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GENERAL INTRODUCTION

Magnetic Resonance Imaging (MRI) is a
new very powerful non-invasive method for the
detection and characterization of neoplasia and
other disease states that involve local tissue
changes. MRI is exquisitely suitable for the early
detection of small tissue lesions because of its high
resolution, yielding images superior to those
obtained by X-ray and CAT scanning
methodologies. Clinical studies of intracranial
disease processes have particularly benefitted from
MRI techniques (1,2,3). These methods have also
shown great promise as a tool for experimental
studies on the development of intracranial neoplasia
4,5,6).

MRI can be defined as the application of
nuclear magnetic resonance (NMR) methods for the
imaging of human and animal tissues in which the
distribution and dynamic properties of protons in
tissues can be displayed. The principal aim of MRI
techniques is to produce, non-invasively, a two- or
three-dimensional image of the spatial distribution
of resonant nuclei in living tissue. Any nucleus
such as a proton (hydrogen nucleus) which
possesses a magnetic moment, attempts to align
itself with the local magnetic field within which it
is placed. Application of a radio frequency (RF)
pulse of a specific frequency displaces the net
magnetic moment by an amount determined by the
strength and duration of the pulse. This frequency
is directly proportional to the strength of the
magnetic field, and is known as the resonance
frequency. After the pulse, the protons can emit an
RF signal as they return to their original orientation
along the Z axes. When a gradient is introduced
into the magnetic field, the resonant frequency of
protons in a tissue placed in the gradient will vary
with their position. Thus, the frequency of the
signals emitted by protons after applying a RF
pulse will reflect their position. The signal is
recorded and stored by the computer and later
converted into an image.

The gverall objective of the research
described in this thesis was to evaluate MRI as a
method for the early detection and characterization
of tumor development in the rat pituitary as a
model for human intracranial neoplastic disease.
Specifically, estrogen-induced anterior pituitary
tumors in male rats were studied as a model for
spontaneous neoplasia of the pituitary gland.
Pituitary tumors are frequent in aging humans and
rats (7,8,9), and the majority of these tumors
consists of prolactin (PRL)-secreting cells (8,9,10).

Therefore, elevation of plasma concentrations of
PRL is often used as a diagnostic indicator of
pituitary tumors in man, although there is
considerable doubt about the reliability of this
parameter (11,12,13). Thus, such tumors often
present serious diagnostic problems, for which the
advent of MRI has been an important solution (14).

The feasibility of MRI for the detection of
spontaneous and estrogen-induced pituitary tumors
in the rat has been demonstrated previously
(4,5,6,15,16). However, the development of rat
pituitary tumors and their putative precursor
lesions, correlations between MR images and
histomorphology of rat pituitary lesions, and the
use of new contrast agents and computerized
analysis methods to enhance MR images in this
context have not been studied before. These issues
comprise the principal focus of this thesis. The
specific aims of the studies described herein were:

- To develop a biologically-based classification
system for the entire spectrum of hypertrophic
and proliferative lesions of the rat  pituitary
(Chapter II).

- To develop and apply MRI techniques for non-
invasive visualization  of estrogen-induced rat
pituitary lesions as a model for spontaneous
lesions (Chapters III, 1V, V, VII, VIII).

- To compare MR images of the rat pituitary with
the light microscopic morphology of estrogen-
induced pituitary lesions and with  information
derived from plasma levels of pituitary
hormones, (Chapters 1V, V, VIII).

- To study by MRI the development of estrogen-
induced pituitary  lesions and their regression
after withdrawal of the estrogen stimulus
(Chapters IV, VII), and

- To establish the histopathogenesis of blood-filled
cavities in rat estrogen-induced pituitary tumors
(Chapter VI) because of the possible role of
these cavities in MR image enhancement by a
magnetic relaxation contrast agent (Chapter V).

The following studies were conducted to
accomplish these objectives. In Chapter II, a
classification system is described for the entire
spectrum of spontaneous focal hypertrophic and
proliferative lesions of the rat pituitary. The
morphologic criteria developed were shown to
correlate well with the PRL immunoreactivity of
the lesions and/or their ability to elevate plasma
PRL levels. In Chapter III, MRI techniques were
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applied to visualize estrogen-induced rat pituitary
lesions with changes in pituitary anatomy apparent
as early as 16 days after implantation of an
estrogen pellet. Studies described in Chapter IV
compared MRI-derived information on the
development of estrogen-induced rat pituitary
lesions with (i) plasma concentrations of pituitary
hormones viz. PRI, growth hormone (GH),
luteinizing hormone (LH), follicle stimulating
hormone (FSH), thyroid stimulating hormone
(TSH) as measured with RIA-techniques, and (ii)
the light microscopic morphology of the induced
lesions further characterized by immunohisto-
chemical methods for the same pituitary hormones,
Chapter V summarizes a study in which a
magnetic relaxation confrast agent in combination
with a digital subtraction technique was used to
improve the MRI detection and characterization of
rat pituitary lesions induced by estrogen. Chapter
VI describes an ultrastructural study of sequential
estrogen-induced morphological changes in the rat
pituitary to establish the histopathogenesis of blood-
filled cavities in pituitary tumors. In Chapter VII,
the detection of subtle intensity changes on MR
images of the rat pituitary using computer-
generated two dimensional scatterplots is
demonstrated. Chapter VIII deals with a study of
the progression of estrogen-induced proliferative
lesions in the rat pituitary and their regression after
withdrawal of the estrogen stimulus after various
times of exposure. Major findings and conclusions
are high-lighted and put into perspective in
Summary and Conclusions.

REFERENCES

1. Daniels D.L., Haughton V.M. and Naidich T.P. (Eds)
Cranial and spinal magnetic resonance imaging; an atlas and
guide. Raven Press, New York, 1987.

2. Brant-Zawadzki M., Norman D. (Eds) Magnetic resonance
imaging of the central nervous system. Raven Press, New
York, 1987.

3. PartainC.L., Price R.R., PattonJ.A., Kulkkarni M.V. and
James Jr. A.E. (Eds) Magnetic resonance imaging. Vol
1&2, W.B. Saunders, Philadelphia, 1988.

4. Van Nesselrooij J.H.J., Szeverenyi N.M. and Ruocco M.J.
(1998) Magnetic resonance imaging of estrogen-induced
pituitary hypertrophy in rats. Magn. Reson. Med. 11, 161-
171.

5. Van Nesselrooij J.H.J., Szeverenyi N.M., Tillapaugh-Fay
G.M. and Hendriksen F.G.J. (1990) Gadolinium-DTPA
enhanced and digitally subtracted magnetic resonance
imaging of estrogen induced pituitary lesions in rats:
Correlation with pituitary anatomy. Magn. Reson. Imag.
40, 525-533.

16

11.

12.

13.

14.

15.

16.

Van Nesselrooij J.H.J, Bruijntjes J.P., Garderen-Hoetmer
A., Tillapaugh-Fay G.M. and Feron V.J. (1991) Magnetic
resonance imaging compared with hormonal effects and
histopathology of estrogen-induced pituitary lesions in the
rat. Carcinogenesis 12, 289-297.

Gold E.B. (1981) Epidemiology of pituitary adenomas.
Epidemiof.Rev. 3, 163-183.

Berkvens J.M., Van Nesselrooij J.H.J. and Kroes R. (1980)
Spontaneous tumours in the pituitary gland of old Wistar
rats: A morphological and immunocytochemical study. J.
Pathol. 130, 179-191.

Trouillas J., Girod C., Claustrat B., Cure M. and Dubois
M.P. (1982) Spontaneous pituitary tumors in the
Wistar/Furth/Ico rat strain. Am. J. Pathol. 109, 57-70.

. Hankins C.A., Zamani A.A. and Rumbaugh C.L. (1985)

Prolactinomas: Clinical presentation, radiologic assessment
and therapeutic options. Invest. Radiol. 20, 345-354.

Kieinberg D.L., Noel G.L. and Frantz A.G. (1977)
Galactorrhea: A study of 235 cases including 48 with
pituitary tumors. N. Eng. J. Med. 269, 589-600.

Malarkey W.B. and Johnson J.C. (1976) Pituitary tumors
and hyperborean. 136, 40-44.

Kovacs K., Lloyd R., Horvath E., Asa E., Stefaneanu L.,
Killinger D.W. and Smyth H.S. (1989) Silent somatotrophic
adenomas of the human pituitary; A morphologic study of
three cases including immuncytochemistry, electron
microscopy, in-vitro examination and in-situ hybridization.
Am. J. Pathol. 134, 345-353.

KulkarniM.V., Lee K.F., McArdle G.B., Yeakly J.W. and
Haar F.L. (1988) 1.5-T MR imaging of pituitary
microadenomas: technical considerations and CT
correlation. Am, J. Neuroradiol. 9, 5-11.

Rudin M., Briner U. and Doepfner W. (1988) Quantitative
magnetic resonance imaging of estradiol-induced pituitary
hyperplasia in rats. Magn. Reson. Med. 7, 285-291.

Dixon D., Johnson G.A., Cofer G.P., Hedlund L.W. and
Maronpot R.R. (1988) Magnetic resonance imaging (MRI):
A new tool in experimental toxicologic pathology. Toxicol
Pathol. 16, 386-391.



17



18



CHAPTER II

CORRELATIONS BETWEEN PRESENCE OF SPONTANEOUS LESIONS OF
THE PITUITARY (ADENOHYPOPHYSIS) AND PLASMA PROLACTIN

CONCENTRATION IN AGED WISTAR RATS
Joop H.J. van Nesselrooij, C. Frieke Kuper and Maarten C. Bosland.

Veterinary Pathology, in press.

1%



20



Veterinary Pathology, in press.

