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Ghrelin transport across the bloodebrain barrier
can occur independently of the growth hormone
secretagogue receptor
Elizabeth M. Rhea 1,2, Therese S. Salameh 1,2, Sarah Gray 3, Jingjing Niu 3, William A. Banks 1,2, Jenny Tong 3,*
ABSTRACT

Objective: The bloodebrain barrier (BBB) regulates the entry of substrates and peptides into the brain. Ghrelin is mainly produced in the stomach
but exerts its actions in the central nervous system (CNS) by crossing the BBB. Once present in the CNS, ghrelin can act in the hypothalamus to
regulate food intake, in the hippocampus to regulate neurogenesis, and in the olfactory bulb to regulate food-seeking behavior. The goal of this
study was to determine whether the primary signaling receptor for ghrelin, the growth hormone secretagogue receptor (GHSR), mediates the
transport of ghrelin from blood to brain.
Methods: We utilized the sensitive and quantitative multiple-time regression analysis technique to determine the transport rate of mouse and
human acyl ghrelin (AG) and desacyl ghrelin (DAG) in wildtype and Ghsr null mice. We also measured the regional distribution of these ghrelin
peptides throughout the brain. Lastly, we characterized the transport characteristics of human DAG by measuring the stability in serum and brain,
saturability of transport, and the complete transfer across the brain endothelial cell.
Results: We found the transport rate across the BBB of both forms of ghrelin, AG, and DAG, were not affected by the loss of GHSR. We did find
differences in the transport rate between the two isoforms, with DAG being faster than AG; this was dependent on the species of ghrelin, human
being faster than mouse. Lastly, based on the ubiquitous properties of ghrelin throughout the CNS, we looked at regional distribution of ghrelin
uptake and found the highest levels of uptake in the olfactory bulb.
Conclusions: The data presented here suggest that ghrelin transport can occur independently of the GHSR, and ghrelin uptake varies regionally
throughout the brain. These findings better our understanding of the gut-brain communication and may lead to new understandings of ghrelin
physiology.

� 2018 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Ghrelin is a 28-amino acid peptide mainly produced in the stomach
and small intestines with the kidneys, placenta, and pancreas
contributing to miniscule amounts of circuiting ghrelin [1]. Ghrelin
exists in circulation in two major forms: acyl ghrelin (AG) and desacyl
ghrelin (DAG). During posttranslational processing, proghrelin is
coupled with an octanoic acid at the serine-3 residue by the
membrane-bound enzyme, ghrelin O-acyltransferase (GOAT), to form
AG [2,3]. This fatty acid modification is entirely unique to ghrelin and is
required for the optimal binding of ghrelin to its receptor, the growth
hormone secretagogue receptor (GHSR) 1a [4,5], which is a 7-
transmembrane G-protein coupled receptor widely expressed in
body tissues but with the highest expression in the CNS (i.e. pituitary
gland) [5,6]. AG acts peripherally and centrally to regulate biological
functions including stimulating growth hormone secretion, promoting
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positive energy balance and food reward, regulating glucose meta-
bolism, and enhancing gut motility [7]. DAG is the predominant form of
ghrelin, but the lack of acylation precludes it from binding to GHSR 1a
and subsequent receptor activation [1,8]. Despite this, many biological
functions have been ascribed to DAG, including the protective effect of
cortical neuronal injury, regulation of glucose and lipid metabolism,
food intake, and stress behavior [9e14]. We have shown previously
that ghrelin also enhances sniffing and olfactory sensitivity, two
important functions for food seeking, by acting directly on the olfactory
bulb [15].
It has been long recognized that in the brain, particularly in the hy-
pothalamus, ghrelin plays a key role in the homeostatic regulation of
energy and glucose metabolism [10,16,17]. Additionally, ghrelin may
modulate reward neurocircuits and memory by acting in areas of the
brain behind an intact bloodebrain barrier (BBB) [7]. Nutrients and
signals from the gut, pancreas, and adipose tissue are transported to
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the central nervous system (CNS) by crossing the BBB or the blood-
cerebrospinal fluid (CSF) barrier [18,19]. To cross the vascular BBB,
substances must cross the restrictive brain endothelium and then
traverse astrocyte endfeet before reaching brain interstitium [20]. We
and others have shown that the BBB plays a direct role in mediating
communication between the brain and the gastrointestinal (GI) tract by
controlling the transfer of peptides and regulatory proteins between
blood and CNS [21]. Not only can the GI tract secrete substances that
affect CNS function [22,23], but GI hormones can modulate brain
endothelial cells and alter their ability to secret substances into the
CNS affecting behavior or function [24,25]. An example of such gut-
brain communication is the orexigenic effect of ghrelin. The stomach
derived hormone works centrally by activating the neuropeptide Y/
agouti-related protein (NPY/AgRP) neurons and inhibiting the pro-
opiomelanocortin (POMC) neurons in the hypothalamus to promote a
positive energy balance [26e28].
We previously studied the ability of human AG (hAG), mouse AG (mAG),
and mouse DAG (mDAG) to cross the BBB of themouse brain in the brain-
to-blood and blood-to-brain directions and found that AG (mouse and
human) crosses the BBB in a bidirectional and saturable manner, but
mDAG only travels from blood to brain unidirectionally and in an unsa-
turable manner [29]. These paradoxical findings suggest that the trans-
port efficiency of ghrelin may be related to the n-octanoyl side chain. The
objective of the current research is to investigate whether AG transport
across theBBB is GHSR dependent by using theGhsr null mousemodel. In
addition, since the transport of humanDAG (hDAG) across the BBB has not
been previously characterized, we wanted to test its BBB transport
properties to determine if hDAG transport is more efficient than hAG or
mDAG. Given the known central action of ghrelin to regulate food intake
and food reward, we also examined brain regional transport of ghrelin to
see if the pattern correlates with its known functions.

