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Fig. 5. GH-IGF-I axis in GP-Tag Tg mice. A: serum IGF-T levels in male GP-Tag Tg mice (black bars) and nontransgenic littermates (open bars); n = 7-8.
B: serum GH levels at basal state and at 15 min after subcutaneous injection of GH-releasing hormone (GHRH) or ghrelin in male GP-Tag Tg mice (black bars)
and nontransgenic littermates (open bars); n = 8—13. C: pituitary mRNA levels of GH, GHS-R, and GHRH-R in 15-wk-old male GP-Tag Tg mice (black bars)
and nontransgenic littermates (open bars); n = 7. D: hypothalamic mRNA levels of GHRH, somatostatin (somato), and GHS-R in 15-wk-old male GP-Tag Tg
mice (black bars) and nontransgenic littermates (open bars); n = 7. E: pituitary sections of 15-wk-old male Tg mice and non littermates immunostained with

anti-GH antibody. *P < 0.05 compared with non littermates.

(NS, n = 7; Fig. 5, C and D). Although plasma ghrelin level
was elevated, pituitary GHS-R mRNA level was upregulated in
GP-Tag Tg mice (P < 0.05, n = 7; Fig. 5C). We also examined
pituitaries of 15-wk-old male GP-Tag Tg mice by immunohis-
tochemical analysis. There were no obvious differences in
somatotroph cell number or staining intensity of GH between
GP-Tag Tg mice and nontransgenic littermates (Fig. 5E).
Glucose metabolism in GP-Tag Tg mice. Blood glucose
levels of 15-wk-old male GP-Tag Tg mice were significantly
higher than controls (P < 0.05, n = 10; Fig. 64), although
those of 9-wk-old male GP-Tag Tg mice were comparable with
the controls (non-Tg vs. Tg: 96.0 = 4.7 vs. 100.6 £ 4.7, P =
0.51, n = 9). Intraperitoneal glucose tolerance tests showed
significantly higher blood glucose levels in 15-wk-old male
GP-Tag Tg mice (P < 0.05, n = 6-11; Fig. 6B). To estimate
the insulin sensitivity of GP-Tag Tg mice, we performed an
insulin tolerance test. The blood glucose levels after insulin
injection in 15-wk-old male GP-Tag Tg mice were suppressed
to the same level of those in controls (NS, n = 5-8; Fig. 6C).
Although basal insulin levels of 15-wk-old male GP-Tag Tg
mice were not significantly different from those of control
mice, those after glucose injection were significantly sup-
pressed in GP-Tag Tg mice (P < 0.05, n = 7-8; Fig. 6D).
Pancreatic mRNA and protein levels of insulin in GP-Tag Tg

were comparable with those of nontransgenic littermates (NS,
n = 6=8; Fig. 6, E and F).

DISCUSSION

In this study, we successfully established a mouse model of
ghrelinoma, GP-Tag Tg mouse. GP-Tag Tg mice exhibited
chronic elevation of circulating ghrelin with physiological
regulation. The elevation of circulating ghrelin in GP-Tag Tg
mice (~10-fold elevation) was much higher than that in bac-
terial artificial chromosome transgenic mice created by Bewick
et al. (5) (only ~1.5-fold elevation). Nevertheless, the levels of
circulating ghrelin in GP-Tag Tg mice can be considered to be
within the physiological range since the highest level of plasma
ghrelin observed in the anorexia patients is about seven times
higher than those of normal controls (3). One may be confused
by low ghrelin mRNA levels and low ghrelin production per
milligram of tissue in the stomachs of GP-Tag Tg mice. In
general, when the cell cycle progresses, endocrine cell pro-
duces far less amounts of hormone since the hormone produc-
tion occurs mainly at the Go/G; phase of the cell cycle. Since
the hyperproliferaing ghrelin-producing cells in GP-Tag Tg
mice were forced to proliferate by SV40 T-antigen, which
suppresses RB protein and p53, promoting cell cycle progres-
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Fig. 6. Glucose metabolism in GP-Tag Tg

mice. A: fasting blood glucose levels in 15-
wk-old male Tg (black bar) and in non (open
bar); n = 7-10. B: glucose tolerance tests in
15-wk-old male GP-Tag Tg mice (m) and in
their nontransgenic littermates (¢); n = 6-11.
C: insulin tolerance tests in male GP-Tag Tg
mice (@) and in their nontransgenic littermates
(©); n = 5-~8. D: serum insulin levels at basal,
at 2 min, and at 30 min after intraperitoneal
glucose injection in 15-wk-old male GP-Tag
Tg mice (black bars) and in their nontrans-
genic littermates (open bars); n = 7-8. E and
F: the mRNA (E) and the protein levels (F) of
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sion, the amount of ghrelin production per cell was low.
However, since the cell number was extremely increased, the
net product by stomach was eventually elevated.

Several lines of evidence suggest that the GH-IGF-I axis is
suppressed in the decreased GHS-R signaling state (28, 32). It
has not yet been clear, however, whether chronic elevation of
ghrelin within the physiological range could stimulate the
GH-IGF-I axis. In this study, we found that adult GP-Tag Tg
mice with elevated circulating ghrelin level showed elevated
serum IGF-I level. Serum IGF-I level is regulated not only by
GH but also by nutritional status. Malnutrition suppresses
serum IGF-I level, whereas overnutrition elevates it (16). Since
the nutritional state of GP-Tag Tg mice was poor because of
decreased food intake, the elevated serum IGF-1 levels in adult
GP-Tag Tg mice are considered not to be due to overnutrition
but to be due to activation of GH-IGF-I axis. Our findings
indicate that chronic elevation of circulating ghrelin within the
physiological range can activate the GH-IGF-] axis. As far as
we know, this is the first report demonstrating that increased
levels of circulating ghrelin within the physiological range can
elevate serum IGF-I levels in rodent.

The GH-releasing action of ghrelin requires GHRH (11),
and when coadministered, synergistic effects can be observed
(13). Since GH responses to GHRH tended to be enhanced in
adult GP-Tag Tg, the activation of the GH-IGF-I axis in
GP-Tag Tg may be in part due to potentiation of the GH-
releasing effect of GHRH. When the mRNA levels of compo-
nents of GH regulation in pituitary and hypothalamus of

insulin in the pancreata of 15-wk-old male Tg
mice (black bars) and in their non littermates
(open bars); n = 6—-8. *P < 0.05, **P < 0.01
compared with nontransgenic littermates.

2 min 30 min

GP-Tag Tg mice were investigated, an elevation of the pitu-
itary GHS-R mRNA level was found. It is not clear whether
this elevation of GHS-R mRNA in the pituitary contributes to
the activated GH-IGF-T axis, since the GH response to ghrelin
was not changed in GP-Tag Tg mice. At least these findings
indicate that desensitization of GH secretion to ghrelin or
downregulation of GHS-R did not occur by chronic elevation
of circulating ghrelin in GP-Tag Tg mice.

Adult GP-Tag Tg mice exhibited high glucose level in the
basal state and by the glucose tolerance test. Although insulin
production was not decreased in the pancreata of GP-Tag Tg
mice, insulin secretion after glucose load was significantly
attenuated. Since the insulin sensitivity of GP-Tag Tg mice
was not reduced, the glucose intorelance in GP-Tag Tg mice
was due mainly to the decreased insulin secretion. Given that
GP-Tag Tg mice have gastric tumors, there is a possibility that
the glucose intorelance is due to the tumors. However, the
glucose intolerance observed in malignancy is due mainly to
insulin resistance (8, 15), which may be evoked by cytokines
(22, 24, 27). Since the glucose intolerance of GP-Tag Tg mice
was caused mainly by decreased insulin secretion, it seems not
to be the case. It has been reported that acute injection of
ghrelin induces suppression of insulin secretion in rodents and
humans (6, 30). Our findings suggest that chronic elevation of
circulating ghrelin within the physiological range leads to
glucose intorelance by suppressing insulin secretion.

There have been several reports regarding ghrelin-producing
tumors (9, 17, 36, 37). Most of the cases did not present
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elevated plasma ghrelin levels except for a few cases. A
malignant ghrelinoma case reported by Tsolakis et al. (36)
showed elevated plasma ghrelin level. This patient maintained
his weight despite progression of the tumor, a symptom that
might be linked to the elevated ghrelin level. During the
clinical course, he developed severe diabetes mellitus, which is
consistent with the phenotype of GP-Tag Tg mice. GH and
IGF-I levels were normal in this case. A pancreatic ghrelinoma
case reported by Corbetta et al. (9) also showed normal GH and
IGF-I levels despite elevated plasma ghrelin level. In contrast
to these human ghrelinoma cases, GP-Tag Tg mice showed
elevated IGF-I levels. The cause of the difference in the
GH-IGF-I levels between our mice and these human ghreli-
noma cases is unclear. Since the first case mentioned above
was a malignant gastric ghrelinoma with liver metastasis, and
the second case was of pancreatic origin, plasma ghrelin level
might be elevated without any physiological regulation in these
cases, although detailed plasma ghrelin level changes were not
documented. Considering that the physiological regulation of
ghrelin secretion was kept in GP-Tag Tg mice, the circadian
rhythm may be needed for ghrelin to keep stimulating the
GH-IGF-1 axis. Indeed, several reports have shown that
chronic treatment of ghrelin attenuates GH response both
in vivo and in vitro (35, 39) and that in vitro treatment of
pituitary with ghrelin results in decreased GHS-R mRNA
levels (21). Further case studies will be required to reveal the
relationship between plasma ghrelin levels and the GH-IGF-1
axis in human ghrelinoma patients.

