is inherently plastic as it can be manipulated in a nutrient-dependent
manner by simply using a controlled fasting–refeeding paradigm.
As such, hypothalamic neurons are able to monitor peripheral
energy balance directly through their vascular inputs, allowing
rapid organismal adaptation to prevailing metabolic state.
Results
In Vivo Permeability of Fenestrated Vessels in the Median Eminence.

To access deep structures on the ventral surface of the brain and
directly visualize vessels of the ME in vivo, surgical approaches
developed for functional imaging of the pituitary (14) were
combined with a multiphoton microscope adapted with longworking distance (2 cm) objectives (Fig. 1A). A coronal view of
the ME and the ARH is schematized in Fig. 1A (Left), and a
representative image of the median eminence vasculature (ventral view) is shown in Fig. 1A (Right). Fluorescence intensity
variations in the ME parenchyma were recorded in vivo following i.v. injection of ﬂuorescent dextrans (Fig. 1B and Movie S1),
and a transient increase in ﬂuorescence intensity could be detected
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Fig. 1. In vivo extravasation of molecules through fenestrated vessels in the
median eminence (ME). (A) Schematic representation of the imaging setup
(Left), and representative image of the ME vasculature acquired in vivo
(Right). Z-projection of a 100-μm stack. Green, The 150-kDa dextran-FITC.
(Scale bar: 130 μm.) (B) Fluorescence variation in the ME parenchyma at two
time points after i.v. injection of ﬂuorescent ghrelin (Top), 4-kDa dextran
(Middle), and 70-kDa dextran (Bottom). Fluorescence variations were measured in regions of interest (color bars). (Scale bar: 20 μm.) Green, FITC.
(C) Molecule extravasation rate in vivo as a function of molecular weight
(mean ± SEM, n = 4–16 movies from 3 to 8 animals per molecule).

in the parenchyma when molecules were able to diffuse through
the capillaries (Fig. 1B). Fluorescence intensity variations over
time postinjection in selected regions of interest were measured
(Fig. 1B, color bars), allowing calculation of extravasation rates
across fenestrated capillaries for each ﬂuorescent molecule (Fig.
1C). Molecule size cutoff was below 70 kDa, with a step-like
decrease in permeability rate between 20 and 40 kDa (Fig. 1C)
(n = 4–16 movies from three to eight animals per molecule).
To investigate the transfer rate of ghrelin (3.3 kDa), a recently
developed bioactive ﬂuorescently labeled ghrelin derivative (3.8
kDa), capable of speciﬁcally binding and activating growth hormone secretagogue receptor-1a (GHS-R-1a) (19, 20), was used.
The extravasation rate of ﬂuorescent ghrelin across the ME
capillary barrier was comparable to that of 4-kDa FITC-conjugated dextran (∼0.8 μm/s) (Fig. 1C and Movie S2) (n = 8 movies
from three animals), suggesting that ghrelin extravasates passively but rapidly (second range) through fenestrated capillary
branches of the ME, which are known to project to the vmARH
(Fig. 2A, asterisk) (12, 13).
Ghrelin Rapidly and Speciﬁcally Binds to Neurons in the Vicinity of
Fenestrated Capillaries in the ARH. We assessed rapid peptide

binding in the vicinity of fenestrated capillaries projecting deeper
within the ARH (Fig. 2A, asterisk), by injecting a bolus of bioactive ﬂuorescent ghrelin i.v. before euthanizing animals 5–10 min
later. Fluorescent ghrelin binding was localized to cell bodies in
2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1212137110