2. MATERIALS AND METHODS

2.1. Animals
Generation and characterization of Ghsr null mice has been described
previously [30]. Three to six-month old males and females were used
for all studies. Mice had ad libitum access to food and water and kept
on a 12/12 h light/dark cycle. All studies were conducted in the af-
ternoon (w1PM). All mice were anesthetized with 0.15 mL of 40%
urethane injected intraperitoneal prior to experimentation. The right
jugular vein was exposed to allow for intravenous (IV) injection of each
solution. The Institutional Animal Care and Use Committee at the
Veterans Affairs Puget Sound (Seattle, WA) approved all animal
experimental protocols, and all methods were carried out in accor-
dance with the approved guidelines and regulations. The VA Puget
Sound is a facility that is certified by the Association for Assessment
and Accreditation of Laboratory Animal Care International.

2.2. Radioactive labeling
The synthetic ghrelin peptides (CSBio, Inc, Menlo Park, CA) were
radioactively labeled as follows. Ten micrograms of each peptide was
labeled with 1.0 mCi sodium 125I (Perkin Elmer, Waltham, MA) by
addition of 10 mg of chloramine-T (SigmaeAldrich, St. Louis, MO) in
0.25 M chloride-free sodium phosphate buffer, pH 7.5. After 1 min, the
reaction was terminated by adding 100 mg of sodium metabisulfite.
Albumin (SigmaeAldrich, St. Louis, MO) was labeled with 1.0 mCi
99mTc (GE Healthcare, Seattle, WA) by combining 1 mg albumin with
120 mg stannous tartrate and 20 mL 1M HCl in 500 mL deionized water
for 20 min. Radioactively labeled ghrelins (125I-ghrelin) and albumin
(99mTc-Alb) were purified on Sephadex G-10 columns (Sigmae
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Aldrich). Protein labeling by iodine or by technetium isotopes was
characterized by 30% trichloroacetic acid (TCA) precipitation for al-
bumin and AGs while acidified brine was used to precipitate the DAGs.
Greater than 90% radioactivity in the precipitated fraction was
consistently observed for the ghrelin peptides and albumin.

