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Hypopituitarism in a patient with transsphenoidal cephalocele:
longitudinal changes in endocrinological abnormalities
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Jungo Terasaki and Toshiaki Hanafusa
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Abstract. We report a 21-year-old man with severe fatigue due to hypopituitarism. At the age of 6 years, he was diagnosed
with short stature due to a GH deficiency accompanied by a sphenoid cystic lesion. Laboratory findings and provocative
tests for pituitary hormone function revealed ACTH, LH, FSH, TSH, and GH deficiency. Computed tomography and
magnetic resonance imaging revealed transsphenoidal cephalocele due to a defect in the floor of the sella turcica. At 6
years, he only had severe GH deficiency and poor response of LH to LHRH. Hypothalamic-pituitary dysfunction and
pituitary herniation have progressed subsequently; we observed a longitudinal progression of hypothalamic-pituitary
dysfunction caused by transsphenoidal cephalocele. This dysfunction requires the selection of a treatment that will not

aggravate the condition further.
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CONGENITAL basal encephaloceles are rare, with
an estimated incidence of 1 in every 35,000 live births
[1]. Transsphenoidal cephalocele is the least frequent
anomaly, representing only 5% of basal encephaloce-
les (estimated incidence: 1 in 700,000 live births). In
transsphenoidal cephalocele, transsphenoidal lesions
collapse into the epipharynx or nasopharynx [2]. The
diagnosis of transsphenoidal cephalocele is usually
made in infancy or early childhood [3].

Because the floor of the sella turcica is lacking in
this anomaly, hypothalamic-pituitary function may
deteriorate. The natural course of hypothalamic-pitu-
itary dysfunction due to transsphenoidal cephalocele
remains unclear. There are only a few reports describ-
ing endocrinological follow-up due of transsphenoidal
cephalocele for a period of 10 years or more. We report
the longitudinal progression of hypothalamic-pituitary
dysfunction due to transsphenoidal cephalocele in a
patient. Surgical treatment for transsphenoidal cepha-
locele was not performed in the follow-up period; the
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natural course of hypothalamic-pituitary dysfunction
was able to be observed.

Case Report

A 21-year-old man was referred to our hospital with
severe fatigue. At 6 years of age, he had consuited the
department of pediatrics in our hospital because of his
short height (97.4 cm, —3.56 SD). He was diagnosed
with short stature due to GH deficiency accompanied by
a sphenoid cystic lesion. Until 10 years old, he did not
visit his doctor. GH replacement therapy was admin-
istered from the age of 10 to 13 years. However, the
patient could not continue the GH replacement therapy
after the age of 13 years. After this, he visited the doc-
tor about only once a year, and he did not receive a
treatment. At 21 years of age, he was hospitalized in
a local hospital due to infectious enteritis; he was also
diagnosed with secondary hypothyroidism. Following
this, he was admitted to our hospital for further evalua-
tion of hypopituitarism.

His height was 144 cm and body weight was 38 kg.
He had no external malformations, but had peripapil-
lary staphyloma in left eye. No axillary or pubic hair
was present. His Tanner stages were G1 and P1, and
each of his testes was 3 mL in volume. The labora-
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Table 1 Laboratory findings

White blood cell 5620 /uL
Neutrophil 62.9 %
Lymphocyte 28.6 %
Eosinophil 32%
Red blood cell 359 x 10% /uL
Hemoglobin 10.2 g/dL
Hematocrit 303 %
Platelet 25.4 x 10* /uL
Albumin 4.2 g/dL
Aspartate aminotransferase 24 TU/L
Alanine aminotransferase 13 TUL
Lactate dehydrogenase 204 TU/L
Creatinine kinase 83 IU/L
Alkaline phosphatase 254 UL
Blood urea nitrogen 6 mg/dL
Creatinine 0.56 mg/dL
Uric acid 4.2 mg/dL
Total-Cholesterol 200 mg/dL
Triglyceride 105 mg/dL
Sodium 141 mEq/L
Potassium 3.9 mEq/L
Chloride 108 mEq/L
Calcium 8.9 mg/dL
Fasting serum glucose 84 mg/dL

tory examination is displayed in Table 1. Red blood
cell, hemoglobin, and hematocrit decreased slightly.
Endocrinological laboratory findings are shown in Table
2. Although the serum levels of both free triiodothy-
ronine and free thyroxine were low, TSH was normal.
IGF-I (insulin-like growth factor-I) level was low for
his age and sex; IGF-I SD score was —5.7 SD. Levels
of plasma ACTH, serum cortisol and dehydroepiandros-
terone sulfate (DHEA-S), and urinary free cortisol were
all low. LH and testosterone levels were lower than the
measurable limit. Provocative tests for pituitary hor-
mone function are shown in Table 3. The response of
cortisol to 250 pg of synthetic ACTH was impaired; the
peak value of cortisol was 12.9 pg/dL. Both LH and
FSH levels were consistently low in response to LHRH
injection. After TRH administration, TSH rose to high
values, but total T3 levels did not rise enough to 1.3
times or more. These findings suggested that bioactiv-
ity of TSH is decreased in the patient. The patient had
almost no response of GH after GHRP-2 (growth hor-

Table 2 Endocrinological laboratory findings

Reference value

TSH 2.790 pU/mL (0.500~5.000)
Free T3 1.62 pg/mL (2.30~4.30)
Free T4 0.77 ng/dL (0.90~1.70)
PRL 11.26 ng/mL (3.58~12.78)
GH 0.08 ng/mL (<0.17)
IGF-1 12 ng/mL (133~368)
ACTH 13.0 pg/mL (7.2~63.3)
Cortisol 4.7 pg/dL (4.0~18.3)
DHEA-S 8 pg/dL (85~690)
UFC 8.1 pg/day (11.2~80.3)
LH <0.1 mIU/mL (0.79~5.72)
FSH 0.3 mIU/mL (2.00~8.30)
Testosterone <0.05 ng/mL (2.07~7.61)
Plasma Osm 279 mOsm/kg (276~292)
Urine Osm 350 mOsm/kg (50~1200)
ADH 1.0 pg/mL (0.3~3.5)

Free T3: free triiodothyronine, Free T4: free thyroxine, IGF-I:
insulin-like growth factor-I, ADH: antidiuretic hormone, DHEA-S:
dehydroepiandrosterone sulfate, UFC: urinary free cortisol

Fig. 1 Sagittal head CT demonstrated a bone defect in the floor
of the sella turcica by a transsphenoidal soft tissue mass
extending into the epipharynx.

mone releasing peptide-2) injection. According to hand
X-rays, his bone age was equivalent to a 12.6-year-old
Japanese boy. Computed tomography (CT) of the head
showed a defect in the floor of the sella turcica (Fig. 1.).
Magnetic resonance imaging (MRI) revealed a cystic
mass extending into the epipharynx through the bone
defect (Fig. 2a and 2b).

On the basis of the above mentioned findings, he
was diagnosed with ACTH, LH, FSH, TSH, and GH
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Fig. 2 Tl-weighted (a) and T2-weighted (b) coronal and T1-weighted sagittal (c) MRI revealed a cystic mass with a surrounding structure
extending through the bone defect into the epipharynx. The longitudinal diameter of the cystic mass was 3.5 centimeters. T1-
weighted sagittal MR1 at the age of 6 years (d) demonstrated a sphenoid cystic lesion 1.5 centimeters in diameter.

deficiency due to transsphenoidal cephalocele. Nasal
obstruction or nasal discharge, meningitis, and cere-
brospinal fluid rhinorrhea were not present; therefore,
he did not undergo surgery. He received replacement
therapy of adrenocortical hormone (hydrocortisone 20
mg), thyroid hormone (levothyroxine sodium hydrate
75 ng), after which his complaints were resolved. His
weight was increased to 44kg, though his height did not
change. Ten months after, he accepted the replacement
therapy of sex hormone (testosterone enanthate 125mg,
once a month) and GH (somatropin 1.3mg). However,
he did not come to our hospital three months later.