The limitation of this study is that the assessment of orexi-
genic action of ghrelin is difficult in this mouse model since
stomach walls of GP-Tag Tg mice gradually become hyper-
trophic after 9 wk of age, which might affect the feeding
behavior. Indeed, GP-Tag Tg mice exhibited decreased food
intake and weight reduction despite the elevated plasma ghrelin
levels. The hypothalamic mRNA levels of NPY and AgRP,
which mediate the orexigenic action of ghrelin (7, 31), were
not upregulated in GP-Tag Tg mice. There is a possibility that
desensitization of GHS-R to chronic elevated ghrelin may be a
cause of the lack of activation of these neurons besides the
hypertrophy of the stomach wall. However, hypothalamic
mRNA level of GHS-R was not changed. Furthermore, the
food intake induced by acute ghrelin administration in GP-Tag
Tg mice was comparable with control. These results may not
support the idea of desensitization. Leptin and ghrelin have
opposing effects on food intake. We examined whether plasma
leptin levels of GP-Tag Tg mice were elevated as a compen-
sation for the chronically elevated plasma ghrelin levels, which
may cause anorexia. However, the leptin levels were de-
creased, provably reflecting the decreased fat mass of GP-Tag
Tg mice.

In summary, we developed a mouse model of ghrelinoma,
GP-Tag Tg mice, in which ghrelin concentrations were signif-
icantly elevated in adulthood. These GP-Tag Tg mice exhibited
elevated IGF-I levels despite poor nutrition and glucose intol-
erance due to decreased insulin secretion. These characteristic
features of this ghrelinoma mouse could be a guide to diagnose
ghrelinoma.
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Suppression of Experimental Autoimmune Encephalomyelitis
by Ghrelin®
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Ghrelin is a recently identified gastric hormone that displays strong growth hormone-releasing activity mediated by the growth
hormone secretagogue receptor. While this unique endogenous peptide participates in the regulation of energy homeostasis,
increases food intake, and decreases energy expenditure, its ability to inhibit the production of proinflammatory cytokines in vitro
indicates its role in the regulation of inflammatory process in vivo. Here we examine the effect of exogenous ghrelin on the
development of experimental autoimmune encephalomyelitis (EAE), a representative model of multiple sclerosis. In the C57BL/6
mouse model of EAE induced by sensitization to myelin oligodendrocyte glycoprotein 35-55 peptide, we found that alternate-day
s.c. injections of ghrelin (5 ng/kg/day) from day 1 to 35 significantly reduced the clinical severity of EAE. The suppression of EAE
was accompanied by reduced mRNA levels of proinflammatory cytokines such as TNF-a, IL-18, and IL-6 in the spinal cord
cellular infiltrates and microglia from ghrelin-treated mice at the peak of disease, suggesting the role of ghrelin as an antiinflam-
matory hormone. Consistently, ghrelin significantly suppressed the production of proinflammatory cytokines in LPS-stimulated
microglia in vitro. These results shed light on the new role of ghrelin in the regulation of inflammation with possible implications

for management of human diseases. The Journal of Immunology, 2009, 183: 2859 -2866.

mall synthetic compounds, referred to as growth hormone

(GH)® secretagogues (GHS), have been known to stimu-

late GH release, working through a G protein-coupled re-
ceptor called GHS receptor (GHS-R) (1-3). It is now established
that a new endogenous peptide, ghrelin, discovered in rat gastric
extracts, is an endogenous ligand for GHS-R and is involved in the
regulation of GH release. Ghrelin is a 28-aa polypeptide with an
essential n-octanoyl modification on serine at position 3 (4). Al-
though ghrelin is predominantly secreted from mucosal endocrine
cells of stomach, it is widely distributed in various organs, includ-
ing lymphoid tissues (5, 6). Furthermore, it is measurable in the
systemic circulation, indicating its hormonal nature (7).
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Ghrelin does not only stimulate GH release, but it also increases
food intake, regulates energy homeostasis, and decreases energy
expenditure by lowering the catabolism of fat (4, 8, 9). Because of
its orexigenic and adipogenic character, ghrelin may be potentially
useful for the treatment of anorexia and cachexia (10, 11). Al-
though the precise mechanisms remain to be clarified, the orexi-
genic activities of ghrelin may be mediated by another feeding
regulatory hormone neuropeptide Y (NPY) via stimulation of Y1
and Y5 receptors (12). Furthermore, the antagonistic effect of gh-
relin on leptin-induced decrease of food intake seems to be medi-
ated by ghrelin-induced release of NPY and subsequent stimula-
tion of the Y1 receptor (13).

Ghrelin has been shown to exhibit antiinflammatory functions
against T cells and macrophages in vitro (14-16). The potential
activity of ghrelin as antiinflammatory reagent in vivo was shown
in several animal models, including bowel disease (17), arthritis
(16, 18), sepsis, and endotoxemia (16, 19, 20). Here we report
that s.c. injections of ghrelin could significantly attenuate the
clinical severity of the representative model of experimental
autoimmune encephalomyelitis (EAE) induced in C57BL/6 (B6)
mice by sensitization against myelin oligodendrocyte glycoprotein
(MOG),5_ss peptide. Furthermore, we demonstrate that in vivo
treatment with ghrelin significantly suppressed the mRNA levels
of the proinflammatory cytokines TNF-c, IL-18, and IL-6 in mi-
croglia and infiltrating T cells derived from the spinal cords of
ghrelin-treated mice. Finally, we confirm that LPS-stimulated mi-
croglia and monocytes produced lower amounts of proinflamma-
tory cytokines when they were pretreated with ghrelin in vitro. In
conclusion, the present study indicates the potential use of ghrelin
as an antiinflammatory drug to control human CNS pathology.

Materials and Methods

Mice and reagents

We used female B6 mice (CLEA Japan) between 6 and 10 wk of age in
specific pathogen-free conditions. Animal care and use were in accordance
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Table I. Amino acid sequence of mouse ghrelin and des-acyl ghrelin

Peptide Amino Acid Sequence® Ser* acylation Reference
Ghrelin GSSFLSPEHQKAQORKESKKPPAKLQOPR n-Octanoicacid 4)
Des-acyl ghrelin GSSFLSPEHQKAQORKESKKPPAKLQPR [¢))]

“ The underlined letter S represents the third serine (Ser®).

with institutional guidelines. Animal experiments were approved by our
institutional review committee. Rat MOG;s_ss (amino acid sequence
MEVGWYRSPFSRVVHLYRNGK) was synthesized at Toray Research
Center (Tokyo, Japan). Ghrelin and des-acyl ghrelin (Table I) were syn-
thesized as previously described (4, 7).

Immunization and clinical assessment of EAE

We immunized mice (n = 5-15 per group) s.c. in the tail base with 100 ug
of MOG;5_ss-peptide dissolved in 0.1 ml of PBS and 0.1 ml of CFA con-
taining 1 mg of M. tuberculosis H37Ra (Difco). Shortly after immunization
and 48 h later, the mice were injected i.p. with 200 ng of pertussis toxin
(List Biological Laboratories). Clinical scores of EAE were daily assigned
as follows: 0, normal; 1, weakness of the tail and/or paralysis of the distal
half of the tail; 2, loss of tail tonicity; 3, partial hind limb paralysis; 4,
complete hind limb paralysis; 5, forelimb paralysis or moribund; 6, death.
The cumulative scores were calculated for individual mice by summing up
the daily scores.

Administration of ghrelin and des-acyl ghrelin

For EAE treatment, we s.c. injected ghrelin and des-acyl ghrelin diluted in
0.9% saline. In the first series of experiments, mice were injected with
ghrelin or des-acyl ghrelin at doses of 0.5, 5, or 50 ug/kg every other day
for 35 days. Sham-treated animals were injected with 0.9% saline (standard
protocol). In the next experiment, we injected the mice with 5 pg/kg gh-
relin every day from day 1 to 10 (induction phase treatment) or from day
11 to 20 (effector phase treatment) and in-between with 0.9% saline. The
controls were injected every day from day 1 to 20 with 0.9% saline (al-
ternative protocol).

Assessment of histological FAE

To evaluate the histological manifestations of EAE, we treated mice with
5 pg/kg ghrelin or 0.9% saline following the standard protocol and sacri-
ficed them on day 17 postimmunization. The spinal cords were removed
and fixed in buffered formalin. They were embedded in paraffin, sectioned,
and stained with H&E and Luxol fast blue for histopathological analysis.

Flow cytometry and isolation of mononuclear cells from the
CNS

B6 mice were challenged for EAE, treated following the standard protocol
with 5 pg/kg ghrelin or 0.9% saline and sacrificed on day 17 postimmu-
nization. We removed spleen, lymph nodes (LN), and thymus as well as
spinal cord from the ghrelin- and saline-treated mice for flow cytometer
analysis. Single-cell suspensions were prepared according to standard
methods. The spinal cord cell suspensions were centrifuged at 200 X g for
10 min and resuspended in 4 mi of 70% isotonic Percoll (Amersham Bio-
sciences)/PBS and overlaid by equal volumes of 37% and 30% isotonic
Percoll. The gradient was centrifuged at 500 X g for 15 min and the
mononuclear cells were harvested from the 37%-70% interface,
washed, and counted. The cells were stained for 5 min with anti-FcRy
II/IT mAb (BD Pharmingen), washed, and labeled with the following
mAbs for surface phenotype analysis: FITC-CD4 mAb, FITC-CD19
mAb, PE-CD8a mAb, PE-NK1.1 mAb, PE-CD25 mAb, allophycocya-
nin-FOXP3, and PerCP-Cy5.5-CD3e mAb (BD Pharmingen) and FITC-
F4/80 mAb (Dainihon Seiyaku). The cytofluorometric analysis was per-
formed using a FACSCalibur operated by CellQuest software (BD
Biosciences).