2.3. Measurement of brain influx and initial volume of distribution
in brain
Multiple-time point regression analysis was used to calculate the
blood-to-brain unidirectional influx rate (Ki) as previously described
[31,32]. Following anesthetization, mice were administered 0.2 mL of
1% bovine serum albumin in lactated Ringer’s solution (1% BSA/LR)
containing 1 � 106 cpm of a 125I-ghrelin peptide and 5 � 105 cpm of
99mTc-Alb into the jugular vein. The specific activity for each 125I-
ghrelin peptide is 25 Ci/g, which equals approximately 20 ng per dose
of 1 � 106 cpm 125I-ghrelin peptide. Blood from the carotid artery was
collected between 1 and 10 min after the IV injection. Immediately after
the blood draw, mice were decapitated, and brains were removed and
weighed. The arterial blood was centrifuged at 3200 g for 10 min at
4 �C, and the serum was collected. Levels of radioactivity in serum
(50 mL) and brain were counted in a gamma counter for 3 min and
recorded as counts per minute (cpm). The brain/serum (B/S) ratios (mL/
g) of the 125I-ghrelin in each gram of brain were calculated separately
and were plotted against their respective exposure times, which were
calculated using the following formulas derived from Patlak and
Blasberg [31,32]:

Am
Cpt

¼ Ki

0
BB@

Z t

0
Cpðt Þdt
Cpðt Þ

1
CCAþ Vi (1)

where Am is the level of radioactivity (cpm) per g of brain, Cp is the
level of radioactivity (cpm) in arterial serum at time t, and exposure
time in minutes is measured by the term

Z t

0
Cpðt Þdt
Cpðt Þ (2)

The linear portion of the relation between the B/S ratios and
exposure time was used to calculate Ki (mL/g-min) and Vi (mL/g), the
initial volume of distribution in brain at t ¼ 0, which is defined as the
functional volume per unit brain mass of a soluble compound that
exchanges rapidly and reversibly with plasma [31]. The slope of the
linear portion of the relationship between B/S ratios and exposure time
defines Ki and is reported with its error term. The y-intercept of this
linear portion of the relationship defines Vi.

2.4. In vivo stability of 125I- hDAG in brain and blood
125I-hDAG containing 1 � 106 cpm in 0.2 mL of 1% BSA/LR solution
was injected IV and allowed to circulate for 2, 6, and 10 min. Blood and
whole brain were collected. The blood was centrifuged at 3200 g for
10 min and 50 mL of the resulting serum added to 250 mL of 1% BSA/
LR. After vortexing, 300 mL of acidified brine was added to it, vortexed
again, and then centrifuged for 10 min at 5400 g. The radioactivity in
the resulting supernatant (S) and precipitate (P) was counted sepa-
rately, and the percent cpm in the precipitate was calculated (%
Precip). Brains were homogenized in 0.8 mL of 1% BSA/LR using a
bead beater for 30 s at 4800 rpm twice. Samples were transferred to a
1.7 mL microfuge tube and centrifuged at 5400 g for 10 min and a
portion of the resulting supernatant added to an equal volume of
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acidified brine, vortexed, and centrifuged at 5400 g for 10 min. The
radioactivity in the resulting S and P fractions were counted separately,
and the % Precip calculated as above.
To correct for any degradation that might have occurred during the acid
precipitation processing, 125I-hDAG was added ex vivo to non-
radioactive blood or to whole brain and processed as above. Biolog-
ical samples were corrected for degradation during processing by
dividing their values by the processing control values. The values for %
Precip from the biological samples was corrected by dividing them by
the % Precip values for the processing controls and multiplying by 100
to yield the corrected value.

2.5. Complete transfer of 125I-hDAG across the brain endothelial
cell
The capillary depletion method was used to determine whether the
125I-hDAG completely crossed the capillary wall to enter brain by
separating cerebral capillaries from brain parenchyma. Mice received
an IV injection of 1 � 106 cpm of 125I-hDAG with 5 � 105 cpm 99mTc-
Alb in 0.2 mL 1% BSA/LR. Ten min later, blood was collected from the
carotid artery, and the brains were removed. Whole brains were ho-
mogenized in glass with 0.8 mL physiological buffer (10 mM HEPES,
141 mM NaCl, 4 mM KCl, 2.8 mM CaCl2, 1 mM MgSO4, 1 mM
NaH2PO4, 10 mM D-glucose, pH 7.4) and mixed thoroughly with 1.6 mL
26% dextran in the same physiological buffer. The homogenate was
centrifuged at 5400 g for 15 min at 4 �C. The capillary-containing
pellet and the supernatant, representing the brain parenchymal/
interstitial fluid space, were carefully separated. The ratio of 125I-hDAG
radioactivity in the supernatant (parenchyma) was corrected for
vascular space by subtracting the ratio of 99mTc-Alb in the supernatant.
The parenchyma/serum and capillary/serum ratios (mL/g) were
calculated by the equation:

Ratio ¼ ðcpm=g of tissueÞ=ðcpm=mL of serumÞ (3)

2.6. Competitive transport of 125I-hDAG
To determine whether brain uptake of 125I-hDAG was saturable, 1 and
10 mg/mouse non-radioactive hDAG was included in the IV injection of
some mice. Blood was collected from the left carotid artery, and the
whole brain was removed and weighed 10 min after IV injection of
1 � 106 cpm of 125I-hDAG with 5 � 105 cpm of 99mTc-Alb in 0.2 mL
1% BSA/LR. Results are expressed as B/S ratios (mL/g) after correction
for the amount of vascular space.

2.7. Regional distribution
Ten min after 0.2 mL IV injection of the radiolabeled solution containing
1 � 106 cpm of 125I-ghrelin peptides with 5 � 105 cpm of 99mTc-Alb,
blood was collected and brains were removed. Brains were dissected
on ice into the olfactory bulb, 10 brain regions according to Glowinski
and Iversen [33] and then the cortices combined to represent the
cortex. Radioactive values were corrected for vascular space as
described above and are expressed as tissue/serum ratios (mL/g).
Abbreviations are as follows: whole brain (WB), olfactory bulb (OB),
cortex (Ctx), striatum (Str), hypothalamus (Hypo), hippocampus (Hippo),
thalamus (Thal), cerebellum (CB), midbrain (Mid), pons (Pons).

2.8. Statistics
Regression analysis and other statistical analyses were performed with
the use of Prism 6.0 (GraphPad Software Inc., San Diego, CA, USA).
Linear regression lines are reported with their correlation coefficients
(r) and p values. To determine whether entry rates into brain differ, two
or more regression lines can be compared using the statistical
90 MOLECULAR METABOLISM 18 (2018) 88e96 � 2018 Published by Elsevier GmbH. This is
package in Prism. Normality of residuals for the linear regression was
tested by the ShapiroeWilk Test and all passed this normal distribution
test. Transport characteristics of hDAG were compared by a one-way
analysis of variance (ANOVA). Brain region data were compared by
two-way ANOVA followed by Sidak’s multiple comparison post-test. All
other data where necessary is reported as the mean with the standard
error terms.

3. RESULTS

3.1. Brain influx and initial volume of distribution after intravenous
injection
Figure 1 is a graphical representation of the rates of brain influx for all
the ghrelin peptides completed in wildtype (WT) and Ghsr null mice. A
significant blood-to-brain unidirectional influx rate was measurable for
all of the 125I-ghrelin peptides examined. Table 1 lists the Ki and Vi
measured for each ghrelin peptide. As shown in Table 1, hDAG had the
fastest influx rate in the WT (0.7944 � 0.10 mL/g ∙ min, r ¼ 0.959,
p< 0.001; n¼ 10 mice/time curve) and Ghsr null (0.6448� 0.07 mL/
g ∙ min, r ¼ 0.950, p < 0.001; n ¼ 9 mice/time curve) animals.
Mouse AG had the slowest measurable influx rate in the WT mice
(0.1852 � 0.06 mL/g ∙ min, r ¼ 0.758, p ¼ 0.018; n ¼ 10 mice/time
curve). Mouse DAG had the slowest measurable influx rate in the Gshr
null mice (0.2032 � 0.05 mL/g ∙ min, r ¼ 0.782, p ¼ 0.004; n ¼ 6
mice/time curve). No significant difference was detected in brain influx
rate between WT and Ghsr null mice among each of the ghrelin
peptides tested. The initial volume of distribution (Vi) in the brain
ranged from 1.192 � 0.5740 mL/g in the WT hAG to 3.102 mL/
g � 0.41 in the Ghsr null mDAG; Vi for the other ghrelin peptides are
listed in Table 1. Human DAG showed a significant difference in the Vi
between WT (1.775 � 0.81 mL/g ∙ min) and Ghsr null mice
(1.555� 0.67 mL/g ∙ min). No 99mTc-Alb uptake was observed during
this period (data not shown).