Correlations Between Presence

of Spontanecus Lesions of the Pituitary
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ABSTRACT

The predictive value of elevated plasma
prolactin concentrations for the presence of
spontaneous pituitary lesions was studied in 40
male and 38 female 30 months-old Wistar
(Cpb:WU) rats. The pituitaries were examined by
light microscopy and stained for prolactin by
immunohistochemistry. Plasma prolactin
concentrations were measured by  radio-
immunoassay. Pituitary lesions were classified on
the basis of HE morphology as foci of hypertrophic
or hyperplastic cells, and hemorrhagic,
pleomorphic or spongiocytic adenomas; no
carcinomas were found. There were significantly
(P=0.001) more female than male rats with
pituitary adenomas (58% of females; 33% of
males) or without any pituitary lesions (21%
females; 5% of males). However, there were less
female (21%) than male rats (63%) with foci of
hyperplastic and/or hypertrophic cells but no
adenomas in the pituitary (P=0.001). Elevation of
plasma prolactin concentration above the upper 99th
percentile value in age-matched rats without lesions
was predictive, but not conclusively, of the
presence of pituitary hemorrhagic adenomas in both
sexes. It was, however, not predictive of the
presence of foci of hypertrophic or hyperplastic
cells. Elevation of plasma prolactin concentration
above 10 ng/ml in male and 60 ng/ml in female
rats was conclusive for the presence of hemorrhagic
adenomas. Using multivariate analysis, significant
positive correlations (P <0.01) were found between
plasma prolactin concentration and presence and
size of hemorrhagic adenomas and their prolactin
staining intensity (correlation coefficients between
0.392 and 0.652). Foci of hyperplastic cells
stained positive for prolactin, whereas hypertrophic
cell foci and pleomorphic and spongiocytic
adenomas did not stain for prolactin. There were
no correlations (coefficients of less than + or -
0.189) between plasma prolactin concentration and

the presence of hypertrophic or hyperplastic cell
foci and pleomorphic or spongiocytic adenomas in
the pituitary. The morphologic criteria developed
to  distinguish  spontaneous  hypertrophic,
hyperplastic, and neoplastic lesions of the rat
pituitary corresponded well with their prolactin
immunoreactivity and/or ability to elevate plasma
prolactin concentration. Therefore, these criteria
constitute a biologically meaningful classification
system for these rat pituitary lesions.

INTRODUCTION

The anterior pituitary of aged rats frequently
has hyperplastic and neoplastic lesions consisting of
one or more of the hormone-producing cell types
which are normally present in this gland (4, 10, 12,
16, 23, 27, 29, 35, 36, 44-47). These lesions
consist predominantly of prolactin-containing cells
as assessed by immunohistochemical methods (1,
29, 36). Elevation of plasma prolactin
concentration is often used as a diagnostic indicator
of pituitary tumors in humans (17, 19, 20),
although there is considerable doubt concerning the
reliability of this diagnostic parameter (1).
Preliminary findings in male rats of the Wistar
strain used in this study, which develops
proliferative pituitary lesions in high incidence,
indicated a correlation between specific types of
pituitary tumors and elevated plasma prolactin
concentrations (44). There was, however, no
perfect consistency in this relationship, because
some rats with pituitary tumors had the same
plasma prolactin concentration as control rats, and
some rats without tumors had shightly elevated
plasma prolactin concentrations (44).

The purpose of this study was to assess the
predictive value of elevated plasma prolactin
concentrations for the presence of tumors and non-
neoplastic spontaneous lesions in the pituitary of
aged Wistar rats. Correlations between plasma
prolactin concentration and type, size, and prolactin
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immunoreactivity of pituitary lesions were
determined. Earlier mentioned preliminary data on
pituitary tumors in aged male rats (44) were re-
evaluated, together with observations on non-
neoplastic pituitary changes that could be associated
with tumor development, and they were compared
with data on female rats. In addition, variables
other than pituitary lesions that may influence
plasma prolactin concentration (5, 13-15, 24, 30,
38, 40) were correlated with plasma prolactin
concentration in an attempt to explain observed
discrepancies between elevation of plasma prolactin
concentration and the presence of pituitary lesions.

MATERIALS AND METHODS

Weanling, random-bred Wistar rats (Cpb: WU),
were obtained from the Central Institute for
Breeding of Laboratory Animals TNO, Zeist, The
Netherlands. Animals were used in a life-span
study with sequential temporal kills in which the
background lesions of this strain were documented.
The animals were of weaning age at the start of the
study, and no rats received any treatment. Groups
of 200 male and 200 female rats were kept until
about 80% had died, at which time the remaining
40 male and 38 female rats, 30 months of age,
were killed and were used for the present study.
Rats were housed under conventional conditions in
a well-ventilated room at 23°C with 40-70%
relative humidity and a 12-hour light/12-hour dark
cycle. Male and female rats were separated, and
housed, five to a cage, in stainless steel, wire-mesh
suspended cages. The rats were fed an in house
prepared powdered, natural ingredient diet (see
reference 3, with minor modifications, including a
vitamin A content of 6340 IU/kg diet and omission
of choline suppletion). The animals had free access
to food and tap water.

The animals were killed by decapitation between
9 and 12 a.m.; no anesthesia was used to avoid
stress and anesthesia-induced prolactin release.
Blood was sampled from the severed neck and
plasma was separated and stored at -20°C. Plasma
concentrations of prolactin, were measured by
radioimmunoassay (RIA) according to Kwa et al.
(25), using the antiserum obtained from NIAMDD,
with an intra-assay variability of 7% and an inter-
assay variability of 11 %. Plasma concentrations of
testosterone, 5-dihydrotestosterone, and estradiol-
178 were measured by RIA using antisera raised in
rabbits to testosterone-3(o-carboxymethyl) ether-
bovine serum albumin (60% cross-reactivity with
S-dihydrotestosterone) and  17B-estradiol-6(o-
carboxymethyl)ether-bovine serum albumin, after
separation of testosterone and 5-dihydrotestosterone
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by HPLC or purification of estradiol-178 by
column chromatography. The intra-assay variability
of these assays was 5-10%, and the inter-assay
variability 10-15%.

A complete necropsy was performed on all
animals. The pituitary, thymus, mammary gland
and gonads were fixed in a 4% neutral buffered
formaldehyde solution.  These tissues were
embedded in paraffin and sectioned at 5 um
thickness, One of 3 step sections of the pituitary
and single sections of the other tissues were stained
with hematoxylin and eosin (HE) for routine
evaluation. The remaining step sections were
immunostained for prolactin (34), using rabbit anti-
rat antiserum obtained from the National Institute
of Arthritis, Metabolism and Digestive Disease
(NIAMDD), Bethesda, MD. Swine anti-rabbit
immunoglobulin  (Sanbio, Nistelroode, The
Netherlands) was used as a bridge between the
primary antiserum and rabbit peroxidase-
antiperoxidase (Dako, Amsterdam, The
Netherlands).  The 3,3-Diaminobenzidine-tetra-
hydrochloride (Sigma Chemical Co, St. Louis,
MO, USA) was used as substrate to visualize the
product. The sections were counter-stained with
Gill’s type 1l hematoxylin.

The following criteria were used to differentiate
between foci of hypertrophic or hyperplastic cells,
and tumors (4, 7) (see Results for description of
lesions). Hypertrophic and hyperplastic cell foci
were distinguished on the basis of cytoplasmic
staining (HE), cell size, and nuclear density. In
comparison with normal pituitary tissue, nuclear
density was lower, cells were larger, and cytoplasm
was hypochromatic in hypertrophic cell foci,
whereas in hyperplastic cell foci, nuclear density
was higher, cells were smaller, and cytoplasm was
hyperbasophilic. ~ Hyperplastic cell foci were
distinguished from tumors on the basis of growth
pattern and cytomorphology. Lesions with
hemorrhagic areas and/or cellular and nuclear
pleomorphism were classified as neoplasms, and
lesions with neither pleomorphism nor hemorrhagic
areas as hyperplastic or hypertrophic cell foci.
Compression, demarcation, and encapsulation were
not used as criteria to distinguish hyperplastic cell
foci from tumors because the degree of
demarcation was highly variable even for large
lesions, and some compression was occasionally
found for even very small lesions; capsule
formation never occurred. Unequivocal carcinomas
displaying clear-cut invasive growth or metastases
were not found in the present study. Yet, some
tumors had highly pleomorphic cells and atypical
mitotic figures and would therefore qualify as
carcinoma. However, these tumors were well



demarcated and not invasive, and they were
therefore classified as adenomas. Pituitary
adenomas were sub-classified in three types, as
previously proposed (4), on the basis of the
following criteria. Hemorrhagic adenomas were
characterized by the presence of hemorrhagic areas,
which were never found in the two other types;
spongiocytic adenomas were characterized by
abundant presence of intracytoplasmic vacuoles;
and pleomorphic adenomas consisted entirely of
pleomorphic cells that did not have conspicuous
vacuoles.

The presence, number, size, and staining
intensity for prolactin of the hypertrophic,
hyperplastic, and neoplastic lesions were
determined for each pituitary. The size of
hypertrophic or hyperplastic cell foci, neither of
which influenced pituitary size, was semi-
quantitatively scored based on the area occupied by
the lesion as small (£15% of the pars distalis),
medium-sized (16-20%) or large (21-25%). The
size of adenomas was semi-quantitatively scored on
the basis of their largest diameter as small (1-3
mm), medium-sized (4-7 mm), or large (8-15 mm).
Staining intensity for prolactin was assessed semi-
quantitatively as absent, slight, moderate, or
marked. All size and staining intensity assessments
were made by the same pathologist.

Because the parameters examined in this study
are not normally distributed, non-parametric
methods were used throughout for statistical
analysis (39). The predictive value of elevation of
plasma prolactin concentrations for the presence of
pituitary lesions was assessed by determining, using
the rank correlation method of Spearman (39),
correlations between on the one hand plasma
prolactin concentration and on the other hand
hypertrophic, hyperplastic and neoplastic pituitary
lesions, scored either as the number of lesions per
animal or as absent, small, medium-size or large,
as well as their prolactin staining intensity (scored
as none, slight, moderate or marked). Also,
correlations were calculated between plasma
prolactin concentration and variables other than
pituitary lesions that possibly influence plasma
prolactin concentrations, i.e., plasma concentrations
of testosterone, S-dihydrotestosterone, and
estradiol-178, and the presence of age-related
lesions in the gonads, uterus, mammary gland, and
thymus (5, 13-15, 24, 30, 38, 40). Correlation
coefficients of 0.4 and higher had a P value less
than 0.05 and were considered significant. In
order to determine the additive predictive value of
combinations of variables, discriminant analysis
was carried out (2). Step-wise regression analysis
was conducted to select the optimal set of variables

for performing this analysis, and parameters were
excluded if only a single animal had a specific
variable and/or an elevated plasma prolactin
concentration (2) Differences in the incidence of
lesions between males and females were analyzed
using the Fisher exact test and the X2 test (39).
Differences in prolactin concentrations between
animals with and without the various pituitary
lesions were analyzed using the Kruskall-Wallis
one-way analysis of variance and the Mann-
Whitney test (39).

RESULTS
Morphology of Pituitary Lesions

The cells that stained positively for prolactin
were diffusely and randomly distributed throughout
the pars distalis of normal pituitaries. This pattern
was altered in pitoitaries that had foci of
hypertrophic or hyperplastic cells or adenomas.
These lesions were more or less well demarcated,
sometimes expansile, focal processes that differed
from normal pituitary tissue in cytomorphology,
prolactin staining properties, and/or growth pattern,
but were never encapsulated. Invasive growth and
metastases were never found. The morphology of
each of these pituitary lesions is described in the
following.