Discussion

Transsphenoidal cephalocele often leads to hypotha-
lamic-pituitary dysfunction. The incidence of hypo-
thalamic-pituitary insufficiency was estimated at about
50-60% in previous reports [1, 4, 5]. Hypothyroidism,

GH deficiency, hypogonadotrophic hypogonadism,
and diabetes insipidus were frequent disorders. Central
hypoadrenalism was rare in previous reports [6]. In our
case, hypothyroidism, GH deficiency, hypogonadotro-
phic hypogonadism, and hypoadrenalism were found,
but diabetes insipidus was not detected from laboratory
findings and MRI (Table 2 and Fig. 2c).

We obtained the clinical examination data from the
hospital where this patient had consulted a doctor in his
childhood. Results of his endocrinological examina-
tion at the age of 6 years are shown in Table 4. Severe
GH deficiency and poor response of LH to LHRH were
observed. No evidence of ACTH, FSH, TSH, or ADH
deficiency was present at that point. He was diag-
nosed with short stature due to GH deficiency. His
subsequent clinical course is shown in Fig. 3. Free T4
level decreased gradually; nevertheless, TSH did not
rise sufficiently. Testosterone levels were lower than
the measurable limit at all time points. By the time
he was admitted to our hospital at the age of 21, he
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Table 3 Provocative tests for pituitary hormone function

Tanimoto ef al.

Before 15 min 30 min 45 min 60 min 90 min 120 min

ACTH (250 pg) administration test

Cortisol (ug/dL) 2.8 11.6 12.9
CRH (100 pg), LHRH (100 pg), and TRH (200 pg) administration test

ACTH (pg/mL) 40.2 124 88.1 86.8

Cortisol (pg/dL) 10.3 17.5 17.8 213

LH (mIU/mL) 0.2 0.4 0.4 0.4

FSH (mIU/mL) 0.7 1.2 1.4 1.6

TSH (pU/mL) 8.65 27.7 257 21.2

PRL (ng/mL) 20.7 283 22.0 17.7

Total T3 (ng/mL) 0.75 0.97

GHRP-2 (growth hormone releasing peptide-2) (100 pg) administration test

GH (ng/mL) <0.03 0.12 0.08 0.04
Table 4 Endocrinological findings when the patient was 6 years old
IGF-1 38 ng/mL Total T4 12.9 pg/dL Plasma Osm 279 mOsm/kg
Overnight GH 3.85 ng/mL (Mean) Testosterone  <0.05 ng/mL Urine Osm 799 mOsmvkg
ADH 2.0 pg/mL
Before 15 min 30 min 60 min 90 min 120min 150min
Insulin tolerance test (1.8U, 0.1U/kg)
Glucose (mg/dL) 82 22 50 80 92
GH (ng/mL) 0.41 14 1.2 0.3
Cortisol (ug/dL) 114 26.0
Propranolol-Glucagon administration test
Glucose (mg/dL) 84 122 92 81 66 70
GH (ng/mL) 0.66 0.74 0.64 1.2 2.8 3.4
CRH (27 pg), LHRH (36 png), and TRH (180 pg) administration test
Cortisol (nug/dL) 12.6 21.5
LH (mIU/mL) <0.5 1.8 1.3 1.4
FSH (mIU/mL) 0.8 4.0 42 5.9
TSH (pU/mL) 2.7 13.0 8.7
PRL (ng/mL) 43 13.0 7.6

had not only GH deficiency, but also ACTH, LH, FSH,
and TSH deficiency. MRI when he was 6 years old
revealed a sphenoid cystic lesion 1.5 c¢cm in diameter
(Fig. 2d). The size of his transsphenoidal cephalocele
had increased to 3.5 cm by the time of his admission to
our hospital (Fig. 2a, 2b, and 2¢). To summarize, both
hypothalamic-pituitary dysfunction and pituitary her-
niation had progressed significantly in 15 years.

There are only a few case reports showing endo-
crinological follow-up for a time period of ten years
or more in patients with transsphenoidal cephaloceles
and pituitary herniation [2, 4, 7]. The natural course

of hypothalamic-pituitary dysfunction is still unclear.
Although hypothalamic-pituitary function was not nec-
essarily examined at the first visit or during the fol-
low-up time in all previous case reports, it has been
reported that most patients (7 out of 9 patients: 77.8%)
with transsphenoidal cephaloceles exhibited a pro-
gression of hormonal disturbances [8]. On the other
hand, neurosurgical intervention could not effectively
prevent pituitary dysfunction [4, 9]. In hypothalam-
ic-pituitary dysfunction, surgical treatment might be
required to prevent a progression of hormonal insuffi-
ciency. Since a valid surgical procedure for transsphe-
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Fig.3 Clinical course of endocrinological abnormality from 6 years to 21 years is shown. IGF-I () rose temporarily in response to
the GH replacement therapy. Free T4 (O) decreased gradually; nevertheless, TSH (A) did not rise appropriately. Testosterone
([ Ievels were lower than the measurable limit at all time points.

noidal encephalocele was recently reported, the num-
ber of treatable cases will probably increase in the near
future [10-12].

The surgical treatment for transsphenoidal encepha-
locele has not always been beneficial [3, 13]. Thereisa
risk of damaging the functioning tissue within the wall
of encephalocele [10]. In our case, MRI revealed that
a cystic mass contained a surrounding structure, and
the pituitary hormones were not completely lack. In
addition, surgical treatment could not effectively pre-
vent pituitary dysfunction [4, 9]. If there was an evi-
dence of respiratory obstruction, meningitis, cerebro-
spinal fluid rhinorrhea, and progressive visual defects,
we will conduct a surgical repair to transsphenoidal
encephalocele.

The mechanism of this hormonal abnormality is still
unknown. In a child with diabetes insipidus compli-
cated by cephalocele, the degeneration of the hypo-
thalamus and agenesis of the supraoptic nuclei may be
detected, but the description of pituitary gland anomaly
had not been reported [2]. One report described a male
patient with GH, TSH, and LH deficiency, and pituitary
fibrosis, but a normal hypothalamus [4]. Therefore, the
abnormalities of the hypothalamus and pituitary gland

are variable. In the present case, MRI revealed that
the periphery of the cephalocele was enhanced by gad-
olinium, and the posterior pituitary bright spot was
observed in the sella turcica (Fig. 2). These findings
suggest that both the anterior pituitary gland and the
neurohypophysis existed. Accordingly, damage to the
pituitary stalk might have caused hypothalamic-pitu-
itary dysfunction in this case.