3.2. 125I-hDAG transport characterization
After measuring the transport rate of all ghrelins across the BBB, we
wanted to further investigate the transport properties of hDAG as this
peptide has not been previously characterized. The amount of
degradation in serum and brain was measured by acid precipitation of
radioactivity recovered from these samples. Serum levels did not fall
below 100% (Figure 2A). In the latest time point studied, 10 min,
greater than 60% of the radioactivity recovered from the brain was
precipitated by acid. Therefore, we can conclude the level of 125I-hDAG
present in brain appeared after intact transport across the BBB as the
peptide is intact in the serum at this latest time point.
In order to determine whether 125I-hDAG was able to completely
transport across the brain endothelial cell, we separated the capillaries
from the brain parenchyma 10 min after circulation and measured
radioactivity present in these fractions. Indeed, the majority of the 125I-
hDAG was present in the parenchyma (10.4� 1.95 mL/g) compared to
the capillary fraction (1.0 � 0.30 mL/g) (Figure 2B).
The uptake for brain 125I-hDAG was not saturable at two different
doses of unlabeled hDAG (1 mg and 10 mg) 10 min after circulation
(Figure 2C).

3.3. Regional ghrelin distribution
To determine if the brain distribution of the ghrelin peptides varied
between WT and Ghsr null mice, we measured regional levels of each
125I-ghrelin 10 min after IV injection (Figure 3). For all ghrelins, there
were significant differences within each genotype for brain regions
(p < 0.0001) with the olfactory bulb and pons containing the greatest
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: Blood-to-brain influx of 125I-ghrelin peptides in WT and Ghsr null mice. No significant difference in A) mAG, B) hAG, C) mDAG, or D) hDAG influx was observed between
WT (closed circles, n ¼ 10e11) and Ghsr null mice (open circles, n ¼ 6e9).

Table 1 e Pharmacokinetics of ghrelin transport into the whole brain.

Ghrelin Peptide Genotype Ki (mL/g-min) r p Vi (mL/g)

mAG WT 0.1852 � 0.06 0.758 0.018 2.847 � 0.57
Ghsr null 0.2976 � 0.10 0.722 0.018 2.560 � 1.12

hAG WT 0.2979 � 0.07 0.858 0.003 1.192 � 0.57
Ghsr null 0.2853 � 0.06 0.856 0.002 1.478 � 0.55

mDAG WT 0.2606 � 0.07 0.872 0.024 2.265 � 0.75
Ghsr null 0.2032 � 0.05 0.783 0.004 3.102 � 0.41

hDAG WT 0.7944 � 0.10 0.959 <0.001 1.775 � 0.81*
Ghsr null 0.6448 � 0.07 0.950 <0.001 1.555 � 0.67*

Levels of 125I-ghrelin (mAG, hAG, mDAG, and hDAG) present in whole brain in WT and Ghsr null mice were measured 1e10 min after injection and plotted in Figure 1. Multiple-time
point regression analysis was performed to determine the rate of ghrelin transport (Ki) and vascular binding (Vi). Data are presented as mean� SEM. *p< 0.05 between WT and Ghsr
null for hDAG.

Figure 2: Characterization of 125I-hDAG. A) Stability in serum and whole brain (Whole Brain *p < 0.05 vs 2 and 6 min). B) Complete transfer across the brain endothelial cell
(n ¼ 3). C) Lack of saturable transport (One-Way ANOVA: p ¼ 0.89, n ¼ 9).
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Figure 3: Regional distribution of ghrelin peptides. Levels of 125I-ghrelin peptides were measured in each brain region after 10 min circulation. There were significant differences
in the regional distribution of A) mAG, B) hAG, C) mDAG, and D) hDAG levels. There was also a difference due to genotype with B) hAG. (n ¼ 5e7 per region per genotype).