Cytokine and cell proliferation assay

MOG;s_ss-immunized B6 mice were treated s.c. with 5 pg/kg/day of gh-
relin or 0.9% saline every day from day 1 to 10. The LN cells were col-
lected on day 11 after immunization and suspended in our standard lym-
phocyte culture medium (RPMI 1640 supplemented with 5 X 107" M
2-ME, 2 mM 1-glutamine, 100 U/ml penicillin/streptomycin) added with
1% syngeneic mouse serum. The cells were cultured in 96-well round-
bottom plates at 1 X 10%well for 72 h in the presence of 100 pg/ml

MOGgs_ss. Levels of IEN-v, IL-17, and IL-4 in the supernatant were de-
termined by using a sandwich ELISA. Proliferative responses were mea-
sured using a Beta-1205 counter (Pharmacia) to detect the incorporation of
[*H]thymidine (I pCi/well) for the final 16 h of culture.

Evaluation of encephalitogenic T cell induction in B6 mice
treated with ghrelin

To evaluate whether in vivo ghrelin treatment may affect the induction of
encephalitogenic T cells after immunization with MOG5_ss, we evaluated
the ability of the lymphoid cells from ghrelin- or saline-treated mice to
passively transfer EAE into naive recipients. Donor B6 mice were immu-
nized with MOG;s_ 55 and treated every day from day 1 to 10 with 5 pg/
kg/day of ghrelin or 0.9% saline. We removed spleens and LN from the
donor mice on day 11 and prepared lymphoid cell suspensions. The lym-
phoid cells were stimulated with MOG;s_s5 (33 pg/ml) in the standard
medium added with FCS (10%) for 96 h and then we isolated the CD4™ T
cells for cell transfer by depletion of CD8%, CD19*, and NK1.1% cells. In
brief, the MOG3_ss-stimulated total lymphoid cells were labeled with PE-
CD8a mAb, PE-NK1.1 mAb, and PE-CD19 mAb (BD Pharmingen) for 30
min, washed, and incubated with anti-PE microbeads (Miltenyi Biotec) for
15 min. Using autoMACS (Miltenyi Biotec), we isolated CD4™ T cells
(CD8", CDI197, and NK1.1™ fraction) as a pass-through and suspended
the cells in PBS. We injected 1.0 X 107 of the cells into the peritoneal
cavity of syngeneic recipient mice that had been X-irradiated (550 rad)
shortly before. We also injected 200 ng of pertussis toxin i.p. on the same
day and 48 h later.

Reverse transcription and real-time PCR

To analyze the mechanism of ghrelin effects in vivo, we extracted total
RNA from spinal cord, spleen, thymus, and LN samples using the RNeasy
Mini Kit (Qiagen). The RNA was subjected to reverse transcription with
the Advantage RT-for-PCR kit (BD Biosciences). Real-time PCR was con-
ducted in the LightCycler quantitative PCR system (Roche Molecular Bio-
chemicals) by using the LightCycler-FastStart DNS Master SYBR Green [
kit (Roche Molecular Biochemicals). We followed the manufacturer’s
specification using 4 mM MgCl, and 1 pM primers. The primers used are
as follows: TNF-a, CTGTGAAGGGAATGGGTGTT (sense) and GGT
CACTGTCCCAGCATCTT (antisense); IL-18, TGAAATGCCACCTTT
TGACA (sense) and GTAGCTGCCACAGCTTCTCC (antisense); IL-6,
TTCCATCCAGTTGCCTT-CTT (sense) and CAGAATTGCCATTGC
ACAAC (antisense); TGF-8, TGCGCTTGCAGA-GATTAAAA (sense)
and GCTGAATCGAAAGCCCTGTA (antisense); and HPRT, GTTGGA~
TACAGGCCAGACTTTGTTG (sense) and GAGGGTAGGCTGGCCT
ATAGGCT (antisense). Values are presented as the relative amount of
transcript of each sample normalized to the housekeeping gene hypoxan-
thine phosphoribosyltransferase (HPRT).

In vitro effect of ghrelin on RAW 264.7 monocytes treated with
LPS

To examine the effect of ghrelin on monocytes, RAW 264.7 monocytes
(American Type Culture Collection) were suspended in the standard cul-
ture medium supplemented with 10% FCS and cultured in 96-well flat
bottom plates at 1 X 10%/well overnight. Various concentrations of ghrelin
(107% M, 107% M, 107 M) were added to the culture and 1 h later the
cells were stimulated with LPS (Sigma-Aldrich) at various doses (0.1, 1, 10
pg/ml). After 2 h of incubation at 37°C, supernatants were collected and
the levels of TNF-« and IL-6 were detected by using a sandwich ELISA.

Isolation of microglial cells from the CNS

The spinal cords were incubated with 35 mg/ml Liberase Blendzyme 3
(Roche Molecular Biochemicals) and 0.1 mg/ml DNasel (Roche Molecular
Biochemicals) in RPMI 1640 medium at 37°C for 30 min. Mononuclear
cells were isolated on 30%—80% discontinuous Percoll gradients and were
stained with FITC-CD11b mAb, PE-CD45 mAb, and allophycocyanin-
CD3 mAb (BD Pharmingen). CD11b™#*CD45"# macrophage cells,
CD11b™CD45™ microglial cells, and CD3™ T cells were isolated using
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FIGURE 1. Effect of ghrelin on actively induced EAE. EAE was induced in female B6 mice (n = 8 in each group of the three experiments) by
immunization with MOG,s_ss. A, The mice were treated every other day starting at the day of immunization with 5 pg/kg ghrelin, while controls were
administrated with the vehicle, 0.9% saline, alone. B, The mice were injected from day 1 every other day with 5 pg/kg des-acyl ghrelin, whereas controls
were subjected to 0.9% saline injections. C, Following an alternative protocol, mice were treated from days 1-10 (induction phase treatment) or from days
11-20 (effector phase treatment) with 5 pg/kg ghrelin and in-between with 0.9% saline, while controls were treated every day with 0.9% saline injections.
Data represent mean = SEM. =, Significant differences between the groups (p < 0.05; Mann-Whitney U test).

FACSAuria (BD Biosciences). The total RNA was extracted from the iso-
lated cells and was subjected to reverse transcription and real-time PCR.

In vitro effect of ghrelin on microglia cells treated with LPS

Mononuclear cells were prepared from brains of untreated non-EAE mice
incubated with Liberase Blendzyme 3 and DNase I as described above and
were isolated on 40%-80% discontinuous Percoll gradients. Isolated cells
were suspended in DMEM supplemented with 10% FCS and cultured in
96-well flat bottom plates at 2 X 10%/well in the presence of ghrelin (10~°
M) overnight and later stimulated with LPS at different doses (0.01, 0.1
pg/ml). After 5 h of incubation at 37°C, supernatants were collected and
the levels of TNF-a were detected by using a sandwich ELISA.

Statistical analysis

The differences in the clinical score between ghrelin-, des-acyl ghrelin-,
and sham-treated groups were analyzed by the nonparametric Mann-Whit-
ney U test. FACS analysis, real-time PCR, ELISA, and proliferation data
were subjected to two-way ANOVA. In case of significant differences, a
Fisher post hoc test was applied. Probability values of <0.05 were con-
sidered as statistically significant.

Results
Ghrelin inhibits EAE

To explore the modulatory effects of ghrelin on inflammatory de-
myelinating diseases, we employed a model of EAE actively in-
duced in B6 mice with MOG;5_55. Although classical forms of
EAE are typically characterized by acute paralysis followed by
complete recovery, this EAE model shows persistent paralysis
with partial recovery as a reflection of persistent inflammatory
demyelination in the CNS (21, 22). In the first series of exper-
iments, we injected 0.5, 5, or 50 pg/kg ghrelin to the mice every
other day from day 1 to 35 postimmunization, while the control
mice were injected with 0.9% saline. The results showed that
the continuous injections of 5 pg/kg ghrelin suppressed most
efficiently the clinical signs of EAE (Fig. 1A), whereas a lower
(0.5 pg/kg) or a higher dose (50 pg/kg) showed only a marginal
effect (data not shown). The treatment with 5 pg/kg ghrelin did
not significantly alter either the onset or peak score of EAE.
However, significant differences were noted in mean clinical
score after day 25 postimmunization between the ghrelin-
treated and the control mice (Fig. 14).

Moreover, the effect of ghrelin on EAE was specific as des-acyl
ghrelin, an acyl-modified ghrelin, which lacks the n-octanoic acid
on the third serine, and consequently its binding ability to GHS-R
(7) (Table I) had no modulatory effect on EAE at any concentration
examined (Fig. 1B and Table II). Thus, the discrepant results ob-
tained with ghrelin and des-acyl ghrelin indicate that ghrelin treat-

ment would ameliorate the clinical course of EAE via activation of
the GHS-R.