In conclusion, we have reported a patient who had
ACTH, LH, FSH, TSH, and GH deficiency due to a
transsphenoidal cephalocele. Both hypothalamic-pitu-
itary dysfunction and pituitary herniation have gradu-
ally progressed in the past 15 years. In the future, sur-
gical treatment might be a promising choice to prevent
further progression of hormonal insufficiency in simi-
lar patients.
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Abstract The prognosis of dermatomyositis (DM)-
associated progressive interstitial pneumonia (IP) has
recently been improved by steroids/cyclosporine-A (CSA)
combination therapy, but treatment outcomes varied. One
reason for this variation is thought to be differences in CSA
regimen. There is marked interpatient variability in CSA
absorption. However, the pharmacokinetics of CSA has
rarely been studied. In this study, we calculated the area
under the blood concentration—time curve (AUC) of CSA
microemulsion in 15 patients with progressive IP compli-
cating DM, and analyzed its correlation with CSA levels at
blood sampling time points to investigate the optimum
monitoring and dosing regimen. The highest correlation
between AUC_g and blood level of CSA was observed 2 h
(C2) after drug administration (R = 0.910). The trough
level (CO) was not correlated with AUCy_¢ (R = 0.052).
There were no differences in blood levels (AUCqy, C2,
and C6) between postprandial administration in a divided
dose (CSA given twice daily) and preprandial administra-
tion once daily in a single dose, while CO was significantly
lower (P = 0.020) when the drug was administered once
daily before breakfast. These findings suggest that mea-
surement of CSA blood level, especially C2 and CO0, is
useful to monitor clinical and adverse effects of CSA
during combination therapy. It is also suggested that pre-
prandial, once daily administration of CSA is beneficial in
DM patients with progressive IP.
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Introduction

Dermatomyositis (DM) is an idiopathic inflammatory
muscular disease characterized by heliotrope-like erythema
and Gottron’s sign. Interstitial pneumonia (IP) often com-
plicates DM (DM-IP) and progresses acutely/subacutely.
It is resistant to steroids, and prognosis is poor [1]. Recent
reports have revealed that a combination therapy of ste-
roids and cyclosporine-A (CSA) was effective for pro-
gressive DM-IP, but the survival rate (42-69%) and
efficacy varied [2-4]. One reason for this variation is
thought to be differences in timing of administration and
the dose of CSA.

CSA binds to calcineurin with cyclophilin and inhibits
T-cell signals, exhibiting an immunosuppressive effect.
Absorption of CSA varied widely between individuals, and
therefore its blood level is frequently monitored. In the
field of transplantation, the area under the blood concen-
tration—time curve (AUCyy and AUCy_s) of CSA have
been highly correlated with adverse and clinical effects
[, 6]. However, frequent measurement of blood CSA level
is necessary to calculate AUC, which is unsuitable for
ordinary medical examination. In the transplantation field,
the trough level (CO) is measured to prevent adverse drug
reactions, and the level at 2 h after administration (C2) has
recently been used to achieve immunological effect
because of its correlation with AUC [7]. However, no study
on pharmacokinetics of CSA has been reported in the field
of collagen vascular disease (CVD).

In this study, we initially measured the CSA blood level
after oral CSA administration in patients with progressive

- 486 -



Mod Rheumatol (2011) 21:32-36

33

DM-IP, calculated AUCy, and identified the optimum
blood sampling time point. We also investigated the
influence of dosing regimen on the CSA blood level.

Patients and methods
Patients

Of 29 patients who underwent CSA administration for
progressive DM-IP between December 1995 and Decem-
ber 2008, the study was performed in 15 patients in whom
AUC_¢ could be measured. All 15 patients gave informed
consent to this pharmacological study. Oral CSA was
administered until December 2005 to 10 patients twice
daily, after breakfast and dinner (the divided dose), at a rate
of 4.0 mg/kg/day, concomitantly with 1 mg/kg/day pred-
nisolone. From January 2006, 4.0 mg/kg/day CSA was
administered once daily (before breakfast) concomitantly
with 1 mg/kg/day prednisolone in 5 patients (single dose).

Measurement of blood concentrations of CSA
and calculation of AUC

Blood samples for AUC determination were collected
before administration (C0), and at 2-h intervals for 6 h after
CSA administration (C2, C4, and C6, respectively). Blood
CSA concentrations were measured by CSA monoclonal
whole-blood assay (Cyclosporine-SP-Dynapack, Abbott
Laboratories, Chicago, IL, USA) using a fluorescence

Table 1 Patient profiles

polarization immunoassay kit. AUCy_¢ (ng h/ml) was cal-
culated by the trapezoidal method according to the formula

AUCy.¢ = CO + 2(C2 + C4) + C6.

Statistical analysis

Correlations between AUCy_¢ and CO, C2, C4, and C6
were assessed using the Pearson correlation coefficient.
Simple comparisons of the means and standard error (SE)
of data were performed using Student’s ¢ test. A P value
<0.05 was considered significant. Statistical calculations
were performed using JMP version 8.0.

Results
Patient profiles

Clinical findings, laboratory findings, and CSA treatment of
DM patients with progressive IP are listed in Table 1. Their
mean age was 55.3 years (range 43-68 years). Poor prog-
nostic factors of DM with progressive IP include clinically
amyopathic DM (C-ADM), creatine kinase (CK)/lactate
dehydrogenase (LDH) ratio <2, negative test results with
anti-Jo-1 antibodies, and presence of pneumomediastinum
[2, 8]. Ten patients had C-ADM and CK/LDH ratio <2, 10
patients had negative test results with anti-Jo-1 antibodies,
and pneumomediastinum was a complication in 3 of the 15
patients. One patient with postprandial administration of
CSA died of IP progression. The mean KL-6 was 1250.9

Case Age Sex Diagnosis Hugh-Jones Complications Cr CK/LDH Anti-Jo-1 KL-6 Drug Cy-A dosage  Outcome
(years) classification (mg/dl) ratio antibody  (U/ml) administration (mg/day)
1 61 M P v Gastric cancer 0.92 191/659 - 3880  Post 200 Alive
2 52 M P it - 0.93 265/344 - 2770  Post 250 Alive
3 47 M P v Pneumomediastinum  0.67 224/876 . 1220 Post 225 Alive
4 68 F P il - 0.56 194/425 - 512 Post 175 Dead
5 43 F D m - 0.43 9100/960 + 740  Post 175 Alive
6 50 F D v - 0.58 320/451 - 1630  Post 175 Alive
7 56 F D Jiid - 0.44 13574/1463  + 337  Post 200 Alive
8 61 F P v - 0.5 490/726 - 739  Post 200 Alive
9 58 F D )it Acute respiratory 0.5 1820/811 - 712 Post 175 Alive
distress syndrome

10 60 F P v - 0.58 1549/648 + 366  Post 225 " Alive
11 54 F D v - 0.42 3075/655 + 997  Pre 175 Alive
12 52 F P v Pneumomediastinum 0.43 50/396 - 978  Pre 250 Alive
13 54 M P I Pneumomediastinum 0.68 530/381 + 1900  Pre 225 Alive
14 56 F D 1 - 0.4 2571269 - 713 Pre 275 Alive
15 58 F P v - 0.45 553/438 - 1270 Pre 200 Alive
Average 55.3 0.57 1250.9 208.3

P probable DM; D definite DM; Cr creatinine; CK creatine kinase; LDH lactate dehydrogenase; Post postprandial, twice daily in a divided dose; Pre preprandial,

once daily before breakfast in a single dose

@ Springer
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U/ml (range 337-3880 U/ml). The mean level of serum
creatinine was 0.57 mg/dl (range 0.40-0.93 mg/dl). The mean
dosage of CSA at the start of treatment was 208.3 mg/day
(range 175-275 mg/day).