Foci of hypertrophic cells (Figs. la and b).
Hypertrophic cell foci consisted of solid sheets of
enlarged cells with clear cytoplasm and distinct
eosinophilic cell boundaries (HE). Density of
nuclei in these foci was lower than in normal
pituitary tissue. The nuclei had no abnormalities
and mitotic figures were not observed.
Hypertrophic cells did not stain for prolactin.
These foci were not always clearly demarcated, but
compression of surrounding tissue by these foci
was never observed. There was no specific area in
the pars distalis where these foci were located.
Foci occupied an area varying from 10 to 25% of
the pars distalis.

Foci of hyperplastic cells (Figs. 2a and b). Cells
in foci of hyperplastic cells were uniform and were
mainly arranged in solid sheets. The cells in these
foci were smaller in comparison with normal
pituitary tissue, and the density of the nuclei was
increased. Cytoplasm was hyperbasophilic and
nuclei had prominent nucleoli (HE). Mitotic
figures were not observed. All foci stained positive
for prolactin. Most, but not all, foci were well
circumscribed with little or no compression of the
adjacent pituitary tissue. The localization of the
foci of hyperplastic cells within the anterior
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Fig. 1 -- Focus of hypertrophic cells.

a. On the top and right hand side a hypertrophic cell focus with
no compression of surrounding tissue; on the bottom and left
hand side normal pituitary cells. HE, bar = 50 ym

pituitary was variable. The lesions occupied an area
ranging in size from 10 to 25% of the pars distalis.
There was no correlation between size of the foci
and the intensity of staining for prolactin.

Hemorrhagic pituitary adenomas (Figs. 3a, b
and c¢). Hemorrhagic pituitary adenomas consisted
of cells that were arranged in solid cords or
trabeculae of one to up to several cell layers thick.
These adenomas were characterized by the presence
of smaller or larger hemorrhagic cavities or cysts.
These cavities gave the adenomas the appearance of
consisting cords of tumor cells with on one side
cleft-like sinusoids covered with endothelial cells,
and on the other side cyst-like spaces which were
not lined with endothelial cells. These cavities
were always filled with blood and occasionally
contained some necrotic pituitary epithelial cells.
The tumor cells had mostly pale cytoplasm and
varied in size and shape, but the nuclei were rather
uniform although their tinctorial properties varied
(HE). This type of tumors always stained
positively for prolactin, although to a variable
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b. Higher magnification of a. showing enlarged cells with clear
cytoplasm and distinct cell boundaries which were
eosinophilic; in the lower left hand corner a small rim of
normal cells is visible. HE, bar = 20 um

degree. Some adenomas had zones consisting of
large, markedly pleomorphic cells arranged in solid
fields with frequent, sometimes abnormal, mitotic
figures. These pleomorphic zones did not stain for
prolactin. The adenomas were well demarcated
and no invasive growth was seen, but they were
expansile and compressed surrounding normal
pituitary tissue. These adenomas ranged from
small focal lesions to large masses that occupied
the entire pituitary. There was no correlation
between tumor size and staining intensity for
prolactin.

Pleomorphic pituitary adenomas (Fig. 4).
Pleomorphic adenomas consisted of cells that were
arranged in solid sheets or cord-like structures.
Endothelium-lined sinusoids were present on both
sides of the cords. The tumor cells were large and
polygonal and markedly pleomorphic with
considerable variation in size, shape and tinctorial
properties of cell and nucleus. Atypical mitotic
figures were frequent. These adenomas did not
stain for prolactin. They were small to medium-



Fig. 2 -- Focus of hyperplastic cells.

a. In the upper right hand corner a prolactin-positive focus of
hyperplastic cells with little or no compression of
surrounding tissue; on the bottom and left hand side normal
pituitary cells, some of which are prolactin positive.
Staining for prolactin, bar = 50 ym.

sized, and were well demarcated and caused
compression of surrounding tissue.

Spongiocytic pituitary adenoma (Fig. 5). One
tumor was classified as a spongiocytic adenoma
(Table 1). This adenoma consisted of thin cords,
1-3 cell layers thick interspersed with endothelial-
lined sinusoids. The tumor cells were uniformly
round or oval with pale cytoplasm containing many
small or large vacuoles. Nuclei varied in size, but
mitotic figures were rare. The cells did not stain
for prolactin. The adenoma was medium-sized and
well demarcated.

Incidence of Pituitary Lesions and Plasma
Prolactin Concentrations

Many rats had multiple types of pituitary
lesions. Several rats had multiple foci of
hypertrophic or hyperplastic cells, and a few rats

b. Higher magnification of a.; there is increased nuclear
density and several nuclei have prominent nucleoli; most
cells have immunoreactivity for prolactin, which is
particularly strong in the cells of the rim of the focus. In
the lower left hand corner are normal cells visible, most of
which are prolactin-negative. Staining for prolactin,
bar = 20 pm.

had multiple adenomas. This lesion multiplicity
complicated analysis of the data, in particular
correlations between lesion occurrence and plasma
prolactin concentration. Therefore, the data were
reduced as follows. Rats were distinguished into
five separate groups, 1) rats with pituitary
adenomas, distinguishing the three morphologic
sub-types of adenomas as indicated earlier, 2) rats
with hypertrophic or hyperplastic cell foci but no
adenomas, 3) rats with hyperplastic cell foci,
irrespective of the presence of hypertrophic cell
foci, but no adenomas, 4) rats with hypertrophic
cell foci but neither hyperplastic cell foci nor
adenomas, and 5) rats without any pituitary lesions.
Within the groups with lesions, rats were ranked
according to the largest lesion present, assuming
that the largest lesion would have greatest potential
impact on the plasma concentration of prolactin.
The mean, median, range, and 95th and 99th
percentile values of plasma prolactin concentrations
for each of these groups were calculated by sex.
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Fig. 3 -- Hemorrhagic adenoma.

a.

&
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A hemorrhagic adenoma with many cyst-like spaces; on the
bottom a small rim of normal pituitary cells is visible. HE,
bar = 50 ym.

Higher magnification of a.. This adenoma consisted of
prolactin-positive cells arranged in solid cords, one or a few
cell layers thick; on one side of the cords there are cleft-like
sinusoids (S) covered with endothelial cells (arrows) and at
the other side cyst-like spaces (C) filled with blood and some
necrotic cells. Staining for prolactin, bar = 20 um.

This adenoma consisted of solid cords of cells, many cell
layers-thick; otherwise it had the same morphology as the
adenoma shown in a. and b.. There are some mitotic
figures (arrow heads) and a small rim of normal pituitary
cells at the bottom. HE, bar = 20 um.




Fig. 4 -- Pleomorphic adenoma consisting of solid fields of
large cells with moderate to marked nuclear and cellular
pleomorphism. HE, bar = 20 pm.

There were only two male rats without lesions.
Therefore, their 95th and 99th percentile prolactin
concentration values were calculated including
values from animals with only foci of hypertrophic
cells, whose plasma prolactin concentrations were
completely within the range of values in the rats
without lesions.

Table 1 presents the number and percentage of
rats within each of the five above mentioned groups
and the median plasma prolactin concentration for
each group for male and female rats separately.
Also, the 99th percentile values of the plasma
prolactin concentration are presented for the rats
without lesions. For the groups with lesions the
range of concentrations is given to demonstrate
possible overlap of the actual values in the latter
groups with the 99th percentile interval in rats
without lesions. Fig. 6 depicts the relation between
plasma prolactin concentration and the largest
pituitary lesion present for individual male and
female rats, respectively, arranged in the above
mentioned five groups. In addition, the staining
intensity for prolactin of that most severe lesion is
indicated for each rat. There were significantly

Fig. 5 -- Spongiocytic adenoma consisting of thin, 1-3 cell
layers thick, cords of cells with small and large cytoplasmic
vacuoles giving the cells a spongiocytic appearance.

HE, bar = 20 um.

more female than male rats with pituitary adenomas
or without lesions, and fewer female than male rats
with only non-neoplastic lesions (see Table 1 for
p-values). There were particularly fewer female
than male rats with only hypertrophic cell foci.
The numbers of male and female rats with no
lesions, with only non-neoplastic lesions, or with
adenomas were also significantly different when
tested by a two-sided, 2x3 X2 test (P = 0.001).
Single or multiple foci of hypertrophic cells were
present in 25 male rats (in total 34 foci) and single
foci in seven female rats (P = 0.0004 for male-
female difference in incidence, two-sided X test).
Single or multiple foci of hyperplastic cells were
found in 15 male rats (16 foci) and 12 female rats
(14 foci). Twelve male rats and 16 female rats had
a single hemorrhagic adenoma, and two female rats
each had two hemorrhagic adenomas. One male
and three female rats with a hemorrhagic adenoma
also had a smaller pleomorphic adenoma. Four
male rats had a hemorrhagic adenoma with
pleomorphic areas. Four female rats had a single
pleomorphic adenoma, and one male rat had a
single spongiocytic adenoma.
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Fig. 6 -- Plasma prolactin levels in aged Wistar rats versus the presence, size, and intensity of prolactin staining of largest and most severe
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and right panel, female rats (n=38). The mean prolactin values are indicated by a horizontal line in each column.

Plasma prolactin concentrations were higher in
female rats than in male rats, irrespective of the
presence of pituitary lesions (Table 1, Fig. 6).
Elevation of plasma prolactin concentrations above
the 99th percentile of values of male rats without
pituitary lesions was present in all, but one, male
rats with adenomas and in 5 of 13 male rats (38%)
with only foci of hyperplastic cells (Table 1, Fig.
6). The one male adenoma-bearing rat without
such elevation had a plasma prolactin concentration
of 3.7 ng/ml, which was just below the upper 95th
percentile value (3.82 ng/ml). All female rats with
adenomas and in 5 of 7 animals (71%) with only
foci of hyperplastic cells had plasma prolactin
concentrations above the 99th percentile of values
in female rats without pituitary lesions (Table 1,
Fig. 6). Males with only hypertrophic foci had
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prolactin concentrations that fell within the range of
values in male rats without lesions (Fig. 6). The
one female rat with only a hypertrophic cell focus
had a slightly higher prolactin concentration than
rats without pituitary lesions (Fig. 6). There was
a significant difference for both sexes in plasma
prolactin concentration between rats without
pituitary lesions, rats with pituitary adenomas, and
rats with pituitary hypertrophic and/or hyperplastic
cell foci but no adenomas (p<0.0001, Kruskall-
Wallis one-way analysis of variance). In males,
plasma prolactin concentrations were significantly
higher in rats with pituitary adenomas than in rats
without pituitary lesions, or rats without adenomas
but with any non-neoplastic pituitary lesion,
hyperplastic cell foci, or hypertrophic cell foci (but
no hyperplastic cell foci) (Mann-Whitney test, see



Table 1 for p-values). Plasma prolactin
concentration was also significantly higher in male
rats with hyperplastic cell foci than in rats with
only hyperplastic cell foci (Table 1). There were
no significant differences in plasma prolactin
concentrations between male rats without lesions
and rats with hyperplastic cell and/or hypertrophic
cell foci (but no adenomas). In females, plasma
prolactin concentrations were significantly higher in
rats with pituitary higher in rats with hyperplastic
cell and/or hypertrophic cell foci (but no adenomas)
than in rats without pituitary lesions (Mann-
Whitney test, see Table 1 for p values). There
were no significant differences in plasma prolactin
concentrations between female rats with pituitary
adenomas and rats with hyperplastic cell and/or
hypertrophic cell foci but no adenomas.