To further characterize the effects of ghrelin on EAE, we next
examined if treatment lasting for a shorter duration may also be
immunomodulatory in vivo. We injected 5 pg/kg ghrelin every
day from day 1 to 10 postimmunization (roughly corresponding to
the induction phase) or from day 11 to 20 (roughly corresponding
to the effector phase). As shown in Fig. 1C, both protocols showed
similar levels of disease suppression, although it was less notable
than the continuous treatment from day 1 to 35 (Table II).

Ghrelin does not influence cellular infiltration into CNS

In the previous results on prophylactic or therapeutic treatment of
EAE, clinical suppression of EAE was generally associated with a
significant reduction of cellular infiltration in the CNS (23). To
clarify if histological manifestation of EAE is also suppressed by
ghrelin treatment, we treated MOG;5_ss-immunized B6 mice with
5 pg/kg ghrelin or 0.9% saline every other day and prepared sec-
tions of spinal cords at the peak of disease (day 17 after immuni-
zation) (Fig. 2). Clinical signs were milder in the ghrelin-treated
mice compared with saline-treated ones. However, histology of the
spinal cord sections with H&E staining revealed equivalent levels
of cellular infiltration in ghrelin- and saline-treated mice. To con-
firm this, we isolated mononuclear cells from spinal cords of the

Table II.  Clinical scores of EAE treated with ghrelin or des-acyl
ghrelin following different treatment protocols®

Mean Mean
Mean Day of  Maximal Cumulative
Treatment Incidence Onset = SEM Score = SEM Score * SEM
Vehicle? 8/8 1638 = 1.13: 375033 5544 £7.14
Ghrelin® 78 17.86 + 130 3.29+033 3671 £999
Vehicle” 6/8 18.83 £ 255 3.67+040 4933+ 1299
Des-acyl ghrelin®  6/8 18.00 =0.71 3.80 £0.44 49.05+8.09
Vehicle® 718 15.14 = 0.51 443 £0.07 5043 £3.10

Ghrelin (1-10)° 6/8
Ghrelin (11-20)° T8

1600 =0.73 3.17 £0.53 34.00 £ 7.25
1629 £ 1.25 3.50*045 38.72+8.79

< The table shows the results of three separate experiments (n = 8 mice in each
group of the three experiments).

b After induction of EAE with MOG;s g5, mice were treated in two different
experiments following the standard protocol of every other day s.c. treatment with 5
pglkg ghrelin or 5 pg/kg des-acyl ghrelin. The controls were injected with 0.9%
saline (vehicle).

 Following an alternative protocol, we treated the mice from days 1-10 (induction
phase treatment) or from days 11-20 (effector phase treatment) with 5 pg/kg ghrelin
and in-between with 0.9 % saline, while controls were injected every day with 0.9%
saline only. Data represent mean = SEM.
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mice. Spinal cords from EAE mice (n = 5/group) were removed on day 17
postimmunization as described in Material and Methods. The spinal cord
sections from sham- (A and B) and ghrelin-treated (C and D) mice were
stained in with H&E in the upper panels or Luxol fast blue in the lower
ones. Representative sections are shown.

mice at the peak of disease and enumerated the number of the
lymphoid cells. Notably, the total cell number was slightly ele-
vated in the ghrelin-treated mice (1.40 X 10%mouse) compared
with the saline-treated mice (1.05 X 10%mouse). To further ana-
lyze the effects of ghrelin on the formation of CNS inflammation,
we evaluated the cellular composition of the CNS-derived lym-
phocytes by using FACS. Although there was a trend that CD4™
and CD8" T cell numbers are increased in the lesions of ghrelin-
treated mice as compared with saline-treated mice (Fig. 34), it
did not reach the level of statistic significance. It was also noted
that ghrelin treatment did not alter the number of NK cells
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FIGURE 3. Quantification of spinal cord cellular infiltrates by flow cy-
tometry. A, The cells were isolated from spinal cords of ghrelin- and sham-
treated mice on day 17 postimmunization and subjected to flow cytometer
analysis as described in Materials and Methods. Data are representative of
two independent experiments and presented as absolute cell number (n =
8 mice/group in each experiment). B, The proportion of CD25*FOXP3*
cells in the CD4™ T cell population isolated from spinal cord mononuclear
cells was analyzed by flow cytometry 20 days after immunization. Data
represent two independent experiments (n = 5).

GHRELIN INHIBITS EAE

Table lII.  Cytokine production and proliferation of MOG 5 _ss-specific
T cells after ghrelin treatment®

Cytokine Production (pg/ml)

Treatment CPM * SEM INF-y £ SEM IL-17 = SEM IL-4 = SEM

47,500 + 10,988 2,087 = 487
36,663 + 9,058 2,883 = 615

Vehicle
Ghrelin

820 % 211 ND
674 + 148 ND

“ Mice were immunized with MOGis_55 and treated with 5 pg/kg ghrelin or 0.9%
saline everyday from day 1 to 10 (n = 3/group). Popliteal and inguinal LN cells were
harvested on day 11 after i ization and stimulated with 10 pg/mi MOG.s ss.
CPM marks the proliferative response to MOG;s_ss. The cytokines were measured in
the supernatant by sandwich ELISA after 72 h of stimulation. Data represent mean *
SEM of duplicate samples from one out of three independent experiments. ND, Not
detectable.

(NK1.1¥CD37), NKT cells (NK1.1*CD3™"), B cells (CD197), or
macrophages (F4/80™) in the spinal cord lesions. The proportions
of CD25*FOXP3* cells in the CD4™" T cell population isolated
from spinal cords were not altered in ghrelin-treated mice (Fig.
3B). In parallel, we also examined the composition of lymphoid
cells obtained from spleen, LN, and thymus. Again, we could not
reveal any significant change in the subsets of lymphocytes in
ghrelin-treated mice (data not shown). Concordant with the histo-
logical findings, these data imply that ghrelin did not ameliorate
clinical EAE by reducing the numbers of inflammatory cells in the
CNS, but rather by regulating the inflammatory potential of the
CNS infiltrates.

Ghrelin does not inhibit the induction of MOG ;5_ss-reactive
T cells

To elucidate the immunomodulatory mechanism of ghrelin, we
examined the cytokine production and proliferative response of
draining LN cells to MOG,5 55 that were obtained from MOG;5_ss-
sensitized mice treated for 10 days every day with ghrelin or sa-
line. The LN cells were collected on day 11 after immunization
and stimulated with MOG,;5_s5 in vitro. Accordingly, we harvested
the supernatant and measured the levels of IFN-+, IL-17, and 1L-4
by using ELISA. Although the IL-4 concentration was under
the detection level, IFN-y and IL-17 could be detected in the
MOG;;_ss-stimulated culture supernatant (Table IIT). There was
no significant difference in the level of IFN-y and IL-17 when we
compared ghrelin-treated and saline-treated groups. Furthermore,
ghrelin-treated mice did not differ from saline-treated mice in the
proliferative response of the draining LN cells to MOG;5_s5. We
also examined the frequency of CD4+CD25% FOXP3* regulatory
T cells in the lymph nodes and spleens using flow cytometry and
did not find significant differences between ghrelin-treated and sa-
line-treated mice (data not shown). These results indicate that in
vivo ghrelin treatment did not inhibit the induction of MOG;5_ss-
reactive T cells.

Ghrelin does not affect induction of pathogenic autoimmune
T cells

To further confirm that MOG,;_ss-reactive T cells are normally
induced in ghrelin-treated mice, we evaluated if the ability of the
MOG;5_ss-sensitized lymphoid cells, obtained from MOG;5 55
immunized mice, to transfer EAE into naive mice could be affected
by in vivo ghrelin treatment. To this aim, we immunized donor
mice with MOG,5_s5 and treated them every day with ghrelin or
saline from immunization up to day 10. Next day, we pooled lym-
phocytes from spleen and LN and cultured them in the presence of
MOG;5_ss. Three days later, CD4* T cells were purified and in-
jected into recipient mice as described in Materials and Methods.
It was theoretically possible that in vivo ghrelin treatment does not
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FIGURE 4. Effects of ghrelin treatment on the induction of encephali-
togenic T cells. MOGa5_ss-sensitized lymphoid cells were derived from
MOG;;s_ss-immunized and (A) saline- or (B) ghrelin-treated mice (n =
15/group). The cells were stimulated with MOG,5_ss and CD4™ T cells
were separated 3 days later for passive transfer of EAE into naive mice
(n = 5/group). Data represent individual EAE score for each mouse.

inhibit induction of MOGj;;_ss-reactive T cells, but would prohibit
the ability to cause EAE in vivo. In postulating that this could
happen, CD4™ T cells from ghrelin-treated donors should be less
encephalitogenic than those from saline-treated mice. The results
showed that transfer of activated CD4™ T cells either derived from
saline- or ghrelin-treated donors induced passive EAE in the re-
cipients, showing approximately the same clinical course and se-
verity (Fig. 4). Thus, it can be concluded that ghrelin treatment
does not affect the induction of encephalitogenic MOG,5_ss-reac-
tive CD4™ T cells.