Pharmacokinetics of CSA in individual patients

The pharmacokinetics of CSA in individual patients is
shown in Fig. 1. Mean = standard deviation (SD) AUCq ¢
was 4075.0 &+ 1454.9 ng h/ml. Mean + SD blood con-
centrations were as follows: C0O, 157.3 £ 41.4 ng/ml; C2,
1222.6 & 523.8 ng/ml; C4, 566.0 £ 202.7 ng/ml; C6,
340.7 £ 160.2 ng/ml. In all of the patients, the CSA peak
concentration appeared at 2 h after administration (C2).
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Fig. 1 Pharmacokinetics of cyclosporine in individual patients.
Solid and broken lines represent patients with preprandial and
postprandial administration, respectively

Correlation of AUCy_¢ with C0O, C2, C4, and C6

Correlations of AUCq_¢ with CO, C2, C4, and C6 are shown
in Fig. 2. C2, C4, and C6 correlated significantly with
AUCyp¢ (R =0910, 0.603, and 0.673; P < 0.0001,
0.0007, and 0.0002). The strongest positive correlation was
noted between AUCy ¢ and C2 (R = 0.910; P < 0.0001).
CO did not correlate with AUCq_¢ (R = 0.052).

Comparison of CSA blood level between daily
postprandial administration in a divided dose
and a single dose before breakfast

CSA blood level is compared between postprandial
administration in a divided dose and a single dose before
breakfast in Fig. 3. The CSA CO level was significantly
lower when administered once daily before breakfast than
when administered in the divided dose after meals
(P = 0.020). There were no differences in blood levels
(AUCqy, C2, and C6) between administration in the
divided dose after meals and once daily.

Discussion

We investigated the pharmacokinetics of CSA in patients
with progressive DM-IP. Blood CSA level peaked at C2 in
all patients. AUCy_, which most markedly reflects the
immunosuppressive effect, was significantly correlated
with all sampling points after CSA administration, espe-
cially C2, but not CO0. It has also been reported that AUC
most strongly correlated with C2 while it was not corre-
lated with CO in the transplantation field [7] and that AUC
was correlated with C2 in psoriasis and nephritic syndrome
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[9, 10]. Our study is the first report to reveal the dynamics
of the blood CSA level in the field of CVD, in which the
importance of C2 monitoring was clarified.

A standard regime of CSA/steroids combination therapy
for progressive DM-IP has not been established. It has been
reported that prognosis is favorable and respiratory func-
tion improved when CSA administration is initiated early
after diagnosis of DM-IP [2, 4, 11]. The dosage of CSA for
DM-IP was 100-300 mg/day in these previous reports. We
previously treated 16 progressive DM-IP patients with
steroids and CSA in an early stage and found that the
outcome was more favorable when the dose of CSA was
high [4]. Combining these findings with those of the
present study, blood CSA level should be controlled based
on C2, because the CSA absorption rate varies markedly
among individuals.

The CSA C2 level is controlled at about 800 ng/ml in
the field of transplantation [12], and an increase in the
incidence of adverse effects at a CSA CO level exceeding
200 ng/ml has been reported [13]. In this study, the mean
CSA C2 and CO levels were 1128.8 and 157.3 ng/ml,
respectively. Infection could be treated by repeated sur-
veillance and early treatment without development of drug-
induced severe adverse events. Further investigation is
needed to reveal the association between clinical and
adverse effects and the CSA level in the blood, particularly
regarding CO and C2.

The dosing regimen of CSA may influence the blood
CSA level. We compared the blood level between the
postprandial divided dose and preprandial once-a-day dose
groups. C2 was the peak blood level in both groups, and
there were no differences in the blood levels (AUCy_s, C2,
and C6) between the once-a-day group and the divided
dose group, while CO was significantly lower in the once-a-
day group. As recently proposed in the transplantation and

pre post pre

the nephritic syndrome fields, preprandial, once daily
administration may be more useful than postprandial
administration in divided doses [14, 15]. Our data support
these proposals.

CSA has recently been used for CVD-associated IP, in
addition to DM-IP. Considering the marked individual
variation in pharmacokinetics of CSA, measurement of its
blood level, particularly CO and C2, is necessary to eval-
uate clinical and adverse effects of CSA. It was also sug-
gested that preprandial, once daily administration is more
useful to achieve maximal immunosuppressive effect and
avoid adverse events. However, the sample size of this
study was limited, and DM patients with IP refractory to
the combination of steroids and CSA have also been
reported. Further studies are needed to establish a standard
therapeutic strategy for DM-IP.

Conflict of interest None.
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Background: A suitable animal model is required to investigate plaque biology. Here, we examined 6 rabbit
models of plaque generated by balloon injury and sequential combinations of normal and high-cholesterol
diets.

Methods and results: Fifty-eight male Japanese White rabbits were used. Lipid-rich macrophages accunulated
in the center of the intima, and smooth muscle cells were located on the luminal side of the intima (similar to
stable plaques in human coronary arteries) of a model in which balloon injury was followed by a normal diet

K ds: . . . : ;

CﬁmZZeiol for 4 weeks and then by a high-cholesterol diet for 4 weeks. Extending the high-cholesterol diet for a further
Fibrous cap 4 weeks increased accumulation of lipid-rich macrophages, diminished the amounts of elastic fibers and
Lipid core smooth muscle cells in the intima and caused the expression of matrix metalloproteinase-9 and tissue factor.

Smooth muscle cells All of these features are characteristic of unstable plaques. Moreover, quantitative analysis revealed that
matrix metalloproteinase-9 expression and elastic-fiber content inversely correlated with statistical
significance (R?=0.52, p=0.0003).

Conclusion: A high-cholesterol diet for 0 to 8 weeks after a normal diet for the first 4 weeks following balloon
injury induced various arterial lesions resembling the diffuse intimal thickening, as well as stable and unstable

plaques that accurnulate in human coronary arteries. The present models might be useful for plaque studies.

© 2009 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Acute coronary syndrome (ACS) is primarily induced by plaque
rupture followed by thrombus formation [1-3]. Thus, the mechanisms
involved in plaque formation and rupture should be determined and
methods of either stabilizing plaques or preventing plaque rupture
should be established to improve prognosis and avoid ACS. However,
the absence of suitable and practical animal models has hindered such
progress.

Vulnerable plaques in human coronary arteries feature thin fibrous
caps, lipid-rich necrotic cores, accumulated inflammatory cells, and a
decreased amount of extracellular matrix [1-3]. Diffuse intimal
thickening (DIT) composed of smooth muscle cells (SMC), type I
collagen, and proteoglycans are thought to form during adolescence
[4,5], and DIT might be a requirement for the later formation of a fibrous
cap (inner layers of SMC overlying lipid-rich macrophages) [6,7]. The
introduction of animal models exhibiting a variety of such lesions
should facilitate plaque study. Apolipoprotein E-nuil or LDL receptor-
deficient mice have been used as animal models of atherosclerogenesis.
However, the mouse is not entirely appropriate for extrapolation to the
human condition, since its cholesterol-transport system and the

* Corresponding author. First Department of Internal Medicine, Osaka Medical College,
2-7 Takatsuki, Osaka 569-8686, Japan. Tel.: +81 72 683 1221; fax: +81 72 683 1801.
E-mail address: in1026@poh.osaka-med.ac.jp (M. Hoshiga).

0167-5273/$ - see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/}.ijcard.2009.09.528

composition of its atherosclerotic lesions (e.g., macrophages with a far
greater propensity to invade the media) fundamentally differ from
those in humans [8,9]. Another popular animal model comprises rabbits
fed with a high-fat diet. Although atheromas consisting of lipid-rich
macrophages usually form in rabbits fed with >0.5% cholesterol, such
atheromas lack a fibrous cap [10-13]. However, atheromas with fibrous
caps can develop in rabbits fed with a lower cholesterol ratio (<0.5%) in
the diet over a period of >6 months [14,15]. However, this model
requires a substantial time, and thus financial investment.

Here, we analyzed data from six rabbit models that were fed with
sequential combinations of normal and high-cholesterol diets following
arterial balloon injury. Our models developed a variety of arterial lesions
that seem to resemble some types of plaques encountered in human
coronary arteries.