Correlation between Plasma Prolactin
Concentration and Pituitary Lesions and Other
Variables

Correlations found by multivariate analysis
between plasma prolactin concentrations and
pituitary lesions and, if significant, other variables
are presented in Table 2. There were significant
positive correlations in both male and female rats
between plasma prolactin concentrations and the
presence and size of hemorrhagic adenomas as well
as staining intensity for prolactin of these tumors.
These correlations were stronger in female rats than
in male rats. There was no correlation between
prolactin concentration and number, size, and/or
prolactin staining intensity of hyperplastic cell and
hypertrophic cell foci. The number of foci of
hypertrophic cells in females was excluded from
the analysis, because only single foci occurred. A
significant negative correlation was found in female
rats between the number of corpora lutea in the
ovaries and plasma prolactin concentrations.

No correlation with plasma prolactin concentration
was found for any of the other variables examined,
which included plasma concentrations of
testosterone and estradiol-178, and the following
age-related lesions: ovary: number of corpora lutea
or follicles per animal, size of cysts, and presence
of interstitial proliferation; testes: presence of
atrophy or interstitial cell hyperplasias or tumors;
uterus: degree of epithelial activity, dilation of
mucosal glands, and presence of tumors (largely
polyps); mammary gland: the presence of duct-
ectasia, lobular hyperplasia, or tumors (largely
fibroadenomas); and thymus: the presence of
involution or epithelial proliferation.  Ovarian
tumors in female rats and spongiocytic adenomas in
male rats were excluded from the multivariate

analysis because only a single rat had such a tumor.
Testosterone and 5-dihydrotestosterone concentra-
tions were elevated in only one female rat, and
plasma 5-dihydrotestosterone concentration was
elevated in only one male rat; these variables were
therefore  eliminated from the analysis.
Discriminant  analysis (data not shown)
demonstrated that only the plasma prolactin
concentration and none of the other variables
provided useful information to discriminate between
the various pituitary lesions, and that none of these
other variables added significant information to this
discriminative value of the plasma prolactin
concentration.

DISCUSSION

Elevation of plasma prolactin concentration in
aged rats above the 99th percentile of values in
aged-matched rats with morphologically normal
pituitaries proved to be a good predictor for the
presence of spontaneous tumors of the pituitary
pars distalis, particularly hemorrhagic adenomas.
This fact is underscored by the highly significant
positive correlation found by multivariate analysis
between plasma prolactin concentration and the
presence and size of pituitary hemorrhagic
adenomas, and by the positive correlation between
plasma prolactin concentration and the intensity of
immunohistochemical staining for prolactin in these
tumors. However, false negatives can occur,
because one male with a hemorrhagic adenoma in
this study had a plasma prolactin concentration
lower than the upper 95th percentile of normal
values, Elevation of plasma prolactin
concentrations above 10 ng/ml in males and 60
ng/ml in females was conclusively predictive of the
presence of a pituitary hemorrhagic adenoma.
These findings in Wistar rats are comparable to the
following findings in humans.(1,6,11,18,19,41 1)
A marked elevation of plasma prolactin
concentration is conclusive for the diagnosis of a
prolactin-secreting pituitary adenoma. 2) Only a
proportion of patients with pituitary adenomas that
positively immunostain for prolactin have elevated
plasma  concentrations of prolactin. 3)
Microscopic-size adenomas that do not result in
clinically detectable hyperprolactinemia or other
symptoms are frequent.

A few rats with hemorrhagic adenomas, which all
stained positive for prolactin, had only slightly
elevated or mno elevated plasma prolactin
concentrations.  Possible explanations for this
finding include obstruction of the pituitary blood
supply due to compression of the pituitary stalk by
the tumors (11, 32), and damage to hypothalamic
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Table 1. Plasma prolactin concentrations and incidence of spontaneous lesions in the anterior pituitary of
30-month old Wistar rats.

Males Females
Number of Plasma Number of Plasma
rats with prolactin rats with prolactin
lesions™ concentration’ lesions™ concentration’
Number of animals examined 40 38
Number of rats without lesions 2(5) 2.1 821" 18.2
(1.5-4.5) (9.7-28.1)
(0.0,4.32)* (0.0,27.7)F
Number of rats with tumors:
Any type of pituitary tumor 13(33) 23.0M 22(58)8 57.6%
(3.7-394) (30.6-253)
Hemorrhagic tumor™™ 12(30) 22,151 18(47) 57.6%
(3.7-394) (30.6-253)
Spongiocytic tumor 1(3) 40.0 0
but no other tumor
Pleomorphic tumor 0 4(11) 49.21
but no other tumor (36.2-83.7)

Number of rats with non-neoplastic lesions but no tumor:

Any non-neoplastic lesion 25(63) 2.6 821 46.6'1
(1.5-7.9) (15.8-59.7)
Hyperplastic cell foci 13(33) 3.9 7(18) 47.4%F
+ /- hypertophic cell foci (1.5-7.9) (15.8-59.6)
Hypertrophic cell foci 12(30) 2.1 1(3)" 38.5
but no hyperplastic cell foci (1.5-2.8)
" The percentage of rats with(out) lesions is given in parentheses.
T Median prolactin concentration is given in ng/ml, and the range in parentheses.
: The 99th percentile limits of plasma prolactin concentration are given for rats without lesions.

o

p = 0.0009 (2-sided X? test) for male-female difference.

p = < 0.025 (1-sided) for difference with male rats without lesions; p < 0.01 (2-sided) for difference with
male rats with any non-neoplastic lesion (but no adenomas); p < 0.002 (2-sided) for difference with male
rats with hyperplastic cell foci (but no adenomas); p < 0.001 (2-sided) for difference with male rats with
hypertrophic cell foci (but no adenomas) (Mann-Whitney test).

p = 0.0229 (2-sided X? test) for male-female difference in incidence.

p < 0.01 (1-sided Mann-Whitney test) for difference with female rats without lesions.

The largest lesion per animal was taken as indicator lesion for that animal.

T p < 0.05 (2-sided Mann-Whitney test) for difference with female rats without lesions.
H p < 0.02 (2-sided Mann-Whitney test) for difference with male rats without lesions.
# b = 0.0037 (2-sided X2 test) for male-female difference.
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neurons that produce secretory or inhibitory factors
as reported in humans and animals with pituitary
tumors (31, 33, 37, 43). Perhaps these tumors are
comparable to the "silent lesions" described by
Kovacs and co-workers (21) in humans, i.e.,
prolactin-positive staining pituitary adenomas that
did not elevate plasma concentrations of prolactin
(18, 28). Landolt (26) termed these lesions
hyperplasias because of the lack of association with
elevated plasma prolactin concentrations.
Pleomorphic adenomas and the spongiocytic
adenoma did not stain for prolactin, and there was
no statistical correlation between plasma prolactin
concentration and their presence and size.
Nevertheless, the four rats with a single
pleomorphic adenoma and the one rat with a
spongiocytic adenoma had slightly to moderately
elevated plasma prolactin concentrations. There is
no ready explanation for these observations. In
only one of these five cases of a prolactin
immunonegative adenoma were there prolactin
positive foci of hyperplasia present which may have
contributed to elevation of plasma prolactin
concentration. However, we may have failed to
detect hyperplasias or small hemorrhagic adenomas
in the other four animals, because step sections
rather than serial sections of the pituitaries were
studied. Van Putten and van Zwieten (45) have
also reported elevated prolactin concentrations in
aged BN/BiRij and WAG/R]j rats with prolactin-
negative, non-hemorrhagic, pituitary tumors. On
the other hand, Trouillas et al.(42) did not find
elevated plasma prolactin  concentrations in
Wistar/Furth/Ico rats with spongiocytic adenomas,
which were prolactin immunonegative. There are
disease conditions in man that can lead to
hyperprolactinemia in the absence of a pituitary
tumor (8, 11), but such conditions have not been
described in rats, to our knowledge.

In contrast to hemorrhagic adenomas, there was no
statistical correlation between plasma prolactin
concentration and the presence of foci of
hyperplastic cells and/or hypertrophic cells. Thus,
elevation of plasma prolactin concentration was not
predictive of the presence of these lesions.
Nevertheless, plasma prolactin concentrations were
slightly above the 99th percentile of normal values
in a substantial proportion of male rats and,
particularly, female rats with no adenomas but only
hyperplastic lesions (with or without foci of
hypertrophic cells). Male rats with only
hypertrophic lesions did not have elevated plasma
prolactin  concentrations, but the plasma
concentration of prolactin was slightly elevated in
the one female rat with only such a lesion. Rats
with only hyperplastic or hypertrophic cell foci that

had elevated plasma prolactin concentrations
perhaps also had small hemorrhagic adenomas that
we failed to detect.
Since the presence of prolactin positive or negative
lesions in the pituitary did not entirely explain the
observed elevations in plasma prolactin
concentrations, correlations were determined
between the prolactin concentrations and other
parameters which may influence circulating
prolactin (5, 13-15, 24, 30, 38, 40). Only for the
number of ovarian corpora lutea per animal was
there a significant, negative, correlation with
plasma prolactin concentration, for which we do
not have an explanation. Plasma prolactin
concentration was not correlated with the plasma
concentration of estradiol-178. Elevated circulating
levels of estrogens increase pituitary prolactin
secretion and are suspected to be involved in the
development of pituitary tumors in rats (24, 31,
46). However, the sampling of the blood in this
study occurred when pituitary lesions already
existed, whereas estradiol-17B in all likelihood
plays a role in early stages of pituitary tumor
development (33,37,46,47). Nevertheless, the high
estrogen levels in females may be related to the
higher pituitary adenoma incidence and the lower
frequency of non-neoplastic lesions in females than
in males found in this study, perhaps due to
enhancement of progression from precursor lesions
to frank neoplasia.