Original Article
levels. Using a two-way ANOVA, the only peptide that showed signif-
icant differences due to genotype was hAG (p¼ 0.0025) with 7.68% of
total variation (Figure 3B). There were no individual differences in the
post-hoc analysis. The mean � SEM of each 125I-ghrelin present in
each brain region is listed in Table 2 with more detailed statistical
information regarding brain region differences. Figure 4 represents the
brain distribution using a heat map of the cumulative data. Data were
collapsed for the ghrelin peptides where there was no difference due to
genotype (mAG, mDAG, hDAG). For hAG, data were represented for
both WT (Figure 4D) and Ghsr null (Figure 4E) mice.

4. DISCUSSION

The highly-restrictive BBB is the paramount obstacle for the entry of
circulating substances into brain tissue and plays a direct role in
mediating the communication between the brain and the GI tract. In this
study, we have characterized the transport of mouse and human AG and
DAG in WT and Ghsr null mice. The data presented here suggest
transport of ghrelin across the BBB in either the AG or DAG form does not
require the GHSR. However, we did observe differences in the transport
efficiency between the two isoforms, dependent on species: mouse or
human. We found hDAG was transported faster than the other peptides:
mDAG, mAG, and hAG. As hDAG BBB transport has not been charac-
terized previously, we found this peptide was stable in serum,
completely transferred across the BBB, and transport was not saturable
at the doses tested. Lastly, we found all forms of exogenous ghrelin were
regionally distributed throughout the brain, collecting primarily in the
olfactory bulb and pons-medulla. Loss of GHSR only resulted in signif-
icant differences in hAG accumulation throughout the brain.
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Several peripheral hormones that are involved in the central regulation
of energy homeostasis, such as leptin, insulin, and amylin [34e38],
cross the BBB by saturable and unsaturable mechanisms. Whether
these transport processes are predominantly by signaling receptor-
mediated transport is debated. A novel aspect of this study was to
determine whether the GHSR mediated transfer of ghrelin from blood
to brain. To test this, we compared the transport rate of the human and
mouse ghrelin forms in WT mice and Ghsr null mice. We found the
transport rate across the BBB did not differ with the loss of GHSR. This
suggests the signaling-related receptor for ghrelin is not the ghrelin
transporter. This is not the first time it has been shown a peptide is
transported via a different protein than the canonical signaling re-
ceptor. For example, the efflux transporter for PACAP27, a pluripotent
neuropeptide, is b-F1 ATPase, a component of peptide transport
system-6, and differs from the canonical signaling-related receptors,
PAC1, VPAC1, and VPAC2 [39]. In addition, epidermal growth factor
transporters differ from their signaling-related receptor [40].
There is consensus in the field that ghrelin is not synthesized in the brain
[41,42]. Therefore, the orexigenic actions of ghrelin depend on the ability
of peripheral ghrelin to assess the neuronal circuits of food intake
regulation. Ghrelin can gain access to the brain through the circum-
ventricular organs (CVOs), blood-cerebrospinal fluid barrier, and the BBB
[43]. We focused our research on ghrelin transport through the BBB and
found that, under ad lib fed conditions, radioactive mAG has low
accessibility to the mouse brain and the levels in the hypothalamus were
similar to the cortex, thalamus, and whole brain. These findings raise
questions about the physiologic importance of the peripheral AG trans-
ported across the BBB to reach its central targets. However, there is
evidence for fasting to enhance peripheral metabolic signaling to the
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 2 e Regional distribution of125I-ghrelins in WT and Ghsr null mice.