2. Materials and methods
2.1. Animal experimental protocols

The present investigation conformed to the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH Publication No. 85-23,
revised 1996). The Osaka Medical College Animal Care and Use Committee approved all
of the animal experiments. Fifty-eight male Japanese White rabbits (Kitayama Labes,
Nagoya, Japan) weighing 2.5 to 3.0 kg individually housed in stainless steel cages were
anesthetized with sodium pentobarbital (25 mg/kg), and the right carotid arteries were
injured with a balloon catheter as described previously [16]. Briefly, a 2.75 mm-PTCA
balloon catheter {Boston Scientific Corp., Natick, MA, USA) was advanced into the right
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carotid artery, inflated with 6 atm and denuded three times. The rabbits were then
provided with either a high-cholesterol diet containing 1.0% cholesterol and 6.0%
coconut oil (Oriental Yeast Co., Tokyo, Japan) or a normal chow diet for various periods.

We established 6 rabbit models as follows (Fig. 1). Model 1 (n=6), balloon injury,
followed by the normal diet for 4 weeks; Model 2 (n=11), balloon injury, followed by the
normal diet for 4 weeks and then the high-cholesterol diet for a further 4 weeks; Model 3
(n=10): high-cholesterol diet for 4 weeks, followed by balloon injury and then the high-
cholesterol diet for a further 4 weeks; Model 4 (n=10), balloon injury, followed by the
high-cholesterol diet for 4 weeks; Model 5 (n=11), balloon injury, followed by the
normal diet for 4 weeks and then the high-cholesterol diet for 8 weeks; Model 6 (n=10),
balloon injury, followed by the normal diet for 8 weeks and then the high-cholesterol diet
for 4 weeks. At the end of each protocol, the rabbits were sacrificed by an intravenous
injection of an overdose of sodium pentobarbital. The carotid arteries were perfusion-fixed
with 4% paraformaldehyde, sectioned at 5 mm, fixed again with either 4% paraformalde-
hyde or methanol-Carnoy's fixative, and embedded in paraffin. Some carotid arteries from
each model were embedded in Tissue-Tek O.C.T. compound (Sakura Finetechnical, Tokyo,
Japan) and their frozen sections were stained with Oil red O. At the time of sacrifice,
thrombotic occlusion of the injured carotid artery was evident in only 2 of 58 rabbits and
both were from Model 5.

2.2. Primary antibodies

The primary antibodies comprised mouse monoclonal antibodies against rabbit
macrophages (RAM11; Dako); human o-smooth muscle (SM) actin (1A4; Sigma-
Aldrich); human proliferative cell nuclear antigen (PCNA; Dako); human matrix
metalloproteinase (MMP)-9 (56-2A4; Daiichi Fine Chemicals, Toyama, Japan); and rabbit
tissue factor (American Diagnostica, Inc.).

2.3. Histopathological examination

Paraffin-embedded tissues were sectioned at 3 upm, and visualized by either
hematoxylin/eosin or Elastica van Gieson staining. Some sections were immunohisto-
chemically analyzed using labeled streptavidin-biotin, as described {17]. Antigen retrieval
by heating in Target Retrieval Solution (code No. 53307, Dako Cytomation, Glostrup,
Denmark) was added to the procedure to immunostain tissue factor.

2.4. Histomorphometry

Two experts (T.N. and K.A.) blinded to the experimental regimes performed the
histopathological analyses. Elastica van Gieson stained sections with the greatest amount
of luminal narrowing due to neointima were identified from each carotid artery segment.
Planimetry was performed on digitized images at x40 magnification (Micro Computer
Imaging Device; Imaging Research Co., Canada). Absolute histomorphometric measure-
ments included the luminal area, the area bounded by the internal elastic lamina, and the
area bounded by the external elastic lamina (overall vessel size). Macrophage and vascular
SMC contents in the intimal area were calculated as ratios (%) of the RAM11-positive area/
intimal area and of the o-SM actin-positive area/intimal area, respectively, using the NIH
Image] Program. The ratio of proliferating cells was calculated as the number of PCNA-
positive cells/the number of whole cells. MMP-9 and tissue factor expression were
calculated in immunohistochemical staining as ratios (%) of MMP-9-positive area/intimal
area and of tissue factor-positive area/intimal area, respectively, using the NIH Image]
Program. Elastic-fiber contents were calculated as ratios (%) of the area of elastic fibers
(determined as black in elastic van Gieson staining/intimal area using the NIH Image]
Program).
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Fig. 1. Study protocols. Arrow indicates balloon injury. Unfilled and filled boxes indicate
normal or high-cholesterol diets, respectively.

2.5. Serum lipid and liver enzyme levels

Blood was collected from the femoral artery under general anesthesia when the
rabbits were injured and from the ear artery when they were sacrificed. Levels of total
cholesterol, triglycerides, AST and ALT were measured on a Hitachi 7180 autoanalyzer
using Wako reagents (Wako Pure Chemical Industries, Osaka, Japan).

2.6. Gelatin zymography

In Models 2 and 5, to detect gelatinolytic activity in the protein extract of carotid
artery, zymographic analysis with a 7.5% acrylamide gel containing 0.2% gelatin was
performed according to the method of Aikawa et al. [18]. Briefly, after electrophoresis
under nonreducing conditions, the substrate gels were soaked twice with Triton-X-100
solution (2.5%) to remove SDS. The gels then were incubated in 50 mmol/L Tris-HCl, pH
7.4, 0.15 mol/L NaCl, 5 mmol/L CaCl2, 0.02% NaN3, and 0.05% Brij 35 for 24 h at 37 °C.
The lysis of the substrates in the gels was visualized by staining with 2.5% Coomassie
brilliant blue (SigmaChemical Co).

2.7. Statistical analysis

Data are expressed as means+ SEM. Data were statistically analyzed using the
software package JMP7.0.1 (SAS Institute, Cary, NC, USA). An unpaired t-test was used
to compare between 2 groups. One-way ANOVA and Tukey-Kramer multiple range test
were used to compare among multiple groups. Relationships of interest were
determined using Pearson's correlation analysis. A value of p<0.05 was considered
to indicate statistical significance.

3. Results
3.1. Serum lipid and liver enzyme levels

All animals survived the study. Table 1 shows serum lipid profiles
and liver enzymes in each rabbit models. After 4 weeks on the high-
cholesterol diet (in Models 2, 4 and 6), serum total cholesterol
increased, whereas serum triglycerides remained unchanged. After
8 weeks on the high-cholesterol diet (Models 3 and 5), serum
cholesterol and triglyceride levels increased. Liver enzymes did not
vary significantly but AST in Model 4 increased significantly.

3.2. Normal diet for 4 weeks after balloon injury

Neointima formed in balloon-injured carotid arteries after 4 weeks
of feeding with the normal diet (Model 1) [intima/media ratio (I/M):
0.48 + 0.04] (Fig. 2). Most cells within this neointima stained positively
for a-SM actin (Fig. 3A), indicating that most of them were SMC. Almost
no macrophages were stained (Fig. 3B). No intima formed in contra-
lateral non-injured carotid artery (data not shown). Feeding with the
high-cholesterol diet for the next 4 weeks (Model 2) increased the size
of the intimal area but the statistical significance was not found (Fig. 2).
The center of the intima (asterisks in Fig. 3D and E) contained foamy
cells, of which most were macrophages containing lipids (detected by
0Oil red O staining in Fig. 3F), and spindle-shaped SMC were located on
the luminal side. The arterial lesion in Model 2 resembled a fibrous cap
overlying a lipid core.