In this study of 30 months-old Wistar rats,
95% of males and 79% of females developed
hypertrophic, hyperplastic and/or neoplastic lesions
of the anterior pituitary. Since no morphologic
classification existed in the literature that included
all these types of lesions, we expanded our
previously proposed classification for pituitary
tumors (4). The criteria that were used to
distinguish  hypertrophic,  hyperplastic, and
neoplastic lesions, and those used to subclassify
different types of adenomas were entirely based on
the light microscopic appearance of the lesions in
HE-stained paraffin sections. The different types
of lesions that were thus distinguished also
appeared to differ in functional characteristics, i.e.,
immunostaining for prolactin and/or elevation of
plasma prolactin concentration. Thus, foci of
hypertrophic cells did not stain for prolactin, and
their presence was not associated with elevation of
plasma prolactin concentrations. In contrast, all
foci of hyperplastic cells stained positive for
prolactin, but there was no statistical correlation
between plasma prolactin concentration and their
presence or prolactin  staining  intensity,
Hemorrhagic adenomas stained positive for
prolactin and their presence, size, and prolactin
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Table 2. Correlation between plasma prolactin levels and lesions in the anterior pituitary, uterus, gonads and
thymus, and plasma sex steroid levels in 40 male and 38 female 30 month-old Wistar rats.

Correlation coefficient

Variables Males Females

Pituitary tumors:

Number of tumors/animal 0.338 0.341
Hemorrhagic tumors” 0.4947 0.652%
Pleomorphic tumors” -0.023 0.038
Prolactin staining

intensity 0.3928 0.441%

Hyperplastic cell foci:

Number of foci/animal -0.153 -0.117
Size of foci -0.132 -0.108
Prolactin staining

intensity -0.155 -0.127

Hypertrophic cell foci:

Number of foci/animal -0.183 N.M.
Size of foci -0.188 -0.172
Ovaries:

Number of corpora
lutea/animal -0.491%

% . .
Presence and size of tumors was taken as variable,

f P = 0.003.

¥ P < 0.00001.

§ P = 0.006.

N.M. = not measured

staining intensity strongly correlated with plasma
prolactin concentration. Pleomorphic adenomas
and the one observed spongiocytic adenoma, on the

12, 16, 27, 29, 36, 42, 45-47) are similar to the
present observations. Therefore, the classification
system that was used in this study 1) includes the

other hand, did not stain for prolactin, and their
presence and size did not correlate with plasma
prolactin concentration, although rats with these
types of tumors had mildly elevated plasma
concentrations of prolactin. Spongiocytic adenomas
are rare but have been described previously as
prolactin immuno-negative tumors (9, 42).
Furthermore, the morphology and prolactin
immunoreactivity of spontaneous pituitary lesions in
rats described previously by us and by others (4, 7,
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entire spectrum of spontaneous focal hypertrophic,
hyperplastic, and neoplastic lesions of the aging rat
pituitary, 2) distinguishes lesions that are
functionally different, 3) may be universal since it
seems to apply to several rat strains, and 4) does
not require special histological techniques, and
therefore offers advantages for routine application
over classifications that depend on immunohisto-
chemical or ultrastructural characteristics (10, 12,
16, 29, 45).



The foci of hypertrophic cells that we observed
have not been described previously as a separate
lesion. Other reports on non-neoplastic pituitary
lesions in aged rats did not distinguish hypertrophic
from hyperplastic and/or neoplastic lestons (36, 42,
45, 46). At present, the origin and nature of these
hypertrophic cells remains uncertain, but they are
possibly precursors of the prolactin negative
adenomas. Similarly, the prolactin-positive
hyperplasias may be precursors of prolactin-
secreting adenomas, as suggested by Kovacs et al.
(22) and Landolt (26) for the human. Because of
the scope of this study, the immunoreactivity of the
observed lesions for pituitary hormones other than
prolactin was not determined. The hypertrophic
and hyperplastic lesions have been reported to be
immunonegative for growth hormone, ACTH, LH
and TSH in five other rat strains (36, 45). Non-
hemorrhagic, prolactin negative, pituitary tumors
have been reported immunonegative for ACTH and
growth hormone in some rats strains (42, 45).
However, there are also reports of rat pituitary
tumors that were positive for ACTH, growth
hormone, LH, or TSH, or for combinations of
these hormones and prolactin (4, 10, 29, 36). Such
tumors are far less frequent than tumors that are
exclusively positive for prolactin (4, 10, 29, 36).
The pleomorphic adenomas may represent a more
advanced stage of the hemorrhagic adenoma
phenotype, because some hemorrhagic adenomas
contained solid pleomorphic areas, and because in
a previous study of a closely related Wistar sub-
strain some pleomorphic adenomas were faintly
prolactin immunopositive and had hemorrhagic
areas (4).

In conclusion, this study suggests that
spontaneous pituitary lesions in aged rats provide a
useful animal model for such lesions in the human
pituitary, as previously proposed by others for
pituitary tumors in other rat strains (26, 42). In
particular, spontaneous prolactin-secreting
adenomas of the Wistar rat pituitary appeared to
share the limited predictive value of elevation of
plasma prolactin concentration as a diagnostic
feature with human prolactinomas. The
morphologic criteria that we developed to
distinguish the various spontaneous hypertrophic,
hyperplastic, and neoplastic lesions of the Wistar
rat pituitary appeared to correspond well with their
prolactin immunoreactivity and their ability to
elevate plasma prolactin concentration, and thus
constitute a classification system for these lesions
that is biologically meaningful.
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Estrogen-induced pituitary hypertrophy has been studied using magnetic resonance
imaging in a group of 15 control and 30 experimental rats. Following the subcutaneous
implantation of an estrogen pellet, differences in the anatomical appearance of the pitu-
itary gland of the implanted rats can be detected in as little as 16 days, when compared
to the control animals. The gland in the experimental animals appears diffusely enlarged
with rounded margins, when viewed in sagittal T1-weighted magnetic resonance images.
Additionally, a uniform signal intensity is not detected in the hypertrophic pituitary
glands of estrogen-implanted rats, while in the control rats this is a common finding. A
satellite study of 300 animals (treated in a manner identical to that in the imaging study)
demonstrates that the weights of excised pituitaries in estrogen-treated rats increases 1o a
statistically significant level in the interval 18 to 35 days. Changes in the appearance and
volume of the pituitary gland observed with magnetic resonance imaging seem to have
promise for the early detection of pituitary lesions in rats.  © 1989 Academic Press, Inc.

INTRODUCTION

The purpose of this investigation was to evaluate the capability of magnetic reso-
nance imaging (MRI) as a method for the early detection of pituitary hypertrophy
in rats. Proliferative pituitary gland lesions (hyperplasias or tumors) occur relatively
frequently in both aging man and animals (/-6). In human, such lesions may pose
a serious diagnostic problem to the clinician ( 7-11), because biochemical tests mea-
suring hormone levels often do not permit detection of pituitary hyperplasias and
certain large pituitary tumors. Additionally, it is also very difficult for the radiologist
to detect focal and diffuse hyperplasias or small pituitary adenomas with contrast
enhanced computer tomography (/7).

Estrogen-induced pituitary tumor in rats has been suggested as a relevant model
for the human disease (4, 12-14), one that is both reliable and technically easy to
implement (2-4, 15, 16). This is the model employed in the present study in order
to determine if magnetic resonance imaging can permit the early detection of these
estrogen-induced pituitary lesions in rats.
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MATERIALS AND METHODS
Animals and Treatment

Forty-five male weanling Sprague-Dawley (SD) rats were obtained from a com-
mercial supplier (Harlan Sprague-Dawley, Inc., Indianapolis, IN). The animals were
3 weeks old upon arrival and were held in quarantine 1 week before this study was
initiated. The rats were divided into two groups, one group of 30 rats served as the
experimental group and the second group of 15 rats served as the control group. The
rats were kept in stainless-steel wire-mesh cages (3 animals per cage; controls sepa-
rated from experimental animals) in a well-ventilated area maintained at 20°C with
relative humidity 40-70% and 12 h of lighting per day. Animals had free access to
food (Purina Formulab Chow 5000, Purina Mills, Inc., St. Louis, MO) and tap water
and were checked twice daily.

Under ether anesthesia, each rat in the experimental group had a 25-mg estradiol-
178 pellet (Organon, The Netherlands) implanted subcutaneously between their
scapulae at the same time of day in 3 consecutive days. According to a technique
devised in this laboratory, a small incision was made through the skin in the region
of the lumbar spine, and a cannula (2 mm i.d.) was passed subcutaneously to the
cervical level. An estrogen pellet was pushed through the cannula with a blunt trocar
and deposited subcutaneously, and the canulla and trocar were then withdrawn. Clo-
sure of the wound was not necessary, since the incision was small and the estrogen
pellet was located at such a distance from the incision that the pellet could not be
expelled.

The control rats were sham operated in an identical manner but without the depo-
sition of a pellet. All animals were treated under a protocol and housing arrangement
approved by the institutional committee for the humane use of animals (CHUA).

Imaging

Sets of one control and two estrogen-implanted rats were examined and then sacri-
ficed at 15 points in time: 2, 4, 8, and 24 h; 2, 4, 8, and 16 days; and then approxi-
mately every 16th day up to 4 months after implantation of the estrogen pellets.
Sagittal T1-weighted MR images of the head were obtained with a 30-cm horizontal-
bore diameter, 2-T, chemical-shift /imaging (CSI) instrument (General Electric, Fre-
mont, CA).

T1-weighted spin-echo imaging parameters were single sagittal midline slice, 2 mm
slice thickness, repetition time ( TR ) 450-500 ms, echo time ( TE) 24 ms, two excita-
tions, 40-mm field of view, 425 Hz/mm read gradient, a 2.5-ms sinc pulse (having
two side lobes on either side of the center lobe) for excitation, 256 complex sampling
points, and 128 or 256 phase-encoding increments. In order to minimize animal
motion during the image data acquisition, rats were anesthetized with sodium
pentobarbital (Nembutal, Abbott Laboratories, North Chicago, IL) 5 mg/100 g
body wt ip.