both the ME and vmARH, corresponding to hypothalamic HuC/
D-positive neurons (100%; n = 18 slices from three animals)
(Fig. 2B). Intracellular labeling was consistent with rapid internalization of GHS-R-1a bound to ﬂuorescent ghrelin (21).
Supporting a functional role of fenestrated capillaries in fast
hormone entry into the ARH was the observation that ghrelinlabeled neurons were located signiﬁcantly closer to capillary
branches, which did not express the BBB marker Glut1 compared with BBB-protected Glut1-positive vessels (26.6 ± 1.6 vs.
100.8 ± 2.9 μm, mean ± SEM, 123–250 neurons per animal, n = 4
animals) (Fig. 2 C and D). No ghrelin-labeled cells could be
detected under the same conditions in other BBB-protected
areas of the brain, such as the CA3 and CA1 regions (n = 3
animals), which densely express GHS-R-1a (22).
Because expression levels of the immediate-early genes, c-fos,
are up-regulated in the ARH following systemic ghrelin administration (17), the induction of Fos protein was measured in hypothalamic neurons following in vivo treatment with tagged
hormone (Fig. 3A). Two hours after ﬂuorescent ghrelin injection,
an increase in c-Fos expression was observed in the ARH, comparable with that obtained following i.v. injection of native rat/
mouse ghrelin and GHS-R-1a agonists JMV4336 and MK-0677
(23, 24) (Fig. 3 A and B; n = 3 animals per condition). Speciﬁcity
of ﬂuorescent ghrelin binding was assessed by competition experiments using pretreatment with excess native hormone or
GHS-R-1a agonist; complete displacement of ﬂuorescent ghrelin
from neurons could be achieved (Fig. 3C; n = 3 animals per
condition). In addition, i.v. injection of 25 nmol of either ﬁxable
3-kDa rhodamine-labeled dextran or inactive FITC-labeled
ghrelin before killing failed to label any cells in the ME/ARH
region (n = 3 animals per condition).
Ghrelin Labels Primarily Appetite-Modifying Neurons in a Metabolic
State-Dependent Manner. To determine speciﬁcity of ﬂuorescent

ghrelin binding in known ghrelin-responsive neuron populations,
we used NPY-eGFP transgenic mice (21) and performed immunostaining for β-endorphin, a marker of POMC-neurons (25)
(Fig. S1A). Of the 340 ± 19 (mean ± SEM) ghrelin-labeled
neurons detected in the ARH (1,200 μm in length; divided into 24
slices, 50 μm thick) (n = 11 animals, fed on standard chow), 35 ±
4% and 41 ± 3% corresponded to NPY- and β-endorphin–
expressing neurons, respectively (n = 4 animals per group) (Fig.
S1B). Of note, only a small proportion of the total NPY- and
β-endorphin–expressing neuron population was labeled (up to
3%, n = 4 animals/group), suggesting that only a subset of neurons
was targeted by ghrelin.
Finally, we investigated whether feeding status of the animals
could alter ﬂuorescent ghrelin binding, by subjecting animals to
a controlled fasting–refeeding schedule. A signiﬁcant increase in
numbers of both total and NPY ﬂuorescent ghrelin-positive
neurons was detected in 24-h–starved animals, and this could be
reversed by refeeding the mice over a 24-h period (Fig. 4) (n = 11
and 4 animals, respectively). By contrast, the number of ghrelinlabeled POMC neurons did not signiﬁcantly vary (Fig. 4) (n =
4 animals).
Discussion
The regulation of a variety of homeostatic functions depends
upon central integration of peripheral feedback signals. Brain–
periphery cross talk therefore requires tight control of molecule
entry and/or dynamic sensing to adapt responses to physiological
state. With obesity and diabetes reaching epidemic proportions,
research efforts have focused on understanding how hormones
such as ghrelin, insulin, or leptin functionally target appetiteregulating neurons of the hypothalamus. However, the fundamental mechanisms by which peripherally secreted hormones
access hypothalamic neurons remain poorly characterized. By
using tractable bioactive ghrelin together with in vivo multiphoton
Schaeffer et al.
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Fig. 2. Fluorescent ghrelin binds to neurons in the ME/ARH region in proximity to BBB-free vessels. (A–C) Confocal images of brain frozen sections 5–10 min
after i.v. injection of ﬂuorescent ghrelin (B and C). (Scale bar: 100 μm.) (A–C) Blue, Nuclei (Hoechst). (A) Capillaries (rhodamine-lectin, red) in the ME/ARH
express the fenestration marker MECA-32 (green) and project to the ARH (asterisk). (B) Fluorescent ghrelin (white) labels hypothalamic neurons (HuC/D, red).
(C) Ghrelin-labeled neurons (white) are primarily located in the vicinity of vessels (CD31, red) (orange arrows) not expressing the blood–brain barrier marker
Glut1 (green). (D) Distances between ghrelin-labeled neurons and nearest Glut1-negative or Glut1-positive vessel (>600 neurons, n = 4 animals). Wilcoxon
rank-sum test of medians (Left) and Kolmogorov–Smirnov analysis of cumulative frequency distributions (bin size, 2.5 μm) (Right) indicate ghrelin-labeled
neurons are in closer vicinity to Glut1-negative vessels (***P < 0.001).