3.3. High-cholesterol diet before and immediately after balloon injury

Fig. 3G-H shows that macrophages and SMC were diffusely located
within the intima of rabbits fed with a high-cholesterol diet either
before (Model 3) or immediately after balloon injury (Model 4) and a
fibrous cap overlying a lipid core was not evident. Lipid-rich macro-
phages were located in the media of both Models 3 (open triangles in
Fig. 3H and I) and 4 (data not shown). In addition to the intima, the cell-
type composition of Models 3 and 4 were similar, but the areas of both
intima and media were greater in Model 3 (Fig. 2).

3.4. Extending the duration of feeding with a high-cholesterol diet

After balloon injury followed by 4 weeks on the normal diet, rabbits
of Models 2 and 5 were fed with a high-cholesterol diet for 4 and
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Table 1
Lipid profiles and liver enzymes in each models.

Mean - SEM. p <0.05 vs. Model 1*, Model 21, Model 3%, Model 4%, Model 5!, AST: Aspartate Aminotransferase. ALT: Alanine Aminotransferase.

8 weeks, respectively. The intimal area was significantly greater in
Model 5 than in Model 2 (I/M ratio, 1.25 vs. 0.73) (Fig. 2). Immuno-
histochemical staining of Model 5 showed far fewer SMC (Fig. 3]) and an
intima full of macrophages with lipids (Fig. 3K and L). Our results
indicated that longer exposure to a high-cholesterol diet led to a
decrease in the amount of intimal SMC and an increase in accumulation
of lipid-rich macrophages. An important finding was that the fibrous cap
composed of spindle-shaped SMC (lines with arrows in Fig. 3D and J)
was thinner in Model 5 than in Model 2 (the thickness of the fibrous cap:
15031 um in Model 2 vs. 84 12 pm in Model 5, p<0.01).
Histological analysis of arteries from rabbits, who were fed with a
normal diet for 8 (Model 6) and 4 (Model 2) weeks and then a high-
cholesterol diet for the next 4 weeks following balloon injury, showed
significantly increased amounts of SMC and reduced accumulation of
macrophages in the intima, respectively (Fig. 3M and N). However, the
intimal area itself did not differ between the two models (Fig. 2).

3.5. Cell proliferation

The proliferative activity of SMC in the fibrous cap structure in the
luminal side of the intima was <6% even in Model 5 (high-cholesterol
diet for 8 weeks; Fig. 4E). In contrast, the proliferative activity of foam
cells was much higher (25% in Model 5) (Fig. 4F).

3.6. Expression of MMP-9 and tissue factor, and elastic-fiber content
Both MMP-9 and tissue factor were readily detectable in the

arterial intima of rabbits fed with a high-cholesterol diet for 4 and
8 weeks (Fig. 5A-D). More areas were positive for MMP-9 and tissue

factor in Model 5 than in Model 2 (Fig. 5G and H). Almost no positive
staining for MMP-9 and tissue factor was found in SMC-rich intima in
Model 1 (data not shown). In addition, gelatin zymography revealed
that gelatinolytic activities at 92kDa (pro-MMP-9), 80 kDa (an
activated form of MMP-9), 72 kDa (pro-MMP-2), and 68 kDa (an
activated form of MMP-2) were higher in carotid arteries in Model 5
than those in Model 2 (Fig. 5I).

We also stained for elastic fibers (Elastica van Gieson staining).
SMC-rich area in both intima and media in Model 1 was abundant in
elastic fibers (data not shown). The quantity of elastic fibers was
substantial in the intima and media of arteries from Model 2 (Fig. 5E),
but very sparse in the intima of Model 5 (Fig. 5F). These results
indicated that more MMP-9 and tissue factor were expressed and that
the elastic-fiber content decreased when the rabbits were fed with a
high-cholesterol diet for 8 weeks. Moreover, quantitative analysis
revealed that MMP-9 expression and elastic-fiber content inversely
correlated with statistical significance (R?=0.52, p=0.0003).

4. Discussion

Rabbits fed with a high-cholesterol diet have previously been used as
an atherosclerosis model. Typical protocols comprise a high-cholesterol
(>0.5%) diet for 8 to 16 weeks. However, this protocol generates lesions
with lipid-rich macrophages, but no SMC-rich fibrous caps [10-13].
Feeding with a diet containing less cholesterol (0.25-0.3% instead of
0.5-1.0%) for extended periods generates arteries containing lesions
with SMC-rich fibrous caps overlying lipid cores [ 14,15]. However, these
methods require a lengthy period, 32 (0.25% cholesterol) [14] or 26
(0.3% cholesterol) weeks [15]. The time required to form SMC-rich

1.5
*1
*1
j-i
T
g 1.0
©
o
=Y
8
B T
Q
£ T
[}
< 05}
E
£
n

Model1  Model2  Model3

Model 4

g 1.5

i

[ Intima / Media Area Ratio

Model5  Model 6

Fig. 2. Morphometric analysis of carotid lesions in each model rabbits. Comparison of intimal and medial area, and intima/media area ratio in each model rabbits. Bars represent SEM.

p<0.05 vs. Model 1%, Model 2, Model 3, Model 4§, Model 59.
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Fig. 3. Cell-type composition of experimentally induced plaques. A-O: Representative carotid artery sections from rabbits fed with various combinations of normal and high-
cholesterol diets after balloon injury. A, B and C, Model 1 (normal diet 4 weeks); D, E and F, Model 2 (normal diet 4 weeks plus high-cholesterol diet 4 weeks); G, H and I, Model 3
(high-cholesterol diet 8 weeks); J, K and L, Model 5 (normal diet 4 weeks plus high-cholesterol diet 8 weeks); M, N and O, Model 6 (normal diet 8 weeks plus high-cholesterol diet
4 weeks). Immunoperoxidase staining of corresponding tissue sections stained with either anti-a smooth muscle actin (A, D, G, ], M) or anti-macrophage RAM-11 (B, E, H, K, N)
monoclonal antibodies. Oil red O staining of corresponding tissue sections (C, F, 1, L, 0). Closed arrowhead indicates internal elastic lamina. Open arrowhead in panel H indicates
macrophages in media. *Lipid core (in panels D and E). Black line with arrows, fibrous cap (in panels D and ]). Scale bar, 200 mm. P and Q: Quantitative analysis of cell markers for
SMC (P) and macrophage (Q) accumulation within plaque intima of Models 2 (n=11), 5 (n=11) and 6 (n = 10). Immunoreactive areas shown as ratios (%) of entire intimal area.

Bars represent SEM. *p<0.05; **p<0.01.

fibrous caps overlying lipid cores can be decreased by adding balloon
injury to the high-cholesterol diet [17,18]. Based on these findings, we
tested six protocols in rabbits, and histologically analyzed arteries in
several ways as shown in Table 2. An important finding is that the initial
feeding of a normal diet is essential for lesions to form SMC-rich fibrous
caps. That is, without this initial feeding after balloon injury, macro-
phages widely infiltrated the intima and an SMC-rich fibrous cap-like
layer did not form (Models 3 and 4). As the balloon injury produces
intense inflammation, which is much different from high-fat diet, we
think the timing of balloon injury and which diet is very important. One
of co-authors, Ueno, showed that a lot of macrophages were shown in
rabbit carotid artery at 7 days after balloon injury with normal diet [19],
indicating that balloon injury produces intense inflammation. However,

as shown in Fig. 3B in the present study, there was little macrophage
4 weeks after balloon injury with normal diet. Thus the initiation of
high-cholesterol diet did not overlap the inflammation period by
balloon injury in Models 2 and 5. In contrast, in Models 3 and 4, high-
cholesterol feeding did overlap the inflammatory period by balloon
injury. We think that such a difference is critical to develop
atherosclerotic plaque resembling lesions in human coronary arteries.
Our model required only 8 weeks to develop a fibrous cap overlying a
lipid core (Model 2), which is the most efficient of the protocols reported
in the literature to date.