The rats were immobilized in a plexiglass cradle during the imaging experiment.
A homemade NMR probe, consisting of a 30-mm-diameter by 32-mm-long saddle
coil with a (1-30 pF parallel ) tuning capacitor and two distributed (0.8-10 pF series)
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matching capacitors (Johanson Dielectrics, Burbank, CA), was attached to one end
of the cradle. This probe design was found experimentally to optimize image signal-
to-noise ratio from the head of the animal and also to facilitate the positioning and
observation of the animal. This coil was sufficiently flexible to accommodate differ-
ences in head size. Birdcage resonator designs were evaluated and found to have supe-
rior radiofrequency (rf) homogeneity, but did not significantly improve imaging sen-
sitivity in the region of the pituitary and were not as convenient for positioning and
observing the animal.

Gross Pathology

Following MR imaging, rats were sacrificed by decapitation with a guillotine while
still under anesthesia. After the roof of the skull was removed, the brain and pituitary
were examined grossly for pathological changes. Each gland was then removed and
fixated in a phosphate-buffered 4% formaldehyde solution for further histological ex-
amination of size and growth pattern.

Satellite Study

The purpose of this separate study was to provide data on weights of pituitary
glands, plasma levels of pituitary hormones, and the morphology of pituitary lesions
from a large number of rats treated in a manner identical to that as in the MRI study.
This satellite study was performed in The Netherlands by the TNO-CIVO group.
Three hundred male weanling Sprague—-Dawley rats were obtained from a commer-
cial supplier (Harlan Sprague-Dawley, Inc., Zeist, The Netherlands) and divided
into two groups. One group of 150 rats served as control animals and the other group
of 150 rats as experimental animals. The rats were treated with estrogen and sham
operated in a manner identical to that for the animals used in the MR imaging study.
They were housed under the same conditions as described previously and fed a pow-
dered stock diet. Ten control and ten experimental rats were sacrificed at 15 points
in time: 2, 4, 8, and 24 h; 4, 7, 11, 18 days; and then approximately every 16th day
up to 4 months. Animals were sacrificed at the same time each day, between 9 and
12 a.m., except for the animals composing the first three time points. Blood was
sampled to measure plasma levels of the pituitary hormones: prolactin (PRL),
growth hormone (GH), luteinizing hormone (LH), follicle-stimulating hormone
(FSH), thyroid-stimulating hormone (TSH), and adrenocorticotropic hormone
(ACTH). Pituitary wet weights were recorded before the glands were fixated. Step
sections stained with hematoxylin and eosin were examined under light microscopy
for morphological changes. Immunoperoxidase staining techniques (for the hor-
mones mentioned above ) were used to visualize the distribution of hormone-produc-
ing cells and to further characterize the induced lesions.

RESULTS

A midline sagittal T 1-weighted image proved to be the most effective and reproduc-
ible technique to display the anatomy of the pituitary gland region. In this image
plane, the normal pituitary appeared triangular with sharply defined margins. On the
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early time point images of both the control and the implanted rats (2, 4, 8, and 24 h
and 2, 4, and 8 days) the intensity of the pituitary varied relative to surrounding brain
tissue, but was uniform within the gland. The first changes became visible on the Day
16 images which demonstrated the entire pituitary gland to be enlarged in the two
implanted rats compared to the images of the pituitary in the control rat. Also, the
margins of the pituitary glands were slightly rounded compared to those of the control
rat (Figs. I and 2).

As aresult of this enlargement, the subarachnoid space between the pituitary gland
and the dienchephalon, and the space between the pituitary gland and the pons, was
compromised when viewed in these sagittal images (arrow in Fig. 2). During the time
between Day 16 and Month 4 postimplantation, a small space was still present dorsal
to the pituitary, but areas of contact between the pituitary gland and the brain tissue
could be detected due to enlargement of the pituitary gland.

Already after Day 16 postimplantation, images revealed a difference in signal inten-
sity of the pituitary gland between the control and the experimental animals. Pituitary
tissue of the control rats exhibited a uniform signal intensity on T1-weighted MR
images which was equal to or greater than that of the surrounding brain tissue, while
the enlarged pituitary glands of the estrogen-implanted rats demonstrated a mottled

FiG. 1. A T1-weighted midline sagittal image of a control rat at Day 16 having a normal pituitary gland.
Note the triangular structure.
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FIG. 2. A T1-weighted midline sagittal image of an experimental rat having an estrogen pellet implanted
16 days prior to imaging. The pituitary gland is enlarged and displays slightly rounded margins.

heterogeneous appearance and often appeared hypointense compared to surrounding
brain tissue. Upon gross examination of the skull at autopsy, enlargement of the en-
tire pituitary gland of the implanted animals was observed from Day 16 on (Figs. 3
and 4).

The satellite study revealed a slight fluctuation in pituitary weights for the early
time point measurements (2, 4, 8, and 24 h) in the control animals (Fig. 5). This
may reflect a circadian rhythm which could be expressed in the secretory pattern for
PRL, with secretion of this hormone increasing in the afternoon and decreasing in
the evening. This rhythm was not observed in the experimental animals and may be
the first indication of metabolic change. The Day 4, 7, 11 weight measurements re-
vealed no statistically significant changes. There is a significant (based on a Mann/
Whitney U test [two sided]) weight increase in the pituitaries in the implanted rats
relative to the control rats on the first day and for time points after Day 18
(Table 1).

DISCUSSION

The first evidence of the rat pituitary enlargement became visible on Day 16 in this
MRI study, suggesting that the gland must have hypertrophied a significant amount
during the 8-day period between time points of this period. The satellite study, how-
ever, did not reveal a statistically significant difference in the relative weights of the
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FIG. 3. A macroscopic photograph of a sagittal cut through the head of a control rat displaying a normal
pituitary gland at Day 16 of the experiment.

pituitaries until after Day 18 postimplantation. We suggest that the weight increase
observed on the first day is an acute effect of the estrogen which returns to normal
after the first day. The weight gain observed after Day 18 is possibly due to dilation
of the sinusoids and the resulting increased blood volume. The pathogenesis of the
estrogen-induced pituitary lesion involving the development of hypertrophic pitu-
itary cells was seen on histological sections to occur prior to the dilation of the sinu-
soids. This exaggerated growth would seem, therefore, to be the first contribution to
the enlargement of the entire pituitary gland. These findings suggest that MRI may
be a more sensitive method for detection of pituitary hypertrophy than the weight of
the organ. MRI is sensitive to soft tissue changes and additionally has the advantage
of being noninvasive, allowing repeated in vivo measurements. Although volume
changes were not detected using the pituitary wet weight measurements for the period
between Days 8 and 16, a significant diagnostic indicator of pituitary hypertrophy
may be the rounded margins of the pituitary observed in the midsagittal MR images
at these time points. This finding was not observed in the control animals and may
be associated with tissue changes in the gland which actually precedes any volume
increase.

Extrapolation of these observations directly to humans is not straightforward. The
normal human pituitary gland has a rounded or oval configuration when viewed in
the sagittal plane, and blunting of a triangular margin of the pituitary as occurs in the
rat cannot be used to detect a tissue change in humans. Although Wiener ez al. (17)
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F1G. 4. A macroscopic photograph of a sagittal cut through the head of an experimental rat displaying
pituitary hypertrophy at Day 16 of the experiment.

state that the height of the pituitary gland is the most important measurement in the
detection of an intrasellar mass, Sekiya ez al. ( 18) found a significant overlap between
the heights of normal glands and glands with microadenomas. Generalized pituitary
hypertrophy is not a common finding in humans, whereas it is in the estrogen-treated
rat. Many factors influence the volume of the normal pituitary gland in humans (19).
The gland enlarges during pregnancy, but returns to normal after lactation. Enlarge-
ment of the pituitary is associated with early development, as the infant matures, in
both humans and rats. In the normal rat the margins are triangular and remain trian-
gular during this time (Figs. 6 and 7).

The bright signal intensity of pituitaries in the control rats on T1 images is possibly
caused by fat or lipids in the pituicytes of the pars nervosa. Characteristic lipid drop-
lets have been shown in these (human) cells according to Wolpert ez al. (20). Also,
signal intensities of the pituitary on T1-weighted images appear to be brighter in in-
fants than in older children. The signal intensity of the posterior pituitary gland was
observed to be higher than that of the anterior pituitary gland, with either portion of
the gland having higher image intensity than the surrounding brain. This intensity
difference between pituitary and brain appears to be age related and becomes smaller
in older children and adults. In our rat studies we are quite certain that this hyperin-
tensity is not due to a flow entrance phenomenon. Congruent images through the rat
pituitary in both the alive and the dead animal display identical signal behavior. The
high signal intensity of the rat pituitaries reported in our investigation are similar to
signal intensities found in human infants. The rats were weanlings in our study.

45



VAN NESSELROOWJ, SZEVERENYI, AND RUOCCO

Estrogen implanted rats 8
20 Control rats e
=
£
i" .
o
2
2
S 10
E a
£
v T 1l H 1 T T Ll T i 1 1
fmpl. 2hr  4hr 8hr 24hr 4d 7d 11d 18d 35d 494 66d 81d

Time from implantation

FI1G. 5. A plot of the control and experimental animal pituitary weight as a function of time. The data
were obtained from a satellite study using 20 rats per time point ( 10 control and 10 experimental ).