Ghrelin decreases mRNA levels of proinflammatory cytokines in
the CNS

After demonstrating that ghrelin does not suppress the infiltration
of inflammatory cells in the spinal cord, we wondered whether the
cytokine milieu in the ghrelin-treated mice could be significantly
altered. To answer the question, we analyzed the mRNA levels of
pro- and antiinflammatory cytokines (IFN-y, TNF-«, IL-15, IL-6,
IL-4, IL-10, and TGF-B) in the spinal cord, spleen, LN, and thy-
mus of ghrelin- and saline-treated mice at the peak of disease (day
17) by using quantitative PCR. Although ghrelin treatment had no
effect on the mRNA levels of 1L-4, IL-10, and IFN-vy in the spinal
cord, spleen, LN, and thymus (data not shown), we found signif-
icantly reduced levels of TNF-a (p < 0.0015), IL-18 (p < 0.025),
and IL-6 (p < 0.025) in the spinal cord of ghrelin-treated mice,
compared with saline-treated ones (Fig. 5A4). In contrast, the level
of TGF-B showed a trend for slight elevation in the spinal cord.
We also found a diminished level of TNF-a mRNA (p < 0.0001)
in the spleen of ghrelin-treated mice (Fig. 5B), whereas we saw no
significant change in any of the cytokines that we measured in LN
or thymus of ghrelin-treated mice (Fig. 5, C and D). Because
TNF-q, IL-18, and IL-6 mRNAs were selectively down-regulated
in the spinal cord, we suspected that monocytes could be potential
target cells in the ghrelin-mediated EAE suppression. This idea
was consistent with the fact that ghrelin treatment did not inhibit
the induction of MOG;5_ss-reactive T cells.

Ghrelin suppresses the proinflammatory cytokine production of
LPS-stimulated monocytes

To verify the postulate that in vivo treatment with ghrelin may
ameliorate EAE by targeting monocytes, we examined in vitro
effects of ghrelin on the monocytic cell line RAW 264.7 that ro-
bustly produce proinflammatory cytokines when stimulated with
LPS. The RAW 264.7 line cells were first exposed to various doses
of ghrelin for 1 h and then stimulated with LPS. We harvested the
supernatant 2 h later and measured the levels of TNF-« and IL-6
by ELISA. The results revealed that prior exposure to ghrelin
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FIGURE 5. Proinflammatory cytokine mRNA expression during
EAE in ghrelin-treated mice. Quantitative mRNA expression of proin-
flammatory cytokines in the spinal cord of MOG;s_ss-immunized mice
subjected to ghrelin or saline treatment on day 17 postimmunization
(n = Sl/group). Total mRNA was extracted from (A) spinal cord, (B)
spleen, (C) LN, and (D) thymus. The TNF-¢, IL-18, 1L-6, and TGF-8
mRNA expression was measured by real-time PCR. Data are presented
as relative amount of transcript normalized to HPRT. Data represent
mean * SEM. %, Significant differences between the groups (p < 0.025;
two-way ANOVA).

would significantly suppress the production of TNF-a (p < 0.02)
and IL-6 (p < 0.05) by LPS-stimulated RAW 264.7 cells in a
dose-dependent manner (Fig. 6). The inhibitory effect of ghrelin
was very potent, as in addition to the effects on LPS-stimulated
monocytes, even the basal production of TNF-a (p < 0.008) and
IL-6 (p < 0.03) was significantly reduced by in vitro ghrelin treat-
ment. Given that in vivo treatment with ghrelin could suppress the
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FIGURE 6. Effect of ghrelin on the proinflammatory cytokine produc-
tion of LPS-stimulated monocytes. The monocytes were treated with var-
ious concentrations of ghrelin (107 M, 107 M, 107'° M) 1 h before
stimulation with 0.1, 1.0, and 10 pg/ml LPS. The (A) TNF-« and (B) IL-6
production was measured 2 h after LPS stimulation by sandwich ELISA.
Data represent mean * SEM of duplicate samples from one out of three
independent experiments. Significant differences at 1075, 1073, and 107%°
M (p < 0.05; two-way ANOVA) are depicted as =, **, and sk,
respectively.

development of EAE without altering histological EAE or T cell-
derived cytokine balance, the ghrelin-mediated suppression of
monocyte-produced TNF-« and IL-6 would strongly support the
postulate that monocytes are the main target cells in ghrelin-me-
diated suppression of EAE.

Ghrelin inhibits the expression of proinflammatory cytokines in
microglia

The proinflammatory cytokines are known to be produced not only
by CNS-infiltrating macrophages but also by T cells and microglia
in the course of EAE. To investigate which cells are important in
the ghrelin-mediated suppression of EAE, we first examined the
expression of proinflammatory cytokines in macrophages. Unex-
pectedly, the mRNA of IL-183, IL-6, and TNF-a did not alter in
CNS-infiltrating macrophages of ghrelin-treated mice compared
with the control mice (Fig. 7A). We next examined the expression
of these cytokines in other cell types also known as a source of
inflammatory cytokines and found reduced expression of these cy-
tokines in microglia (Fig. 7B). Additionally, the expression of in-
flammatory cytokines was decreased in CNS-infiltrating T cells
(Fig. 7C). Hence, these results suggest that microglia might play a
crucial role in ghrelin-mediated inhibition of EAE.

Ghrelin inhibits the proinflammatory cytokine production of
LPS-stimulated microglia

We next examined the effect of ghrelin on microglia. To test
whether ghrelin directly affects microglia, we isolated mononu-
clear cells from the brains of untreated mice. In untreated non-EAE

FIGURE 7. Effect of ghrelin on A Macrophages
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FIGURE 8. Effect of ghrelin on the proinflammatory cytokine produc-
tion of LPS-stimulated microglia. The microglia cells were treated with
ghrelin (107° M) overnight and later stimulated with 0.01 and 0.1 pg/ml
LPS. Five hours after stimulation, the TNF-a production was measured
using ELISA. Data represent mean * SEM of duplicate samples from one
out of two independent experiments. *, Significant differences between the
groups (p < 0.05; two-way ANOVA).

mice, most (~77%) of the brain mononuclear cells were CD11b™"
cells, and the majority of CD11b™ cells (~95%) were considered
as CD45"" microglia cells. Among these mononuclear cells,
CD19% B cells were <0.1% and CD3*CD45% T cells were
1-1.5%. We cultured the isolated mononuclear cells in the pres-
ence of ghrelin overnight and stimulated them with LPS in differ-
ent doses for 5 h. The TNF-a levels in the culture supernatant were
measured by using ELISA. In the presence of ghrelin, the TNF-a
levels were significantly reduced (Fig. 8). These results suggest
that ghrelin directly affects microglia by reducing the production of
inflammatory cytokines.

Discussion

Starvation is known to have immunosuppressive effects (24-26).
Although little was known about the mechanistic link between
starvation and immunity, recent studies have shed light on the
immunomodulatory potency of a range of feeding regulatory hor-
mones such as leptin and NPY. For example, serum leptin is de-
creased after acute starvation in paralle! with immunosuppression
or Th2 bias, whereas exogenous leptin would correct the altered
Th1/Th2 balance toward Thl (27, 28). In contrast, NPY is in-
creased after starvation. Exogenous NPY would shift the Th1/Th2
balance toward Th2 and can ameliorate the severity of EAE (29).
Interestingly, both peptide hormones are linked to ghrelin in an
endocrine feedback system (30). Ghrelin itself is increased after
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starvation, and it can potently stimulate the release of NPY in the
CNS (12). Moreover, ghrelin shows antagonistic effects against
leptin (31). Although the available data on the action of ghrelin on
leptin or NPY may not be extrapolated to speculate about its role
in the immune system, we decided to explore whether ghrelin may
exhibit beneficial effects in the modulation of EAE. Furthermore,
ghrelin was reported to have protective effects on endotoxic shock
in rats (32). Additionally, the wide range of GHS-R expression
within the immune cells strongly suggested the immunomodula-
tory potential of ghrelin (6). Considering its endocrine interactions,
ghrelin becomes an interesting candidate for the in vivo modula-
tion of EAE.

To evaluate the effects of ghrelin on the immune system in vivo,
we used the representative EAE model induced with MOG;,5_ss in
B6 mice. Subcutaneous injections of ghrelin significantly sup-
pressed EAE severity, especially after the peak of disease, while
the EAE onset occurred almost similarly in both ghrelin- and
sham-treated mice. Priming phase treatment (days 1-10) as well as
effector phase treatment (days 11-20) also showed disease-sup-
pressing effects, suggesting a modulatory role of ghrelin during all
phases of disease. The unacylated ghrelin form, des-acyl ghrelin,
failed to suppress EAE, demonstrating that the disease suppression
was mediated by the GHS-R.

The histological findings at day 17 were similar in all animals
regardless of the applied treatment. The inflammatory cell infiltra-
tion and demyelination occurred in both groups, suggesting a gh-
relin effect independent of cell trafficking at the peak of disease.
Moreover, we found by FACS analysis that the number of mono-
nuclear cells isolated from the spinal cord and their composition
did not significantly alter among ghrelin- and sham-treated mice at
the same time point. Our data showed no statistically significant
changes in the examined cell subsets, which supported the histo-
logical findings of unaffected immune cell traffic to the CNS. This
discrepancy between analogous inflammatory status in the spinal
cord on the one hand and less severe disease on the other hand in
ghrelin-treated mice was remarkable, suggesting cytokine regula-
tion as the possible mechanism of EAE suppression.