Human coronary and carotid arteries, which are highly prone to
plaque rupture, differ from other human arteries in that they easily
develop intimal thickening composed of SMC from childhood, long
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Fig. 4. Replication of vascular cells in arteries from Models 1, 2 and 5. Cell replication in Models 1 (A, B) and 2 (C, D). A, C, hematoxylin and eosin staining; B, D, immunostaining for
replication marker PCNA. Arrowheads, internal elastic lamina. Scale bar, 200 pm. Quantitative immunohistochemical analyses of PCNA in fibrous cap (fc.) region (E) and lipid core (L.c.)
region (F) in Models 1, 2 and 5. Bars represent SEM.
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Fig. 5. Matrix metalloproteinase 9, tissue factor and elastic fibers in arteries from Models 2 and 5. Representative immunohistochemical staining with matrix metalloproteinase (MMP)-9
antibody (A and B) and tissue factor antibody (C and D), and representative Elastica van Gieson staining (E and F) in carotid artery sections from Models 2 (A,C,D) and 5 (B, D, F). White
arrowhead, internal elastic lamina. Scale bar, 200 mm. Quantitative analyses of MMP-9 (G) and tissue factor (H) expression within rabbit carotid arteries from Models 2 and 5.
Immunopositive areas are shown as ratios (%) of entire intimal area. Bars represent SEM. Gelatin zymogram of gelatinase activities in protein extracts of carotid arteries from Models 2 and 5
(I). Gelatinolytic activity at 92 kDa (pro-MMP-9), 80 kDa (an activated form of MMP-9), 72 kDa (pro-MMP-2), and 68 kDa (an activated form of MMP-2) was detected. Association
between MMP-9-positive area (% of intima) and elastic-fiber content (% of intima) determined by immunohistochemistry and Elastica van Gieson staining (J), respectively.
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Table 2
Summary of results from each models.

N.D.: normal diet, H.C.: high cholesterol diet, B.L.: balloon injury, SMC: smooth muscle cell. n.d.: not determined.

before lipid-rich macrophages accumulate within the intima [20]. In
contrast, in apoE- or LDL receptor-null mice, (a) macrophages
infiltrate and lipid accumulates in the intima even at very early stages
and (b) macrophages sometimes invade the media beyond the internal
elastic lamina [8,9], events that are very different from those that occur
during plaque development in human coronary and carotid arteries.
In our plaque Models 1, 2 and 5, macrophages accumulated after SMC
had accumulated in the intima, and macrophages were not readily
detectable in the media. These features are similar to the pathology of
human coronary arteries, although we should note the histological
difference between rabbit carotid as elastic artery and human coronary
as muscular artery.

Models 1,2 and 5 among the models established in this study can be
prepared sequentially (Fig. 1). The DIT lesions that develop in human
coronary arteries and the neointima in our Model 1 are similar in several
ways. First, both lesions were almost completely composed of SMC
(Ref. 21 and Fig. 3B). Secondly, most SMC in the intima showed little
proliferation either in human coronary DIT (PCNA-positive ratio is about
3% in the intima of coronary arteries from 3 months to 2 years of age
[21], and less than 1% in adults [22]), which was also true for that in
Model 1 (2.8% positive). Thirdly, no lipid core formed in either human or
rabbit lesions. The arterial lesions in Model 2 (Fig. 3D-F) had relatively
thick, SMC-rich fibrous caps overlying the foci of lipid-rich macrophages
(lipid core), features resembling those of the stable plaques that develop
in human coronary arteries [1-3]. In addition, the arterial lesions in
Model 5 (high-cholesterol diet for 8 weeks) comprised thinned fibrous
caps, decreased amounts of extracellular matrix, and increased
accumulation of lipid-rich macrophages (Fig. 3J-L) compared with
Model 2. Finally, the expression levels of MMP-9 and tissue factor were
considerably increased in Model 5 (Fig. 5). All these characteristics are
consistent with the histological features of unstable plaques in human
coronary arteries [1-3] and the lesion in Model 5 corresponds to “thin
fibrous cap atheroma” in Virmani's original classification of human
atherosclerotic lesions [23] or “Grade 3 pathological intimal thickening
with foam cells” in Nakashima's classification [24]. The arterial lesions
that developed in our Models 1, 2 and 5 thus seem to respectively
resemble the DIT, stable plaques, and unstable plaques that occur in
human coronary arteries. Nakashima et al. recently emphasized the
importance of preexisting DIT for plaque formation, which is seldom
present in previous animal models including swine model [25]. Here, we
established an animal model with preexisting DIT before atheromatous
plaque developed.

We found a significant inverse correlation between MMP9 expres-
sion and elastic-fiber content of plaque in our rabbit models (Fig. 5J).
Accumulating evidence suggests that MMP9 is one of the most critical
factors involved in plaque rupture [26-28]. Among various extracellular
matrix substrates for MMP9, elastin degradation, which is induced by
active MMP9, correlates with plaque disruption in ApoE knockout mice
[28]. We showed here that extending the duration of cholesterol feeding
from 4 to 8 weeks increased MMP9 expression (and its activity) and
decreased the elastic-fiber content in rabbit arteries. In addition, Aikawa
et al. have reported that a normal diet followed by a cholesterol diet

results in down-regulated MMP9 expression in rabbit atherosclerotic
plaque [18]. These data suggest that oral cholesterol might modulate
MMP9 activity and thereby plaque vulnerability.

A recent review lists seven criteria for any optimal model of
atherosclerotic plaque [8]. Our Models 2 and 5 satisfied four of these as
follows: the atherosclerotic processes were very similar to those
involved in human coronary arteries; both the cap/core ratio and the
cellular composition of the intima in our models were close to those in
human atheroma; our models were reproducible and require only
12 weeks for completion, which is convenient and should facilitate
investigations; the 3-hydroxy-3-methyl-glutaryl-CoA reductase inhib-
itor, statin, stabilized plaque in our Model 5 (manuscript in preparation),
which might satisfy the criterion that the response to treatment in an
ideal animal mode] should have the potential for duplication in humans.
However, our models still lack the other three features in that review [8]
as follows: the same vulnerability to rupture as its human counterpart;
plaque rupture in the model should occur without the need for
manipulations, and plaque rupture should be accompanied by plate-
let-rich fibrin thrombi. None of our models offers reproducible plaque
rupture or evidence of thrombo-occlusion even when we have tried to
extend the high-cholesterol diet in Model 5 for additional 4 weeks
(n=6, data not shown). Other factors such as hypertension and local
inflammation might be required for these to occur.

In conclusion, we established six rabbit models with arterial injury
that were subsequently fed with combinations of normal and high-
cholesterol diets. The arterial lesions in our Models 2 and 5 were easily
and reproducibly induced, and relatively quickly (12 weeks) exhibited
at least some of the features of stable and unstable plaques in humans.
Use of our models might facilitate investigations of some aspects of
plaque biology relevant to human coronary arteries, and of the ther-
apeutic effects of various agents.
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Abstract

for ON.

NMO patients.