Comparisons of MR signal intensity for normal and pathological pituitary tissue
in humans have been reported by several investigators. Pojunas et al. (21) report a
uniform signal intensity for normal pituitary tissue on T1-weighted images, whereas
tumorous pituitary tissue gives rise to lower signal intensity due to longer T1 relax-
ation times. This observation was also described by Fink er al. (22). Dwyer et al.
(23) studied different types of pituitary tumors and found that the detectability of a
pituitary lesion with MR depends not only on the size but also on the histology of
the lesion. The pituitary tumors observed by Dwyer et a/. exhibit the following char-
acteristics: tumors with cystic degeneration were bright on T2 and dark on T1, tumors
with necrosis were bright on T1 and bright on T2, and solid tumors appeared isoin-
tense on both T1- and T2-weighted images in the four patients with this type of tu-
mor. Three of these four isointense solid lesions were less than 4 mm in diameter and
were detected only after Gd-DTPA contrast agent was injected. Microadenomas have

TABLE 1

Rat Pituitary Wet Weights (mg) as a Function of Time Postimplantation of an Estrogen Pellet

Day | Day i1 Day 18 Day 35 Day 49
Control rats Mean 5.47 7.80 10.1 11.2 11.0
SD 1.36 1.16 1.70 1.33 1.63
n 40 10 10 10 10
Estrogen rats Mean 6.40* 8.40 11.3 17.6** 16.9%**
SD 1.37 1.28 1.27 2.61 2.62
n 40 10 10 10 10

Note. Mann/Whitney U test (two-sided). Statistical significance: * P < 0.05, ** P < 0.02, *** P < (0.002.
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FIG. 6. A 2-week-old control rat displaying a normal pituitary gland.

signal intensities which are hardly predictable according to Pojunas ez al. They de-
scribe microadenomas as having a variety of relaxation properties. Most have pro-
longed T1 and T2 relaxation times; however, some have short T1 or T2 values, or
both short T1 and T2 values. Also, some have the same relaxation behavior as normal
pituitary tissues. Lee and Deck (24) found that microadenomas that do not enlarge
the sella could not be detected with MRI. Davis er al. (25) describe pituitaries as
hyperintense relative to the cortex on T2-weighted images in only two out of four
patients with proven microadenomas. In these two patients, T1 images present the
pituitary as hypointense in one patient and hyperintense in the other patient. Kul-
karni et al. (26) report the most consistant presentation of microadenomas on MR.
They find on either a spin-echo or an inversion-recovery sequence that seven of a
group of eight patients with microadenomas showed hypointense pituitaries on T1-
weighted images. One microadenoma was seen as a hyperintense lesion on both T1-
and T2-weighted images. The 6-mm microadenoma was removed and found to test
immunohistochemically positive for prolactin and contained a hemorrhagic area in
the center of the lesion. These findings corroborate those of Dwyer ez al. who also
suggest that the histology of the pituitary is involved in the appearance of the pituitary
on MR images. Controversy still exists in the current literature as to how one can
detect pituitary microadenomas. Just et al. (27) describe a tissue characterization
method which makes it possible to differentiate between adenomatous tissue and
normal pituitary tissue by the tissue relaxation parameters. Microadenomas can be
discriminated from macroadenomas and from pituitary tissue through the use of pro-
ton density and strongly T2-weighted images.

Animal induction models or spontaneous pituitary lesions in animals, which can
be as high as 70% in certain rat strains, are good for studying focal hyperplasias or
microadenomas for human neoplastic diseases. Observations made in our animal
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F1G. 7. A 2-month-old control rat. The pituitary is twice the size of the 2-week-old rat.

study, however, suggest that signal intensity of the pituitary is not a conclusive diag-
nostic indicator of pituitary hypertrophy in the rat. Volume changes may be a better
indicator. Volume increase in the pituitary appears to be normal in the early develop-
ment of the rat, but this change does not involve the blunting of the sharp triangular
structure of the pituitary. We observe blunting of the margins in the hypertrophic rat
as well as a volume increase. This blunting may provide the basis of a standard tech-
nique in the detection of rat pituitary hypertrophy. This rat model is also suggested
by Rudin et al. (28) to be a useful analog of clinical situations. Rudin er al. also
use MRI to examine the regression of the estrogen-induced pituitary hypertrophy
following drug treatment. Further investigations into the changes of the pituitary as
the young rat becomes an adult seem to be necessary. These studies would further
correlate the changes seen on the MR image and volume measurements to the pathol-
ogy of the pituitary.

CONCLUSION

Midline sagittal T 1-weighted images prove to be the most effective and reproduc-
ible technique to display the anatomy of the pituitary gland region in rats. Volume
changes of the pituitary gland appear to be normal during the development of the
adolescent rat, but these changes do not involve the blunting of the sharp triangular
structure of this structure. The findings of our study suggest that the changes in ap-
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pearance and volume of the pituitary gland as evaluated by MRI may provide the
standard technique in detecting pituitary hypertrophy. In the estrogen-induced hy-
pertrophy rat model, the pituitaries of the control animals and implanted animals
have MRI intensity behavior similar to that of normal pituitary and pituitary lesions

in

humans.
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Estrogen-induced pituitary lesions in rats were studied in
time-sequence experiments using magnetic resonance imaging
(MRI), hormone determinations and light microscopy. The
main purpose of the study was to evaluate the usefulness of
MRI in comparison with conventional biochemical and
histopathological methods for detecting the pituitary lesions
as early as possible and to follow their development.
Measuremernts were made at 15 time points, ranging from
1 h to 272 days after s.c. implantation of the estrogen pellet.
High-resolution T1 weighted sagittal images with 2 mm slice
thickness were made with a 2 Tesla 30 cm small-bore MRI
system. Radioimmunoassay (RIA) was used to determine the
different pituitary hormones. Convential histopathology and
immunoperoxidase staining methods were used to charac-
terize the pituitary lesions and visualize the hormone-
producing pituitary cells respectively. The first histopatho-
logical pituitary changes (enlarged acidophilic cells with
increased number of vacuoles) were seen at day 2 after
initiation of the estrogen treatment, while at day 4 the first
immunohistochemical changes (increased number of pro-
lactin-positive cells) were encountered. Significantly increased
prolactin levels in blood plasma occurred from day 9 onwards.
Also at day 9, changes of the pituitary gland were first visible
on MR images, showing rounding of the anterior edge of the
gland. Gradual enlargement of the pituitary caused by
hyperplasia of hypertrophic prolactin-positive cells could be
followed by MRI, and later on pituitary tumors were
recognized, their images being heterogeneous due to great
differences in signal intensity ranging from hypo- or iso- to
hyperintense. Signal intensities of hemorrhagic tumor areas
varies widely due to variation in the blood flow maintained
in these areas. In was concluded that MRI is a powerful tool
for detecting enlargement and tumors of the pituitary gland
in rats. This method allows the development of such lesions
to be followed in one and the same animal, thereby reducing
the need of interim kills and thus the number of animals to
be used.

Introduction

Proliferative pituitary lesions frequently occur in ageing humans
and animals. In humans, the incidence of asymptomatic
microadenomas discovered at necropsy has been reported to vary

*Abbreviations: RIA, radioimmunoassay; MRI, magnetic resonance imaging;
PRL, prolactin; GH, growth hormone; TSH, thyroid-stimulating hormone; FSH,
follicle-stimulating hormone; LH, luteinizing hormone.

between 20 and 30% with no predilection for a specific age, group
or sex (1-5).

Clinical tests such as radioimmunoassays (RIAs*) often fail
in humans because of silent adenomas without elevated pituitary
hormone levels (6), or because certain pituitary lesions, e.g. focal
hyperplasias or small tumors (<5 mm in diameter), only slightly
elevate pituitary hormone levels. Results are also poor with
magnetic resonance imaging (MRI) in detecting small pituitary
lesions (7).

Spontaneous pituitary tumors have been described in ageing
rats of many strains (8—11). Their incidence can be as high as
60% in rats that are >30 months old, while the incidence of
all types of proliferative pituitary lesions together can even be
>90% (8—13). It is often difficult, however, to establish the
presence and development of spontaneous pituitary tumors.

Estrogen-induced pituitary tumors in rats have been extensively
studied as models for spontaneous pituitary tumors in both man
and rodents (14 —16). In previous studies, MRI proved to be an
effective technique with which to display the pituitary anatomy
(17,18).

The main objective of the present investigation was to evaluate
the usefulness of MRI as a non-invasive technique to detect
estrogen-induced pituitary lesions in the rat as early as possible
and to follow their development. To this end changes in plasma
levels of pituitary hormones, pituitary morphology and pituitary
MRI at various time points after the start of estrogen treatment
were monitored and correlated.

Materials and methods

Animals and diets

Fifty-five 3 week old male weanling Sprague —Dawley rats were obtained from
Harlan Sprague —Dawley, Inc., Indianapolis, IN, USA. In addition, two batches
each consisting of 300 3 week old male weanling Sprague —Dawley rats were
obtained from Harlan Sprague —Dawley CPB, Inc., Zeist, The Netherlands; the
second batch was received ~6 months later than the first batch.

The rats were kept in stainless steel wire-mesh cages (two or three animals
per cage; controls separated from experimental animals) in a well-ventilated room
maintained at 20°C with relative humidity 40 —~70% and 12 h of lighting per day.

Rats of experiment I (see experimental design) had free access to food (Purina
Formulab Chow 5000, Purina Mills, Inc., St Louis, MO, USA) and tapwater
and were checked twice daily. Rats of experiment II (see experimental design)
were fed a powdered, natural ingredient diet prepared in-house. The animals had
free access to food and tapwater.

Eslrogen treatment

Under ether anesthesia, a 25 mg estradiol-178 pellet (Organon, Oss, The
Netherlands) was implanted s.c. between the scapulae of each rat in the treated
group. The controls were sham operated in an identical manner but without the
deposition of a pellet. All animals were treated under a protocol and housing
arrangement approved by both Institutional Committees for the Humane Use of
Animals.

Imaging

Sagittal T1 weighted MR images of the head were obtained with a 31 cm horizontal
bore diameter, 2 Tesla, chemical shift/imaging instrument (General Electric,
Fremont, CA, USA). The rats were immobilized in a Plexiglas cradle, and a
saddle-coil NMR probe was used both for transmit and receive. Imaging parameters
for the T1 weighted spin-echo’s were: single sagittal midline slice, 2 mm slice
thickness, repetition time 450500 ms, echo time 24 ms, number of excitations
2, 40 mm field of view, 425 Hz/mm read gradient, a 2.5 ms duration sinc pulse
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(having two side lobes on either side of the center lobe) for excitation, 256 complex
sampling points and 128 or 256 phase encoding increments. The rats were
anesthetized with sodium pentobarbital (Nembutal, Abbott Laboratories, North
Chicago, IL, USA) 5 mg/100 g body wt i.p. in order to minimize motion during
imaging.

Determination of plasma hormone levels

Blood was sampled from the trunk of the animals following decapitation with
a guillotine. This procedure was done without anesthesia nearly always between
9 and 12 a.m. Plasma was separated and stored at —80°C. The plasma
concentrations of prolactin (PRL), growth hormone (GH), thyroid-stimulating
hormone (TSH), follicle-stimulating hormone (FSH), luteinizing hormone (LH)
were measured by RIA, according to Kwa er al. (19) using antiserum obtained
through the courtesy of Dr S.Raiti (National Institute of Arthritis, Metabolism
and Digestive Disease, Bethesda, MD, USA). The sensitivity of the assays was
PRL 0.4 ng/ml, GH 1.0 ng/ml, TSH 3.5 ng/mi, FSH 0.2 ng/ml, LH 0.2 ng/ml,
with intra- and interassay coefficients of variation of 5—10% and 10—15%
respectively.

Histopathology and immunohistochemistry

At necropsy, pituitary wet wts were recorded before fixation in a 4% buffered
formaldehyde solution. The pituitaries were processed to paraplast, and 10 5-um
thick step sections of each pituitary were made, one section of which was stained
with H&E while the others were used for immunohistochemistry. Using rabbit
anti-rat antiserum (UCB Bioproducts, Brussels, Belgium) the immunoperoxidase
technique was applied to stain sections for PRL, GH, TSH, FSH, and LH.