mAG hAG mDAG hDAG

WT Ghsr Null WT Ghsr Null WT Ghsr Null WT Ghsr Null

Brain Region Abbreviation Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

Whole Brain WB 6.01 0.414 6.77 0.766 6.45 1.02 5.48 0.458 5.86 0.646 5.79 0.324 8.67 0.674 7.98 0.289
Olfactory Bulb OB 9.31 1.044 11.43 0.399 10.2 1.49 7.79 1.07 9.46 1.01 8.57 1.19 16.1 1.74 15.9 2.22
Cortex Ctx 5.06 0.409 5.89 0.642 5.84 0.904 5.11 0.464 5.55 0.619 5.15 0.476 7.56 0.662 6.75 0.246
Striatum Str 8.05 0.678 8.16 1.37 6.52 1.22 4.3 0.628 3.14 0.802 5.07 0.841 5.67 0.725 6.67 0.264
Hypothalamus Hypo 9.00 0.995 7.74 0.854 6.83 1.41 5.39 0.458 5.02 0.79 5.27 1.29 9.62 0.948 9.16 0.806
Hippocampus Hippo 6.69 1.422 5.85 1.083 4.19 0.906 4.17 0.702 6.08 1.26 6.64 0.998 6.92 1.03 8.25 1.55
Thalamus Thal 5.67 0.797 5.29 0.902 6.17 1.04 4.27 0.644 4.53 0.811 4.85 0.257 8.53 1.11 6.89 0.686
Cerebellum CB 6.93 1.008 8.81 1.511 8.09 1.56 7.03 0.818 6.77 0.66 8.62 0.477 10 1.01 9.51 0.73
Midbrain Mid 5.49 1.045 6.71 0.840 6.16 0.834 5.46 0.294 6.37 0.687 4.91 0.53 7.02 1.22 5.82 0.792
Pons-Medulla Pons 8.33 0.939 8.50 0.661 8.09 1.37 6.8 0.465 9.04 1.44 7.54 1.05 14.8 0.965 14.1 0.791

Data are represented in Figure 3 but reported here as mean with SEM (n ¼ 5e7/brain region). Two-Way ANOVA shows a significant effect of regional distribution for each peptide:
hDAG p < 0.0001 WT (WB different from OB, Pons; OB different from all regions; Pons different from all regions) and Ghsr Null (WB different from OB, Pons; OB different from all
regions; Pons different from all regions except Mid); mDAG p < 0.0001 WT (OB different from Str, Hypo, Thal; Pons different from Str, Thal); hAG p ¼ 0.0011 WT (no post-hoc
differences); mAG p < 0.0001 Ghsr Null (OB different from Ctx, Hippo, Thal, Mid).