Background: Neuromyelitis optica (NMO) is an inflammatory demyelinating disease that predominantly affects the
optic nerves and the spinal cord, and is possibly mediated by an immune mechanism distinct from that of multiple
sclerosis (MS). Central scotoma is recognized as a characteristic visual field defect pattern of optic neuritis (ON),
however, the differing pathogenic mechanisms of NMO and MS may result in different patterns of visual field defects

Methods: Medical records of 15 patients with NMO and 20 patients with MS having ON were retrospectively analyzed.
A thorough systemic and neurological examination was performed for evaluating ON. The total number of relapses of
ON and visual fields was investigated. Visual fields were obtained by Goldmann perimeter with each ON relapse.

Results: All MS patients experienced central scotoma, with 90% of them showing central scotoma with every ON
relapse. However, 53% of NMO patients showed central scotoma with every ON relapse (p = 0.022), and the remaining
47% of patients experienced non-central scotoma (altitudinal, quadrant, three quadrant, hemianopia, and bitemporal
hemianopia). Thirteen percent of NMO patients did not experience central scotoma during their disease course.
Altitudinal hemianopia was the most frequent non-central scotoma pattern in NMO.

Conclusions: NMO patients showed higher incidence of non-central scotoma than MS, and altitudinal hemianopia
may be characteristic of ON occurring in NMO. As altitudinal hemianopia is highly characteristic of ischemic optic
neuropathy, we suggest that an ischemic mechanism mediated by anti-aquaporin-4 antibody may play a role in ON in

Background

Neuromyelitis optica (NMO; Devic's disease) is an idio-
pathic inflammatory disease of the central nervous sys-
tem (CNS) that mainly affects the optic nerve and spinal
cord. Traditionally, NMO is believed to differ from multi-
ple sclerosis (MS) by causing very severe, often bilateral,
optic neuritis (ON) and longitudinally extensive MRI spi-
nal cord lesions but no MRI brain lesions or aggressive
progression to disability and death [1]. Recent studies
have reported a high frequency of brain MRI abnormali-
ties in NMO patients. However, most were nonspecific
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and were not considered typical of MS, and hypothalamic
involvement has been emphasized {2]. NMO has a more
negative outcome than MS, with frequent and early
relapses. Within 5 years of onset, 50% of patients have
become blind in both eyes and cannot walk unassisted,
and 20% die of respiratory failure due to cervical myelitis
[3]. Although no controlled therapeutic trials have been
specifically performed in NMO, case series and observa-
tional studies suggest that azathioprine in combination
with oral steroid reduces the frequency of attacks [4,5],
and rituximab and plasmapheresis can induce clinical
remission of NMO [6-8]. Immuno-suppression rather
than interferon B is the preferred treatment. Thus, distin-
guishing NMO from MS is very important for the thera-
peutic strategy of these disorders. Recently, clinical,

© 2010 Nakajima et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
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neuroimaging, laboratory, and pathological features have
been established showing that NMO is distinct from MS.
Histopathological and serological findings strongly sug-
gest the involvement of the humoral immune system [9].
In particular, detection of serum anti-aquaporin-4
(AQP4) antibody can be used to distinguish NMO from
MS [10,11]

ON is the most common and often initial symptom in
both NMO and MS. In acute ON, the cardinal field defect
is a widespread depression of sensitivity, and visual field
testing typically reveals a central scotoma, although other
visual field changes such as color blindness, bitemporal
hemianopia, paracentral scotoma, and altitudinal deficits
have also been reported. ON in NMO tends to be more
severe and recovery is less complete compared with
attacks of ON in the context of MS [3]. Clinical features
such as ocular pain, visual field deficits, and positive phe-
nomena, i.e. movement-induced phosphenes, have been
thought not to differ from those found in MS-associated
attacks [3]. Unlike patients with MS, those with NMO
experience more severe disease symptoms due to myelitis
characterized by centrally located spinal cord lesions that
are longer than three vertebral segments and frequent
early attacks. In NMO, the pathophysiology of spinal cord
lesions and relation with seropositivity for anti-AQP4
antibody are well investigated [12,13]. However, the dif-
ference of clinical symptoms or pathophysiologic findings
for ON between NMO and MS have rarely been evalu-
ated. We hypothesized that the differing pathogenic
mechanisms of NMO and MS may result in different pat-
terns of visual field defects as findings of ON. In this
study, we evaluated the features of visual field defects in
patients with NMO.

Method
We retrospectively analyzed the medical records of 15
patients with NMO (all women, mean age of onset: 36 +
11, mean * SD) and 20 patients with MS (5 men and 15
women, 29 * 9), all of whom had ON. NMO patients ful-
filled Wingerchuk's revised diagnostic criteria [14],
except for NMO-IgG seropositive status. MS patients
included in this study had definitive MS according to
McDonald's criteria [15]. A thorough systemic and neu-
rological examination was performed to evaluate ON.
Visual field tests were performed on the Goldmann
perimeter whenever visual acuity permitted. MRI was
performed where deemed necessary and for those who
could afford the investigation. This study received institu-
tional review board approval and informed consent was
obtained according to the Declaration of Helsinki.

Serum samples were stored at - 80°C until testing for
anti-AQP4 antibody. Anti-AQP4 antibody was assessed
as described previously [12,16]. Briefly, human embry-
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onic kidney cells (HEK-293) were stably transfected with
either a vector containing AQP4-cDNA or empty vector,
and specimens were tested by indirect immunofluores-
cence using these two cell lines (with or without AQP4).
Specimens were incubated with the cells for 1 h, washed
in phosphate-buffered saline (PBS), incubated with Alexa
Fluor 488 goat anti-human IgG (Invitrogen, Eugene, Ore-
gon, USA) for 30 min, and washed in PBS. The cells were
then fixed in 4% paraformaldehyde and mounted in Per-
mafluor aqueous mounting media (Beckman Coulter,
Marseille, France).

Statistics

All data in this study are presented as mean + SD. Cate-
gorical variables were compared using the Mann-Whit-
ney's U test and the Fisher's exact probability test.
Significance levels were set at P < 0.05.

Results

A total of 35 patients were included in this study: 15
NMO and 20 MS (Table 1). There were no differences
between the 2 groups in gender and disease duration.
Patients with NMO were older at disease onset, exhibited
an increased number of total and ON relapses, and had a
higher expanded disability status scale (EDSS) score.

When comparing visual field defect patterns of ON
between the 2 groups, central scotoma was present in 31
out of 33 ON episodes in MS (94%) and 39 out of 51 epi-
sodes in NMO (76%) (p = 0.041, Table 2). In 51 episodes
of ON, NMO patients exhibited 12 episodes of non-cen-
tral scotoma (24%). Of the visual field defect patterns
other than central scotoma, NMO patients showed 5 for
altitudinal, 3 for quadrant, 2 for three quadrant, 1 for
hemianopia, and 1 for bitemporal hemianopia. MS
patients showed 1 each for three quadrant and hemiano-
pia (Table 2).

During the course of the disease, 90% of MS patients
(18/20) showed central scotoma with every episode; how-
ever, central scotoma with every episode was present in
54% of NMO patients (8/15) (p = 0.022, Figure 1). In the
remaining 7 NMO patients, 5 showed both central and
non-central scotoma, and 2 patients showed non-central
scotoma with every episode. In 7 NMO patients showing
non-central scotoma, altitudinal hemianopia was most
frequent (5/7), and the location of the altitudinal hemi-
anopia was inferior in 3 of 5 relapses and superior in 2
relapses. Notably, all altitudinal hemianopia occurred at
the initial attack of each eye (Table 3).

Discussion

A variety of visual field defects may be seen in optic neu-
ropathies, including central, centrocecal, arcuate, altitu-
dinal, and nasal step field defects. Central scotoma is
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