imaging techniques, we have uncovered a functional role for
fenestrated vessels of the ME/ARH in rapid blood-borne molecule sensing by the metabolic brain. It is anticipated that these
ﬁndings will not only be valuable for understanding the basic
mechanisms underlying appetite regulation but can also be extended to a range of other homeostatic functions that rely on
integration of peripheral signals by the CNS.
Fenestrated capillaries of the ME possess pores of 50–80 nm
in diameter, encompassed by a permeable diaphragm composed
of radial ﬁbrils (26, 27). Passive molecule diffusion through
fenestrae can be both size and charge limited (28), and it is
reasonable to assume that the ME displays similar selectivity. To
study passive diffusion of molecules and exclude other potential
rate-limited transport mechanisms, it is necessary to follow the
time course of events at the blood–brain interface in real time.
Using our approaches, we were able to show that relatively small
circulating molecules (≤40 kDa in size) could freely and rapidly
diffuse through fenestrated capillaries of the ME, a ﬁnding with
implications for the study of non–receptor-dependent mechanisms of hormone and drug uptake into the CNS. Furthermore,
as saturable transporters are modulated by physiological status
and pathological conditions (29, 30), modiﬁcations in vessel
permeability could constitute yet another level of regulation for
molecule diffusion into the metabolic brain.
Schaeffer et al.

Because diffusion dynamics for inert sugars may differ from
those for bioactive hormones, we investigated the diffusion of
functional ﬂuorescently labeled ghrelin, a pleiotropic hormone
for which mechanism of entry into the ARH remains elusive
(31). Our results demonstrate that ghrelin also crosses fenestrated capillaries in the ME through passive diffusion. Although
we cannot exclude a role for additional receptor-mediated transport processes in the ARH, no speciﬁc ghrelin uptake mechanisms could be identiﬁed in the murine BBB (18), and the rate
of transport of ghrelin across the BBB was much lower when
studied by brain perfusion vs. i.v. injection (32). Although systemic administration of ghrelin has previously been shown to
induce hypothalamic c-fos expression (17), the current studies
demonstrate sensing of hormone by ARH neurons over timescales (5 vs. 30 min) that are more compatible with the acute
orexigenic effects of ghrelin on food intake (15). In addition, the
close proximity of ghrelin-labeled neurons to fenestrated capillaries projecting from the ME into the ARH supports an important functional role for this vascular route in rapid molecule
entry into the metabolic brain. In accordance with previous
observations (22), the absence of labeling in BBB-protected
areas distant from circumventricular organs suggests that direct
ghrelin effects in other brain regions involved in nonhomeostatic
feeding behaviors (33–35) may be mediated through either indirect
PNAS Early Edition | 3 of 6

Fig. 3. Fluorescent ghrelin activity and binding speciﬁcity. (A and C) Representative confocal images of coronal sections of the ME/ARH region. Twentymicrometer z-projections are shown. (Scale bar: 150 μm.) (A) Fluorescent bioactive ghrelin induces c-Fos expression in the ARH. Images of brain slices from
mice killed 2 h after i.v. injection of 0.9% NaCl (Left), 25 nmol of inactive ﬂuorescent ghrelin (Center), or 25 nmol of active ﬂuorescent ghrelin (Right). Blue,
Hoechst, red, c-Fos. The white arrows indicate c-Fos–positive nuclei. (B) Quantiﬁcation of the number of c-Fos–positive nuclei in the ARH per 20-μm-thick slice
following treatment with different GHS-R-1a agonists. All active agonists induced c-Fos in a signiﬁcant manner compared with saline or inactive ghrelin (oneway ANOVA, ***P < 0.001, n = 12–30 slices from three animals per condition). (C) Competition experiment. Injection (i.v.) of commercial ghrelin (rat, mouse)
15 min before i.v. injection of active ﬂuorescent ghrelin prevented labeling of cell bodies in the ARH (right panel vs. control left panel) (n = 3 animals per
condition). White, active ﬂuorescent ghrelin.