Leptin and NPY both influence the Th1/Th2 balance in oppos-
ing directions (27-29). Since ghrelin is the most potent NPY-re-
leasing hormone and NPY suppresses EAE by a Th2 bias (29), we
examined whether ghrelin affects the Th1/Th2 balance similar to
NPY and if its potential mechanism of EAE suppression is pri-
marily mediated on immune cells or secondarily through NPY re-
lease. To investigate the effect of ghrelin on the cytokine balance,
we measured the cytokine responses of MOG;4_ss-primed T cells
from mice treated with ghrelin or saline. The evaluated IFN-y,
IL-17, and 1L-4 levels as well as the proliferative response did not
significantly alter between ghrelin- and sham-treated mice. Under-
lying these observations, we conclude that the suppression of EAE
mediated by ghrelin does not affect the T cell-derived cytokine
balance. To further address whether ghrelin acts via the NPY path-
way, we determined the encephalitogenic potential of CD4™ T
cells from ghrelin-treated mice to cause passive EAE in syngeneic
recipients. We treated donor animals with ghrelin or saline for 10
days after priming with MOG;4_s5, and lymphoid cells from the
mice were stimulated with MOG,s_s5. Three days later, CD4™ T
cell blasts were isolated and transferred to naive mice. The CD4™
T cells from ghrelin-treated mice did not differ from those from
saline-treated mice in the ability to mediate passive EAE, indicat-
ing that ghrelin does not primarily affect induction of encephali-
togenic CD4™" T cells in vivo. While NPY attenuates EAE by a
Th2 bias of encephalitogenic CD4™" T cells (29), our findings
likely suggest that ghrelin interacts independently of NPY in the
amelioration of EAE.
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To further clarify the mechanism of ghrelin-mediated EAE sup-
pression, we examined the mRNA levels of several cytokines of
ghrelin- and sham-treated mice at the peak of disease. Qur data
demonstrate significantly reduced levels of the proinflammatory
cytokines TNF-, IL-18, and IL-6 in the spinal cord and lower
levels of TNF-« in the spleen of ghrelin-treated mice. In contrast,
the level of TGF-8 showed a trend for slight elevation in the spinal
cord. The importance of TNF-« for initiating and sustaining in-
flammation is well described, as well as its essential role in the
development of acute EAE (33, 34). The proinflammatory role of
IL-18 and IL-6 in the immunopathology of EAE is also generally
accepted (35-38). Thus, the inhibition of TNF-«, IL-183, and IL-6
must be considered as an important mechanism in the ghrelin-
mediated EAE suppression.

Given the selective down-modulation of the proinflammatory
cytokines, we suspected that monocytes could be potential target
cells in the ghrelin-mediated EAE suppression. However, the anal-
ysis of infiltrating cells and residential microglia revealed that the
suppression of proinflammatory cytokines was prominently led by
microglia. A decreased expression of these cytokines was also ob-
served in infiltrating T cells. Considering that the transfer of T cells
obtained from ghrelin-treated mice induced a similar disease
course compared with control mice, the reduction of proinflam-
matory cytokines in microglia might be important in the ghrelin-
mediated suppression of EAE.

In conclusion, the present study demonstrates for the first time to
our knowledge that the gastric hormone ghrelin suppresses actively
induced EAE by inhibiting production of the proinflammatory cyto-
kines TNF-a, IL-1f3, and IL-6 with microglia as the main target
cells. These findings support an antiinflammatory property of gh-
relin, shedding light on its role in immune-endocrine interactions.
Consequently, we speculate that ghrelin may serve as an antiin-
flammatory drug to control human CNS pathology involving the
production of proinflammatory cytokines.
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Changes in pulmonary blood flow distribution in
monocrotaline compared with hypoxia-induced models of
puimonary hypertension: assessed using

synchrotron radiation
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Hirotsugu Tsuchimochi®, Keiji Umetani’, Mikiyasu Shirai®* and

Patricia A. Cragg™™

Background We have previously described anatomical
changes in pulmonary blood flow distribution in chronic
hypoxic rats, associated with pulmonary arterial
hypertension (PAH).

Method In this study, we utilized synchrotron radiation
microangiography to compare these changes in pulmonary
blood flow with a PAH-model induced with monocrotaline
(MCT), as the etiology for these two models of PAH is
different. Three weeks after a subcutaneous injection of
MCT (60 mg/kg) or vehicle (control), Sprague—Dawley rats
were anesthetized, and microangiography was performed
on the left lung to assess branching distribution of
pulmonary blood flow and changes in vessel diameter
during acute (8% O, for 4 min) hypoxic pulmonary
vasoconstriction — before and after sympathetic -
adrenoceptor blockade (propranolol, 2 mg/kg, intravenous).
Comparisons were made with chronic hypoxic rats using
data previously published.

Results We observed that adverse changes in pulmonary
blood flow were comparable for both chronic hypoxia and
MCT models of PAH. Specifically, the number of opaque
third and fourth generation vessels was significantly and
equally fewer than that of control rats. The acute hypoxic
pulmonary vasoconstriction was not altered in the
hypertensive lung, though sympathetic modulation of
pulmonary vasoreactivity was enhanced by chronic hypoxia,
but not MCT.

Introduction

Pulmonary arterial hypertension (PAH) is a common
adverse complication associated with several cardiopul-
monary disorders and has a bleak long-term prognosis.
PAH is characterized by a sustained increase in pulmon-
ary arterial pressure (PAP) that increases the workload of
the heart and is, therefore, closely associated with heart
failure and increased mortality [1]. Although significant
advances in the treatment of PAH have been made in
recent decades, the underlying mechanisms governing
the pathogenesis of PAH remain to be fully elucidated.

*M.S. and P.A.C. contributed equally to the writing of this article.

0263-6352 © 2009 Wolters Kiuwer Health | Lippincott Williams & Wilkins

Conclusion In summary, we have demonstrated
comparable adverse changes in pulmonary blood flow for
chronic hypoxia and MCT models of PAH. In contrast,
modulation of the hypoxic pulmonary vasoconstriction
differs between the two PAH models, likely due to the
impact that different pathological pathways have on the
physiology of the whole organism. Such differences
between models of PAH should be considered in future
studies. J Hypertens 27:1410-1419 © 2009 Wolters Kluwer
Health | Lippincott Williams & Wilkins.
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Abbreviations: HPV, hypoxic pulmonary vasoconstriction; HR, heart rate;
MABP, mean arterial pressure; MCT, monocrotaline; O,, oxygen; PAH,
pulmonary arterial hypertension; PAP, pulmonary arterial pressure; RVP,
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Our understanding may be confounded because the
ctiology for different models of PAH, such as monocrota-
line (MCT) and chronic hypoxia, may not be similar
[2-4]. Indeed, the literature seems to suggest that both
the cellular signal pathways that are involved in the
pathogenesis of these forms of PAH, and the resultant
morphological changes in the pulmonary vasculature,
may differ between chronic hypoxia and MCT [3-6].

Whether these cellular and morphological differences
between MCT and chronic hypoxia ultimately culminate
in differing patterns of pulmonary blood flow distribution
1s not currently known. Yet, it is these changes in blood
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flow distribution, regardless of cause, which are respon-
sible for the adverse increase in PAP. Importantly, any
discrepancies in the pathological alterations of pulmonary
blood flow between chronic hypoxia and MCT may
impact on the type, and effectiveness, of potential thera-
peutic interventions [3].

The ability to compare pathological changes in pulmon-
ary blood flow between different PAH models has, up
until recently, been restricted due to methodological
limitations for assessing the pulmonary microcirculation,
especially within the natural physiological milieu of a
closed-chest animal model. In a recent study, we utilized
synchrotron radiation microangiography (i.c. radiograph)
for assessing in detail the anatomical and functional
changes of the pulmonary circulation associated with
chronic hypoxia-induced PAH in a closed-chest rat model

[71.

In this study, we aimed to assess the changes in pulmon-
ary blood flow distribution following MCT-induced PAH
and compare it with those results previously obtained
from chronic hypoxic rats. We utilized synchrotron radi-
ation microangiography, which has enhanced sensitivity
to contrast material and superior visualization of pulmon-
ary vessels compared with more conventional angiogra-
phy methods. The resules from this study will help to
ascertain whether the nature of change in pulmonary
blood flow distribution in two distinctly different models
of PAH is etiology dependent.

Materials and methods

Animals

Experiments were conducted on 14 male Sprague—Daw-
ley rats (9 weeks old; body weight ~200-280 g). Three
weeks prior to experimentation, rats received a subcu-
tancous injection of either MCT (0.5ml, 60mg/kg in
0.2N HCI; Sigma, St Louis, Missouri, USA; #=7) or
vehicle alone (0.5 ml; »="7). All rats were on a 12h light/
dark cycle at 25+ 1°C and were provided with food and
water ad libitum. All experiments were conducted at the
Japan Synchrotron Radiation Research Institute, Hyogo,
Japan. Experiments were approved by the local Animal
Ethics Committee and conducted in accordance with the
guidelines of the Physiological Society of Japan.

Anesthesia and surgical preparation

Three weeks after MCT/vehicle injection, rats were
anesthetized with pentobarbital sodium [60 mg/kg, intra-
peritoneally (i.p.)]. Supplementary doses of anesthetic
were periodically administered (~15mg/kg per h 1.p.).
Throughout the experimental protocol, body tempera-
ture was maintained at 37°C using a rectal thermistor
coupled with a thermostatically controlled heating pad.

The trachea was cannulated and the lungs ventilated with
a rodent ventilator (SN-480-7; Shinano, Tokyo, Japan).

Pulmonary blood flow in models of PAH Schwenke et al. 1411

The inspirate gas was enriched with O, (~50% O,), and
the ventilator settings were adjusted (tidal volu-
me ~ 3.5ml; freq. ~ 70/min). A femoral artery and vein
were cannulated for measurement of systemic arterial
blood pressure (ABP) and drug administration, respect-
ively. A 20-gauge BD Angiocath catheter (Becton Dick-
inson, Inc., Sandy, Utah, USA), with the tip ata 30-degree
angle, was inserted into the jugular vein and advanced
into the right ventricle for administering contrast agent as
well as intermittently measuring right ventricular pres-

sure (RVP).