Figure 4: Pictorial representation of 125I-ghrelins brain distribution. A heat map was generated based on the data in Table 2. AeC) Data are collapsed across genotype. DeE) Data
are separated for 125I-hAG due to statistically significant differences between genotypes.
arcuate nucleus of the hypothalamus (ARH) [44], and we have shown
enhanced BBB transport of human AG into whole brain [21]. Our pre-
vious studies also showed a numerical increase in hAG entry into whole
brain in 48-hr starved mice, compared to fed mice; however, this was
not statistically significant [21]. We did not examine ghrelin-mediated
signaling in neurons in this study, but it is curious whether fasting
would increase the BBB transport of ghrelin into the ARH and whether AG
and DAG would be affected similarly. While our studies involved large,
regional dissections, other studies have investigated more detailed entry
into sub-regions [45], especially in the hypothalamus, and found dif-
ferences in transport within this brain region. AG was able to rapidly
access neurons of the ARH near fenestrated capillaries in the median
eminence [45]. However, the precise transport mechanism for ghrelin
into these regions has yet to be determined.
Various forms of ghrelin (hAG, mAG, and mDAG) have been previously
investigated in terms of BBB transport and characteristics [29]. We found
the same pattern of transport rate with mDAG > hAG > mAG in the
current study. Additionally, we also investigated the transport rate of
hDAG in comparison to the other ghrelin forms as there are multiple CNS
biological functions attributed to DAG despite its inability to activate the
GHSR. Surprisingly, we found hDAG was transported approximately
three times faster than the other three forms. Therefore, the new hier-
archy of transport is hDAG>mDAG> hAG>mAG in mice. It should be
noted, our study included males and females combined in determining
MOLECULAR METABOLISM 18 (2018) 88e96 � 2018 Published by Elsevier GmbH. This is an open acces
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the transport rate for each ghrelin peptide. Therefore, further studies
should investigate a potential sexual dimorphism in the transport of
ghrelin across the BBB. Human and mouse AG only differ in sequence at
amino acids 11e12 [46], and human and mouse GHSR are 95%
identical. To our knowledge, the binding affinity of human ghrelins to
mouse GHSR and vice versa has not been addressed. The slower
transport of AG could be due to the presence of its octanoyl group since
the octanoyl tail allows it to circulate bound to HDL, LDL, and
triglyceride-rich lipoproteins, while DAG only binds to HDL [47,48]. It is
also possible the brain-to-blood efflux system for 125I-AG contributes to
the slower overall transport rate [29].
We have previously shown in the same time frame reported here
(10 min) that AG was not degraded into DAG [29] and that the half-life of
AG in human serum is w10 min [49]. However, we cannot rule out in
this study that there is not breakdown to DAG that could contribute to the
levels of 125I-ghrelin measured in brain. AG breakdown to DAG can be
done by numerous circulating esterases, including butylcholinesterase
and carboxypeptidase, and it is possible for various esterases to
compensate when one is lacking [50]. However, what contributes to the
further breakdown of DAG in brain is not known. Whether hAG and mAG
are hydrolyzed at different rates in our mice is unknown and may provide
another mechanism for the differences we have detected in transport.
To gain insight into brain regions that are involved in the central action
of ghrelin, we determined the regional transport of the ghrelin peptides
s article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 93
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throughout the brain. While the overall accumulation of each ghrelin
peptide varies for the brain regions, there is a significant difference in
regional accumulation with greater levels present in the hypothalamus
compared to the hippocampus and cortex. The differences in peptide
accumulation for each brain region are likely due to recognition of the
isoform with the transporter. The brain region with the highest level of
each ghrelin peptide, regardless of species, was the olfactory bulb. We
previously reported that the GHSR1a is present in olfactory circuits in
the brain; ghrelin enhances food-seeking behavior by stimulating
exploratory sniffing and increasing olfaction sensitivity [15]. Our finding
is similar to the previous report by Diano et al. that the olfactory bulb
(along with occipital cortex) exhibits the highest uptake of peripherally
injected radiolabeled human ghrelin in the mouse brain [51]. We are
unaware whether fasting induces changes of ghrelin transport specific
to the olfactory bulb. If long-term fasting is altering the structure of the
BBB or c-Fos expression, ghrelin transport could also be altered. For
most ghrelin forms, there was no effect of genotype on regional dis-
tribution. However, for hAG, there was a significant effect of genotype;
the Ghsr null mice had consistently lower levels in each brain region
compared to WT. Since only a single time point was taken to collect
these data, we cannot determine if the decreased level is due to a
decrease in binding to the GHSR, altered efflux, or overall transport.
Based on the finding that hDAG BBB transport rate is greater than the
other previously characterized ghrelin forms, we wanted to further
characterize the transport characteristics of hDAG. We found hDAG
was intact in mouse serum yet brain hDAG was w60% intact by
10 min. We also observed nearly complete transfer of hDAG across the
brain endothelial cell and into the brain parenchyma. Lastly, we
investigated the saturability of hDAG transport. At two different doses
of unlabeled hDAG, 1 mg and 10 mg, the amount of 125I-hDAG present
in the brain was not statistically different. These data suggest this
system is not saturable at these doses. These results are similar to the
data reported previously [29].

5. CONCLUSIONS

In conclusion, our results show for the first time the GHSR is not solely
responsible for ghrelin transport across the BBB. At this time, it is
unclear whether the two forms (AG and DAG) are transported by the
same protein. In addition, we show ghrelin levels are highest in the
olfactory bulb, regardless of the form of ghrelin. We also newly
characterized hDAG transport characteristics in addition to comparing
the results from mDAG, hAG, and mAG BBB transport to previously
reported literature [29]. Both human and mouse DAGs are transported
faster across the BBB compared to AG while human ghrelin peptides
are transported more efficiently than mouse ghrelin. The information
gained from these results aid in better understanding the gut-brain
communication and provide new foundations for future investigations
to connect these findings with physiological functions of ghrelin.
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