actions (e.g., via neuronal relays) or slower transport mechanisms.
Given that ME/ARH fenestrated capillaries are permissive for
molecules as large as 20–40 kDa, it is not unfeasible that other
key hormones involved in energy homeostasis such as leptin
(16 kDa), insulin (5.8 kDa), or GLP-1 (4.1 kDa) might also use
this vascular route to access metabolic-sensing neurons.
Reﬂecting its role in food intake regulation, ﬂuorescent ghrelin
primarily bound appetite-modifying NPY and POMC neurons,
and cytoplasmic labeling was consistent with the rapid internalization of a receptor–hormone complex (21). Although nearly all
NPY neurons express GHS-R-1a receptors (36), and one-third
up-regulate c-fos mRNA expression following GHS-R-1a agonist
treatment (37), we found that numbers of ghrelin-labeled NPY
neurons were relatively small (∼3% of the population). The different treatment timescales, marked species divergence in GHSR-1a expression (rat vs. mouse) (38), and detection methods used
(in situ hybridization vs. ﬂuorescence) could explain the lower
proportion of detected NPY neurons. These numbers were nonetheless within the range of that recently shown to be sufﬁcient to
stimulate food intake (∼300 neurons and above) (39). By contrast,
labeling of POMC neurons was more surprising given that ghrelin
is generally acknowledged to indirectly target this population via
GHS-R-1a–expressing presynaptic NPY neurons (25, 40). Together with ex vivo studies demonstrating direct effects of ghrelin
on POMC neuron electrical activity (25), our results clearly
suggest that POMC neurons may be a direct target for ghrelin
in vivo.
Feeding status dynamically regulated the number of ghrelinlabeled neurons. Although the number of POMC ghrelin-labeled
neurons remained unchanged, as would be expected from a neuronal population that displays minimal activity in the fasted state
(41), we observed a reversible increase in the number of NPY
4 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1212137110

ghrelin-labeled neurons following 24-h fasting. These results
appear to be consistent with the physiological necessity to secure
robust feeding responses following a fasting period, the direct
correlation between quantity of ingested food and number of
stimulated NPY neurons (39), the increase in GHS-R mRNA expression in the ARH following short-term fasting (42, 43), and the
regulation by nutritional state of the effects of ghrelin on Fos
protein expression in the ARH (17, 44). The unique vmARH
milieu irrigated by fenestrated capillaries may therefore not only
provide a niche for neurogenic tanycytes (45) but may also support
a population of “scout neurons” that are able to rapidly sense
peripheral signals and coordinate more global responses.
In summary, we have demonstrated that (i) circulating hormones such as ghrelin can freely and rapidly diffuse through
fenestrated capillaries of the ME and into their site of action
within the ventromedial ARH; (ii) hypothalamic neurons may
play an important role in eliciting ghrelin’s effects on feeding
behavior through direct and rapid sensing of circulating ghrelin
levels; (iii) the number of labeled NPY neurons is compatible
with that recently shown to underlie acute ghrelin effects on food
intake (39); and (iv) feeding status modiﬁes the capacity of NPY
neurons to bind ghrelin. The use of in vivo imaging in combination with the development of ﬂuorescently labeled ligands that
retain biological activity could therefore help unveil access routes
and in vivo neuronal targets not only for endogenous molecules
but also for novel appetite-modifying drugs intended for weight
management.
Materials and Methods
A brief outline is provided; for full details, see SI Materials and Methods.
Mice and in Vivo Surgery. C57BL/6 mice were purchased from Janvier-SAS.
NPY-eGFP mice (46) on a C57BL/6 background were sourced from The
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Fig. 4. Fluorescent ghrelin labels NPY but not β-endorphin–expressing neurons in a metabolic state-dependent manner. (A) Confocal images of ME/ARH
region following i.v. injection of ﬂuorescent ghrelin; NPY-eGFP transgenic mouse (Top) (green, GFP) and β-endorphin immunostaining (Bottom) (red). The
orange arrowheads indicate ghrelin-labeled (white) NPY (top) or β-endorphin (bottom) neurons under control conditions (Left), following 24-h fasting
(Center), and 24-h fasting plus 24-h refeeding (Right). (Scale bar: 100 μm.) (B) Quantiﬁcation of ghrelin-labeled neurons in the whole ME/ARH region under
control conditions, following 24-h fasting, and 24-h fasting plus 24-h refeeding (15–24 slices per animal, n = 4–11 animals per condition). Numbers were
normalized to correspond to total ME length (1,200 μm; 24 slices, 50 μm thick). Fasting induced a signiﬁcant increase in both total number and number of NPY
ghrelin-labeled neurons, which was reversed by refeeding (one-way ANOVA, ***P < 0.001), whereas fasting had no signiﬁcant effect on the total number of
ghrelin-labeled β-endorphin–expressing neurons (one-way ANOVA, P > 0.05).