The rat was securely fastened supine to a clear Perspex
surgical plate, which had a single window opecning
directly beneath the thorax area. The surgical plate
was then fixed in a vertical position in front of the beam
pathway, so that the synchrotron beam would pass per-
pendicular to the sagittal plane from anterior to posterior
through the rat thorax and ultmately to a SATICON
X-ray camera described below.

Microangiographic system

The pulmonary circulation was visualized using synchro-
tron radiation microangiography at the SPring-8 B1L.28B2
beam line facility, Hyogo, Japan (Fig. 1). The use of
synchrotron radiation for visualizing the pulmonary
microcirculation in the closed-chest rat has previously
been described in detail [7,8].

In brief, synchrotron radiation has a broad and continuous
spectrum from the infrared to the X-ray regions. A single
crystal monochromator was used to select a single energy
of synchrotron radiation, producing X-rays of a very
narrow energy bandwidth for imaging. This synchrotron
radiation system comprised a monochromatic 33.2-keV
X-ray source, just above the iodine K-edge energy for
maximal contrast.

X-rays transmitted through a patient are detected by an
X-ray detector (Hitachi Denshi Techno-System, Ltd.,
Tokyo, Japan) incorporating a SATICON X-ray pickup
tube (Hamamatsu Photonics K.K., Shizuoka, Japan). The
biomedical imaging SATICON X-ray camera has a resol-
ution of 1050 scanning lines and can record images at a
maximum speed of 30 frames/s for up to 30s. The shutter
open-time used in this study was 2.6-3.0 ms per frame.
The detector features a 9.5-pwm equivalent pixel size that
captures a 9.5 x 9.5 mm input field size. High-resolution
images were stored in a digital frame memory system
with 1024 x 1024 pixel format and 10-bit resolution.

Experimental protocol

The rat was positioned in front of the beam so that the
upper segment of the left lobe was positioned in front
of the SATICON X-ray camera in alignment with the
9.5 x 9.5 mm imaging field (i.e. between the second and
third rib; Fig. 1). Preliminary experiments identified that
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Fig. 1
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A simplified schematic diagram showing the experimental set-up for pulmonary microangiography in a closed-chest rat model using monochromatic
synchrotron radiation and the region of the left lung used for capturing angiographic images representative of the pulmonary microcirculation.

this segment of the lung best represented the pulmonary
circulation as a whole in terms of anatomical layout and
vascular responsiveness. Subsequently, baseline heart
rate (HR), RVP and ABP data were collected. Immedi-
ately prior to vessel imaging, the three-way stopcock on
the right ventricle catheter was opened to a clinical
autoinjector (Nemoto Kyorindo, Tokyo, Japan), which
was used to inject a single bolus of contrast agent
(Iomeron 350; Eisai Co. Litd, Tokyo, Japan) ac high speed
(0.4ml at 0.4ml/s). For each 2-s period of scanning (a
single exposure sequence), 100 frames were recorded.
Rats were given at least 10 min to recover from each bolus
injection of contrast agent. Regular inspection between
contrast injections confirmed that the pulmonary vascu-
lature was clear of agent within this period of time.

Following baseline imaging, rats were exposed to acute
hypoxia (8% O, in N;) for 4 min. During acute hypoxia,
ABP, HR and RVP data were continuously recorded until
the third minute, after which recording of RVP was
stopped, and the catheter was switched from the pressure
transducer to the clinical injector for imaging, Lung
microangiography was performed on the hypoxic lung
after the fourth minute of hypoxia.

Upon recovery from the acute hypoxic test, rats were
administered the B-receptor blocker, propranolol {2 mg/
kg, intravenous (i.v.)]. After waiting 10—15min for all
cardiovascular variables to stabilize, pulmonary microan-
glography was repeated before and after acute hypoxia.

Data acquisition and analysis

The RVP and ABP signals were detected using separate
Deltran pressure transducers (Utah Medical Products,
Inc., Salt Lake City, Utah, USA), the signals were relayed

to Powerlab bridge amplifiers (ML117, AD Instruments
Pty Ltd, Japan, Inc.,, Izumi, Japan), and then continuously
sampled at 500 Hz with an eight-channel Macl.ab/8s
interface hardware system (AD Instruments), and
recorded on a Macintosh Power Book G4 using Chart
(v. 5.0.1, AD Instruments). HR was derived from the
arterial systolic peaks.

From the 2-s period of image collection, one frame per
scan (one frame sequence = 100 frames) was sclected for
image enhancement and analysis. Furthermore, only
those frames recorded at, or near, end systole were used
for assessing and comparing pulmonary vessel diameter
between baseline and hypoxic conditions.

All imaged vessel branches were counted. Where
possible, the widths of two to four vessels of each branch-
ing generation (second to fourth generation) were
measured to ensure a wide variety of vessel sizes were
selected from each frame. Vessels were categorized
according to internal diameter lengths of 100-200 pm,
200-300 wm, 300-500pum and more than 500 pm.
Accordingly, the internal diameter of 67 vessels, compris-
ing the four branching generations, was mcasured in
seven control rats. Similarly, 64 vessels were measured
in seven MCT-rats. The internal diameter of individual
vessels was measured before and after acute hypoxia,
with and without B-receptor blockade (i.e. propranolol
treatment).

Image analysis

The computer-imaging program Image Pro-plus (ver. 4.1,
Media Cybernetics, Bethesda, Maryland, USA) was used
to enhance contrast and the clarity of angiogram images.
To enhance images, a temporal subtraction operation was
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performed for flat-field correction using summation
results of 10 consecutive frames acquired before con-
trast-agent injection. The summation image taken before
injection was subtracted from a single raw image taken
after injection to climinate the superimposed background
structure.

Image Pro-plus was also used to evaluate the vessel
internal diameter. A 50-pm thick tungsten filament, which
had been placed directly across the corner of the detector’s
window, appeared in all recorded images and was sub-
sequently used as a reference for calculating vessel dia-
meter (pm). The line-profile function of Image Pro-Plus
was used to measure changes in pixel intensity (brightness)
along manually drawn segments spanning 10-40 pixels on
eitherside in the direction perpeéndicular to the vessel (see
[8]). The reliability for measuring vessel internal diameter
is highly reproducible between independent observers
based on regression analysis (7F = 0.975), with an average
difference of 6+3pm (for 100-200pm vessels) to
944 wm (for 300-500 pm vessels) [7,8].

Statistical analysis

All statistical analyses were conducted using Statview
(v5.01; SAS Institute, Cary, North Carolina, USA). All
results are presented as means = standard error of the
mean (SEM). Two-way analysis of variation (ANOVA)
(repeated measures) was used to test whether propranolol
significantly altered the dynamic pulmonary vasocon-
striction response to acute hypoxia. One-way ANOVA
(factorial) was used to test for differences in vessel caliber
during normoxia and acute hypoxia and baseline values
for control rats (cont-rats) compared with MCT-treated
rats and values for MCT-rats compared with chronic
hypoxic rats. Where statistical significance was reached,
post hoc analyses were incorporated using the paired or
unpaired #test with the Dunnet’s correction for multiple
comparisons. A P value of 0.05 or less was predetermined
as the level of significance for all statistical analysis.

Results

Baseline

Baseline hemodynamic data are presented in Table 1.
MCT-induced PAH, evident as systolic RVP, was approxi-
mately 70% higher than that of cont-rats (P < 0.01). Com-
paratively, the magnitude of PAH for MCT-rats was
smaller than that observed in rats exposed to chronic
hypoxia (chronic hypoxic rats) for 4 weeks [~120%
increase in systolic right ventricular pressure (sRVP);
sec Table 1]. Both MCT and chronic hypoxia did not
significantly alter mean ABP (MABP) or HR.

Using synchrotron radiation, we were able to clearly
assess the adverse changes in the pulmonary circulation
associated with MCT-induced PAH. Figure 2 shows
typical microangiograms of the pulmonary circulation,
from the main axial artery of the left lobe to the 4th

Pulmonary blood flow in models of PAH Schwenke efal. 1413

Table 1 Systolic right ventricular pressure, mean arterial pressure
and heart rate data of the anesthetized control rats (cont-rats;n=7)
and rats with PAH induced by monocrotaline (PAH-rats; n=7),
before and after propranolol administration (2mg/kg, i.v.)

SRVP {mmHg) MABP {mmHg) HR (b/min)
Physiological saline
Cont-rats 25.241.0 1165+6 4038
(24.3+1.0) (103+7) (338+13)
MCT-rats 42.8+ 241 108+6 404413
CH rats (63.1 £2.01) (1184 4) (3534 13)
Propranolot
Contrats 26.7+1.4 11146 356+ 16*
(27.3£1.4) {105+ 6) (319 4)
MCT-rats 43.0+1.87 9318 3324 gH*
CH rats (54.241.7% (136 £31%) (294 £51%)

Data presented in parentheses are from separate groups of cont {n=5) and CH
rats {n =5) from [7}. Data are presented as mean + SEM. CH, chronic hypoxic; HR,
heart rate; MAP, mean arterial pressure; sRVP, systolic right ventricular pressure.
T Significantly different from cont-rats (P < 0.01). * Significant difference between
saline and propranolol (P < 0.01).

generation of branching (within the 9.5 X 9.5 mm imaging
window), of a cont-rat, a MCT-rat and, for comparative
purposes, a chronic hypoxic rat (taken from [7]). Inter-
estingly, the adverse anatomical changes in pulmonary
blood flow distribution for MCT-rats were remarkably
similar to that observed for chronic hypoxic rats.