Jackson Laboratory. In all experiments, 7- to 15-wk-old male mice were used.
All animal studies complied with the animal welfare guidelines of the European Community and were approved by the Direction of Veterinary
Departments of Hérault and Nord, France (59-350134), and the Languedoc
Roussillon Institutional Animal Care and Use Committees (CE-LR-0818). The
ME was exposed using a surgery approach previously described for in vivo
studies of the pituitary gland (14).
Long-Working Distance Multiphoton Imaging of Fluorescent Molecule Extravasation
in Vivo. Imaging of ﬂuorescent molecule extravasation in the ME’s parenchyma
in vivo was performed using a multiphoton microscope (Zeiss 7MP) adapted
with a long-working distance objective M Plan Apo NIR 20×, 0.4 NA, 2.0-cm
WD (Mitutoyo). Fluorescently labeled molecules were injected through an
indwelling jugular catheter. Recordings in areas rich in tortuous vessels at
the level of the ME and at a depth between 15 and 40 μm below the meninges, were started at the time of injection. Details of extravasation rates
calculation are provided in SI Materials and Methods.
Fluorescent Hormones Synthesis and Binding in Vivo. Both bioactive and inactive ﬂuorescent ghrelin derivatives were developed by Cisbio Bioassays in
collaboration with the Institut des Biomolécules Max Mousseron (Montpellier, France) (19). Active ﬂuorescent ghrelin (25 nmol per animal) was
injected i.v. into the tail vein or into the jugular vein under ketamine/xylazine anesthesia, and animals were killed 5–10 min postinjection, to assess in
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vivo binding. To test the inﬂuence of metabolic state on ghrelin binding,
active ﬂuorescent ghrelin (25 nmol) was injected in either wild-type or NPYeGFP mice (46) fed on standard chow (RM3; Special Diet Services), after 24 h
of fasting, or after 24 h of fasting followed by a 24-h refeeding period, and
animals were killed 5–10 min postinjection.
Confocal Imaging. Terminally anesthetized mice were perfused via the heart
with 10 mL of PBS followed by 30 mL of 4% paraformaldehyde solution. In
some experiments, vessels were labeled using rhodamine-labeled lectin (400
μg per mouse; Vector Laboratories) diluted in the perfusate (PBS). Brains
were collected and prepared for confocal imaging. Details are provided in SI
Materials and Methods.
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SI Materials and Methods
Mice and in Vivo Surgery. Animals were anesthetized by inhalation
of isoﬂurane [1.5% (vol/vol) in O2] or using i.p. injection of
ketamine/xylazine (0.1/0.02 mg/g), and prepared for surgery as
described (1). An area of palatal periosteal bone was exposed,
thinned with a felt polisher (drill; World Precision Instruments), and removed with a hook and forceps. The exposed
surface of the ME, located in the immediate rostral position of
the pituitary gland, was continuously irrigated with a physiological saline (0.9%) solution. A catheter was inserted into the
jugular vein for injection of ﬂuorescently labeled dextrans or
hormones.
Multiphoton Imaging. Multiphoton excitation was achieved using
a precompensated Ti:Sapphire Chameleon Laser (Coherent)
tuned to 880 nm. Emitted ﬂuorescence was captured using
highly sensitive GaAsP photomultiplier tubes and recorded
from 500 to 550 nm for GFP or FITC and from 610 to 700 nm
for rhodamine.
Molecule Extravasation Rate Measurement in Vivo. FITC- or rhodamine-labeled dextrans of different sizes (4–200 kDa; Sigma)
(100 μL of 25 mg/mL solution in 0.9% NaCl per injection), or
active FITC-labeled ghrelin (17 nmol in 0.9% NaCl per injection) were injected through an indwelling jugular catheter. In
some cases, to facilitate localization, vessels were labeled before
injection with 150-kDa dextran-FITC. To correct for tissue movement, a software implemented in the Java environment was used
(NIH ImageJ) (1). Ten regions of interest (rectangles perpendicular to two neighboring capillaries) were selected per movie,
and both average ﬂuorescence intensities at rectangle extremities
(inside blood vessels) and minimal intensity in the parenchyma
were measured at each time point, corresponding to Φinside ðtÞ;
Φoutside ðtÞ, respectively. Molecule concentration was assumed to
be proportional to ﬂuorescence intensity. To model molecule
diffusion in the ME and obtain the extravasation rate value p for
each molecule, an automated routine was programmed in
MATLAB R2011a software (available upon demand), which
takes into account the ﬂow of molecules from the vessels to the
parenchyma between capillaries, and the ﬂow of molecules from
the parenchyma into and out of focal planes. This molecule
diffusion is described mathematically as ∂Φ
∂t = − DΔΦ + p∇Φ.
∇Φ corresponds to the ﬂuorescence gradient in micrometers−1
and equals Φinside ðtÞ −l Φoutside ðtÞ, where Φinside − Φoutside is the measured
difference between ﬂuorescence intensities in the vessel and the
parenchyma, and l is one-half of the (measured) distance between the capillaries in micrometers. D corresponds to the diffusion coefﬁcient in square micrometers per second, p is the
extravasation rate in micrometers per second, and DΔΦ corresponds to the diffusion term and was calculated using Fick’s law
for concentration of molecules between z-sections in and out of
the focus plane. As regions of interest were selected in areas
composed of a single layer of vessels, as determined by 3D imaging, ﬂuorescence contribution from molecules diffusing out of
vessels outside of the focal plane was neglected. The values of p
for which simulated proﬁles of ﬂuorescence intensity differences
between vessels and parenchyma over time best ﬁtted experimental values, were selected.
Fluorescent Hormones and Hormone Analogs Synthesis. Details of
ghrelin derivative labeled with a red ﬂuorescent HTRF probe
(red-ghrelin) can be found in ref. 2 and at www.htrf.com/ghrelinSchaeffer et al. www.pnas.org/cgi/content/short/1212137110

ghsr1a-receptor-ligand-binding-assay. JMV4336, synthesized at
the Institut des Biomolécules Max Mousseron (IBMM) (Montpellier, France), constituted a stabilized ghrelin where the
Ser3 residue was replaced by an aspartyl residue bearing an
octan-1-amine on its side chain. Active ghrelin-FITC was
generated by replacement of the red ﬂuorophore by FITC on the
C-terminal of the molecule, and inactive ghrelin derivatives were
generated by linking the hormone with the ﬂuorophore on the Nterminal end.
Control of Fluorescent Ghrelin Activity and Binding Speciﬁcity in Vivo.

To test for c-Fos up-regulation in vivo, 25 nmol per mouse of
commercial ghrelin (rat, mouse; Phoenix Pharmaceuticals),
inactive ghrelin-FITC (SP090158), red-ghrelin, JMV4336 (ghrelin
derivative not carrying the ﬂuorescent label, synthesized at
IBMM, Montpellier), nonpeptidic GHS-R-1a agonist MK-0677
(Axon Medchem), or 0.9% NaCl were injected, and animals
were killed 2 h postinjection. Competition experiments consisted of an injection of either 0.9% NaCl solution, commercial
ghrelin (rat, mouse; Phoenix Pharmaceuticals), or unlabeled
stabilized ghrelin (JMV4336) (100 nmol per mouse). Fifteen
minutes later, ﬂuorescent ghrelin (25 nmol per mouse) was
injected, and animals were killed 15 min later. To exclude any
potential nonspeciﬁc uptake, injection of ﬁxable 3-kDa rhodamine-labeled dextran (Life Technologies; D3308; 25 nmol in
0.9% NaCl) was performed, and mice were killed 10 min later.
Confocal Imaging. Brains were collected and ﬁxed overnight in 4%
(vol/vol) paraformaldehyde at 4 °C, and subsequently either directly sliced on a Leica vibratome (50- to 100-μm slices), or frozen
in OCT at −80 °C before sectioning using a cryostat (50-μm slices).
Primary antibody labeling was in PBS, 0.1% Triton X-100, 0.2%
BSA at 4 °C for 36 h. Neurons were identiﬁed using HuC/D (1:200;
Invitrogen); vessels using rat anti-CD31 (1:100; BD Pharmingen),
rabbit anti–Glut-1 (1:500; Chemicon), or rat anti-MECA32 (1:200;
gift from Britta Engelhardt, Theodor Kocher Institut, Bern, Switzerland); c-Fos up-regulation using rabbit anti–c-Fos (1:1,000;
Santa Cruz), and β-endorphin using anti–β-endorphin (1:4,000;
Millipore). Secondary antibodies were incubated for 2 h at room
temperature (dilution, 1:2,000 in PBS, 0.1% Triton X-100, 0.2%
BSA). Secondary antibodies were sourced from Jackson ImmunoResearch. Confocal images were acquired using a Zeiss LSM
510 META confocal upright microscope with a 10× air objective
(Plan-Neoﬂuar 10×/0.3) and a 40× oil objective (Plan-Neoﬂuar
40×/1.3 oil) using 488-, 543-, and 633-nm laser lines. Images were
analyzed using Imaris Bitplane and ImageJ.
To quantify the number of ghrelin-labeled cells, serial 50-μm
Z-stack imaged across the entire ME region (coronal sections,
total length of 1,200 μm) were taken, and ghrelin-labeled cells
in the ME/ARH regions were manually counted.
To quantify distances between ghrelin-labeled neurons and
vessels, 25 nmol of red-ghrelin were injected i.v. in either NPYeGFP or wild-type mice, immunostaining for cell types and vessel
markers was performed, and 50-μm Z-stack images of the ME/
ARH region were acquired using a Zeiss LSM510 confocal microscope. Distances between the Hoechst-labeled nuclei of
ghrelin-labeled cells and the nearest (i) CD31+/Glut1+ blood–
brain barrier-protected vessel or (ii) CD31+/Glut1− fenestrated
blood vessel within the Z-stacks were measured using ImageJ
software. Normality of the two distance distributions was assessed using the Shapiro–Wilks test. The two distributions were
then compared using the Wilcoxon rank-sum test to determine
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statistical signiﬁcance, and cumulative frequency distributions of
distances (bin size, 2.5 μm) were compared using Kolmogorov–
Smirnov analysis (MATLAB R2011a software). P values were
considered signiﬁcant at *P < 0.05.