Vessel number

The total number of opaque vessel branches visible
within each baseline image (i.e. 9.5 % 9.5mm imaging
window) was counted. As illustrated in Fig. 3a, pulmon-
ary hypertension was associated with a decrease in the
number of opaque third and fourth generation vessels,
regardless of whether the etiology was induced by MCT
(941 and 20 £ 1 vessels, respectively) or chronic hypoxia
(941 and 16+ 2 vessels, respectively), compared with
cont-rats (12+1 and 2642 vessels, respectively;
P <0.05). Interestingly, the number of fourth generation
vessels was marginally fewer for chronic hypoxic rats
(nonsignificant) compared with MCT-rats, possibly
reflecting the higher PAP in chronic hypoxia-induced
PAH. The number of first and second generation
branches was not significantly altered by either MCT
or chronic hypoxia (2 and 4-35, respectively).

Vessel size

Vessel internal diameter tended to decrease according to |
cach generation of branching, as well as the distance away
from the main axial artery towards the periphery
(Fig. 3b). The internal diameter of the first generation
branch was similar for cont-rats (556 & 37) and MCT-rats
(596 +29). Chronic hypoxia, however, significantly
increased the internal diameter of the first generation
branch (740453 pm) — possibly due to a more severe
magnitude of PAH (i.e. the higher distending pressure)
for chronic hypoxic rats, compared with MCT-rats. Vessel
caliber was not significantly different between cont-rats,
MCT-rats and chronic hypoxic rats for the second to
fourth generation of branching (Fig. 3b).
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Fig. 2
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Typical microangiogram images showing the branching pattern of small pulmonary arteries in control rats {cont-rat; n==7) and rats with pulmonary
arterial hypertension, which was induced with either monocrotaline (MCT-rat; n=7) or chronic hypoxia {chronic hypoxic rat; n=>5; data taken from
8]). Pulmonary branches to the fourth generation from the left main axial artery were visible. MCT, monacrotaline.

Responses to acute hypoxia

Pulmonary vascular reactivity was assessed by exposing
rats to acute hypoxia (8% O; for 4min). Acute hypoxia
caused a significant decrease in the internal diameter of
all vessels smaller than 500 pm (cont-rats) or less than
300 pm (MCT-rats) (Fig. 4). In all rats, the magnitude
of constriction tended to increase as vessel caliber
decreased, with the greatest degree of vasoconstriction
occurring in those vessels with a diameter between 100
and 300 pm. These vessels were generally of the third
to fourth generation of branching. The magnitude of
hypoxic pulmonary vasoconstriction (HPV) for all vessel
sizes was similar for control rats and pulmonary hyper-
tensive rats — regardless of whether PAH was induced by
MCT or chronic hypoxia.

Similarly, the hemodynamic responses to acute hypoxia
were not altered after the development of PAH (for both
MCT and chronic hypoxia) (Fig. 5). Therefore, acute
hypoxia consistently induced a significant increase in
systolic RVP (21-27%; P <0.01), a decrease in MABP
(40-45% decrease, P<0.01) buc did not significantly
change HR.

Responses to propranolol
Rats were administered the sympathetic B-receptor
blocker, propranolol (2 mg/kg, i.v.). In both cont-rats

and MCT-rats, propranolol did not significantly alter
baseline pulmonary vessel caliber for any of the vessel
size groups analyzed, also reflected in the lack of signifi-
cant response of systolic RVP to propranolol (Table 1).
Similar RVP responses were reported for chronic hypoxic
rats [7]. In both cont-rats and MCT-rats, propranolol did
not change MABP, but it did significantly reduce HR by
approximately 16%. In chronic hypoxic rats, propranolol
significantly increased MABP (15% increase) and caused
a 17% decrease in HR (P < 0.01).

In cont-rats, B-receptor blockade exacerbated the mag-
nitude of acute hypoxic vasoconstriction in 200~300 pm-
sized pulmonary vessels (Fig. 4), though statistical
significance was not achieved as we have previously
reported [7]. The systolic RVP, MABP and HR
responses to acute hypoxia were unaltered following
propranolol treatment (Fig. 5). MCT-induced PAH
did not alter the vessel dynamic response (Fig. 4) or
hemodynamic responses to acute hypoxia (Fig. 5). In
comparison, we have previously shown that B-receptor
blockade in chronic hypoxic rats significantly accentu-
ates the systolic RVP response to acute hypoxia
(P < 0.05), reflecting extensive pulmonary vasoconstric-
tion in 200-300 pm-sized vessels and, unlike that
observed for cont-rats, even greater constriction in
100—-200 pm-sized vessels (Fig. 4).
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Evaluation of accuracy of measurement

Two techniques have previously been used for evaluat-
ing the accuracy of measurement [7,8]. In brief, first we
estimated a margin of error for detecting the edge of a
vessel by assessing pixel variability of a tungsten refer-
ence wire, with a known diameter of 100 wm and reported
a margin of error of approximately 5pm (range 97—
103 pm). Second, we performed phantom measurements
to assess the relationship between X-ray absorption and
iodine concentration (for more detail, see [8]). The
results show that measurements of approximately
100 pm in diameter can be made with the required
precision for those vessels with an iodine concentration
of 64 mg/pl or greater — a concentration considerably
lower than that in this study.
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Discussion

Using synchrotron radiation microangiography, we have
effectively demonstrated comparable adverse anatomical
changes in pulmonary blood flow distribution for both
MCT and chronic hypoxia PAH models. Additionally,
pulmonary vasoreactivity in response to acute hypoxia
remains unchanged following the pathogenesis of PAH,
though sympathetic modulation of pulmonary vasoreac-
tivity is altered by chronic hypoxia but not MCT.

Pulmonary arterial hypertension

PAH is a common complication associated with numer-
ous pulmonary disorders. Despite decades of research,
the underlying cellular mechanisms governing the patho-
genesis of PAH remain to be fully elucidated. This
seemingly unending ambiguity may be, in part, due to
the fact that the cause governing the pathogenesis of
PAH differs depending on the type of pulmonary dis-
order. Regardless of cause, chronic PAH is associated
with structural pulmonary vascular changes, right ven-
tricular hypertrophy and ultimately heart failure [1].

MCT, a plant-derived pyrolizidine alkaloid, is often
used in experimental animal models for simulating the
vascular inflammatory symptoms commonly associated
with several human interstitial lung diseases, which
ultimately induce PAH. MCT initially causes selective
pathological inflammation and damage to the pulmonary
endothelium, which precedes vascular dysfunction and
vascular remodeling [3]. Hypoxia, which is more com-
monly associated with chronic obstructive pulmonary
disorders in humans, initially causes reversible pulmon-
ary vasoconstriction (within minutes) that, when sus-
rained over a long period of time, increases the shear
stress within the pulmonary vasculature that then acts as
the primary catalyst for endothelial cell injury—dysfunc-
tion [9] and vascular remodeling [10,11]. Structural
changes in the pulmonary vasculature associated with
chronic hypoxia are evident after 3 days. In comparison,
the PAP response to MCT, which is primarily due to
gradual morphological changes (no acute vasoconstric-
tion), does not induce an increase in PAP until after
approximately 21 days [4].

Vascular remodeling in the hypertensive lung is mediated
through the impairment of various cellular signaling
pathways within the smooth muscle and endothelium,
some of which are common to both chronic hypoxia and
MCT models and others that are specific for each model
[12]. For example, the levels of endothelin-1 (ET-1), an
endothelial-derived vasoconstrictor, are elevated in both
the chronic hypoxia model [13-15} and the MCT model
[16,17]. In contrast, the expression of endothelial nitric
oxide synthase (eNOS) is reduced by MCT [3,17,18] but
clevated in the chronic hypoxia model [12,13,19-21].
The consequence, however, is similar in that NO bio-
availability or NO-dependent vasodilation or both are
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blunted in both the chronic hypoxia model [22-25] and
the MCT-model [3].

Synchrotron radiation

We have previously demonstrated the validity and
accuracy of synchrotron radiation microangiography as
a powerful tool for assessing pulmonary blood flow within
a closed-chest rat model [7,8]. In this study, we utilized
synchrotron radiation to effectively show for the first time
that, regardless of the cause, the pathological changes in
pulmonary blood flow distribution associated with PAH
are comparable for both MCT and chronic hypoxia.
Noticeably, we observed a reduction in the number of
perfused arterioles of the third and fourth branching
generations (internal diameter of 80-300 pum), which
was similar for both MCT and chronic hypoxia. Further-
more, the degree of reduction was similar for both MCT-

rac and chronic hypoxia-rat models (e.g. both chronic
hypoxic and MCT-rats had ~25% fewer opaque vessels
of the third generation compared with cont-rats). Impor-
tantly, it is this adverse change in pulmonary blood flow
that is primarily responsible for the consequential
increase in pulmonary vascular resistance and PAP.

We also observed that vessel size at each branching
generation was similar for all three groups of rats, except
that chronic hypoxic rats had a larger first generation
branch compared with control and MCT-rats. This is
likely due to a mechanical effect, that is, higher distend-
ing pressure in chronic hypoxic rats and not an elevated
sympathetic tone, which is associated with chronic
hypoxia (see below), as large conduit pulmonary vessels
(>500 p.m) are not influenced by changes in sympathetic
tone. Rather, sympathetic modulation is primarily
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