Statistical Analysis. All displayed values represent the mean ±
SEM. Multiple comparisons were made using one-way ANOVA
followed by Bonferroni’s post hoc test. P values were considered
signiﬁcant at *P < 0.05.
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Fig. S1. Fluorescent ghrelin primarily labels NPY and β-endorphin–expressing neurons in the ME/ARH. (A) Confocal images of ME/ARH region following i.v.
injection of ﬂuorescent ghrelin; NPY-eGFP transgenic mouse (Upper) (green, GFP) and β-endorphin immunostaining (Lower) (red). The orange arrowheads
indicate ghrelin-labeled (white) NPY (Upper) or β-endorphin (Lower) neurons. (Scale bar: 100 μm.) (B) Quantiﬁcation of percentages of ghrelin-labeled neurons
in the whole ME/ARH region corresponding to NPY β-endorphin–positive neurons (15–24 slices per animal, n = 4 animals per condition). Numbers were
normalized to correspond to total ME length (1,200 μm; 24 slices, 50 μm thick).

Movie S1. In vivo diffusion of dextran-FITC molecules from the median eminence vasculature into the parenchyma. (Left) Representative in vivo recordings
following i.v. injection of 10-kDa dextran-FITC and 70-kDa dextan-FITC. The bars represent examples of regions where ﬂuorescent intensity was recorded and
analyzed. Imaging was initiated at the time of i.v. injection of the ﬂuorescent compound. Movie rate: 10 frames/s. Orientation: caudal to rostral, top of image
to bottom. Image size: 100 × 180 μm, single z-plane. Green: FITC. Fluorescence increases in the parenchyma following 10-kDa dextran injection but not following 70-kDa dextran injection. (Upper Right) Fluorescence intensity over time along the length of the selected region (white bar) on Left. The blue dashed
lines delimit upper (vessels) and lower (parenchyma) values, and the red line represents differences between these values. (Lower Right) Differences in
ﬂuorescence intensities between vessels and parenchyma over time (red dots), superimposed with values calculated using our molecule extravasation model
(green curve).

Movie S1
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Movie S2. Comparison of in vivo diffusion of FITC-labeled 4-kDa dextran and ghrelin from the median eminence vasculature into the parenchyma. To facilitate localization, vessels were labeled with 150-kDa dextran-FITC before injection of the compound of interest. Imaging was initiated at the time of i.v.
injection of the ﬂuorescent compound. Relative imaging time is indicated. Movie rate: 5 frames/s. Image corresponds to a single z-plane. Orientation: caudal to
rostral, top of image to bottom. Image sizes: 80 × 167 μm (each). Green: 4-kDa dextran-FITC (Left) and bioactive ghrelin-FITC (Right).
Movie S2
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