Swine anti-rabbit total immunoglobulin (Sanbio, Nistelroode, The Netherlands)
was used as a bridge between the antiserum and the rabbit peroxidase-anti
peroxidase (Dako, Amsterdam, The Netherlands). 3,3-Diamino benzidine
tetrahydrochloride (Sigma Chemical Co, St Louis, MO, USA) was used as
substrate to visualize the product. The sections were counterstained with
hematoxylin.

From the rats of experiment IIb (see experimental design) the brain with the
tumorous pituitary gland was dissected, fixed in tofo and further worked up as
the other pituitaries were.

Experimental design

Two separate experiments were carried out, one (experiment 1) being focused
on MRI and histopathology of the pituitary gland, and the other (experiment IT)
on hormone plasma levels, and on immunohistochemistry and histopathology of
the pituitary.

Experiment I consisted of two parts—experiment Ia and Ib. For experiment
Ia, 45 male rats were used; 30 rats with an implanted estrogen pellet and 15
untreated controls. They were subdivided into 15 sets of one control and two
treated rats each of which were examined by MRI and then killed at 15 time
points, namely 2, 8 and 24 h, and 2, 4, 9, 16, 32, 49, 114, 133, 150, 186 and
240 days after implantation of the estrogen pellet. All pituitaries were examined
for histopathological changes. For experiment Ib, which was started ~ 6 months
later than experiment Ia, 10 male rats were used, six with an implanted estrogen
pellet and four controls. Except for one rat that died on day 29 after treatment,
all rats were examined by MRI at time points comparable to those for the rats
of experiment Ia, but none of the controls was killed and each of the treated rats
was killed after examination by MRI 240, 247, 250, 257 and 267 days after pellet
implantation respectively. Again all pituitaries were examined histopathologically.

Experiment II also consisted of two parts. In experiment IIa, 300 male weanling
rats were used and divided into two groups. One group of 150 rats served as
controls and the other group of 150 rats as experimental animals. The rats were
treated with estrogen and sham operated in an identical manner, as were the animals
used in the imaging study. At 15 time points, namely 2, 4, 8 and 24 h, 4, 7,
11, 18, 35, 49, 66, 81, 98, 114 and 133 days after implantation of the estrogen
pellet, 10 controls and 10 treated rats were killed.

In experiment IIb, again 300 male weanling rats were used and divided into
two groups. One group of 150 rats served as controls and the other group of
150 rats as experimental animals. At 15 time points—7, 9, 11, 13, 16, 25, 35,
81, 114, 133, 150, 168, 217, 241 and 272 days—10 controls and 10 treated rats
were killed.

Hormone levels in blood plasma were determined of all rats used in experiments
IIa and IIb, and the pituitaries of these rats were subjected to histopathological
examination; immunohistochemical examinations were done when considered
relevant.

Results

MRI (experiment )

Pituitaries of control rats were invariably triangular in shape with
sharply defined margins. The signal intensity of the pituitary was
always fully homogeneous.

An abnormal MR image of the pituitary was first detected 9

54

days after implantation of the estrogen pellet. Thereafter, the
images gradually showed more deviations from normality,
indicating an increase in degree of pituitary lesions with time.
The MR images obtained can be described as follows.

At 2, 4, 8 and 24 h, and 2 and 4 days after pellet implantation.
MR pituitary images of estrogen-treated rats were indistin-
guishable from those of the controls at these time points
(Figure la and b).

At 9, 16, 32 and 49 days after pellet implantation. At day 9,
rounding of the edge of the anterior side of the pituitary was
visible. No inhomogeneities were detected (Figure 2a and b).
At day 16, the gland was enlarged and the edges of both the
anterior and posterior side were rounded. The subarachnoid space
between the pituitary and the diencephalon, and the space between
the pituitary and the pons were smaller than in control rats. The
glands had a mottled, heterogeneous appearance and were often
hypointense compared to surrounding brain tissue (Figure 3a and
b). At days 32 and 49, the MR images were similar to those
obtained at day 16, but indicated an increase in size of the pituitary
with time.

Ar 98, 114, 133 and 150 days after pellet implantation. From
day 98 onwards the images invariably showed a severely enlarged
pituitary gland, with a small space still visible dorsal to the gland.
The images of the pituitaries were very bright, while signal
intensity was not uniform (Figure 4a and b).

At 186 and 240 days after pellet implantation. At days 186 and
240, images demonstrated considerably enlarged pituitaries.
There were great differences in signal intensity within the
(tumorous) pituitaries, ranging from hypo-, iso- to hyperintense
relative to surrounding brain tissue (Figure 5a and b).

Histopathology and immunohistochemistry (experiments I and II)

The first histopathological changes were seen at day 2 and the
immunohistochemical changes at day 4, after estrogen
implantation. Some acidophilic cells were enlarged and contained
an increased number of vacuoles; they were evenly distributed
over the gland. The number of PRL cells was slightly increased,
that of FSH and TSH cells slightly decreased (Figure lc and d).

At day 9, acidophilic cells became hypertrophic and had large
nuclei; mitotic figures were conspicuous and sinusoids were
slightly distended. The hypertrophic cells appeared to be PRL
positive (Table I}, and rapid proliferation of these hypertrophic
cells caused the enlargement of the pituitary glands (Figure 2¢
and d).

Atday 11, a marked decrease in the number of FSH and TSH
cells occurred as well as a slight decrease in LH cells. The
number of GH cells was not different from that in controls,
whereas the number of PRL cells was now markedly increased;
this increase was maintained throughout the study.

At day 16, cord-like structures of hypertrophic cells lined by
endothelial cells and distended sinusoids were common features.
The hypertrophic acidophilic cells showed clear paranuclear
areas. Some atypical mitotic figures were now seen (Figure 3c
and d).

At day 49, no FSH and TSH cells were found in the pituitary
of estrogen-treated rats; LH cells were markedly and GH cells
slightly decreased in number (Table T).

At day 98, once again some TSH cells could be detected
(Table I), and the hyperplastic, enlarged PRL cells were seen
to form clusters. Moreover, the sinusoidal lining showed
interruptions causing intraparenchymal hemorrhages that
contained some necrotic cells (Figure 4¢ and d).

From day 186 and onwards the pituitaries became tumorous



Magnetic resonance imaging of pituitary lesions

Fig. 1. (a) T1 weighted mid-sagittal image of a control rat at day 2, displaying a normal pituitary. (b) T1 weighted mid-sagittal image of an estrogen-
implanted rat at day 2, no changes in size or signal intensity. (¢) Control pituitary on day 2, normal distribution of the pituitary cells. H&E staining, -x250.
(d) Implanted rat at day 2, the pituitary shows a slight increase in intracellular vacuolization, some diffusely distrubuted hypertrophic cells. H&E staining,
X250.
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a

Fig. 2. (a) T1 weighted mid-sagittal image of a control rat at day 9, displaying a normal pituitary. (b) T1 weighted mid-sagittal image of an estrogen-
implanted rat at day 9, on the anterior side of the pituitary rounding of the edge is visible. (¢) Control pituitary on day 9, normal distribution of the pituitary
cells. H&E staining, x250. (d) Implanted rat at day 9, hypertrophic pituitary cells and large nuclei. H&E staining, X250.
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Magnetic resonance imaging of pituitary lesions

Fig. 3. (a) T1 weighted mid-sagittal image of a control rat at day 16, displaying a normal pituitary. (b) T1 weighted mid-sagittal image of an estrogen
implanted rat at day 16, rounded margins on both sides anterior and posterior of the pituitary. (¢) Control pituitary on day 16, normal distribution of the

pituitary cells. H&E staining, X250. (d) Implanted rat at day 16, pituitary shows cord-like structures of hypertrophic pituitary cells lined by endothelial cells
and markedly distended sinusoids. Some atypical mitoses. H&E staining, X250.

57



J.H.J.van Nesselrooij et al.

a

Fig. 4. (a) Tt weighted mid-sagittal image of a control rat at day 98, displaying a normal pituitary. (b) T1 weighted mid-sagittal image of an estrogen
implanted rat at day 98, extensive growth of the pituitary. Dorsal to the pituitary, some space is left. (¢) Control pituitary at day 98, normal distribution of
the pituitary cells. H&E staining, X250. (d) Implanted rat at day 98, hypertrophic cells form clusters, some interruptions in the endothelial lining causes
intraparenchymal hemorrhages. H&E staining, %250,
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Magnetic resonance imaging of pituitary lesions

Fig. 5. (a) T1 weighted mid-sagittal image of an estrogen implanted rat at day 267, three different areas inside the tumor are visible with a hypointense (A),
isointense (B) and hyperintense (C) signal intensity. (b) Implanted rat at day 267, corresponding to the same animal and anatomical plane as (a). The pituitary

tumor displays a hemorrhagic area (A), a solid area (B) and a cystic area (C).

and contained areas that could be divided into different
morphological entities. A combination of hemorrhagic areas, solid
areas and colloid-filled cysts were found (Figure 5b). The
hemorrhagic tumors were characterized by cells arranged in cord-
like structures, one cell layer or several cell layers thick with
cleft-like sinusoids on one side and cyst-like formations on the
other side, both filled with blood. The solid tumors consisted
of clusters of solid masses without a specific structure and were
sparse of sinusoids. From day 240 and onwards the tumorous

pituitaries contained some GH and TSH cells, which were
considered to be remnants of normal pituitary gland tissue
(Table I). The same types of tumors can be found in human
pituitaries (13).

Plasma hormone levels (experiment 1)

During the first days the plasma PRL levels showed large
variability both in the estrogen-implanted and in control rats. After
day 5, however, there was a gradual elevation in the plasma PRL
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level in the treated rats that became statistically significant at day
9 (Table II). For both control and implanted rats, GH levels
showed a great variability during the entire period. Plasma levels
of LH and FSH dropped at day 9 and these levels remained very
low throughout the study. During the study a slight increase for
TSH hormone level was visible for both control and implanted
rats, while the TSH level of the implanted rats at the end of the
study showed a slight decrease.

Discussion

In general, plasma hormone levels corresponded very well with
the immunohistochemical findings in the pituitary gland: plasma
PRL levels gradually increased, as did the number of enlarged
PRL-positive pituitary cells. FSH, LH and TSH plasma levels
as well as the number of FSH, LH and TSH cells in the pituitary
gland decreased with time. GH being the exception, its blood
plasma level nearly always being higher in treated rats than in
control rats, whereas the number of GH pituitary cells in treated
rats was decreasing with time. Clearly, the enlargement of the
pituitary gland visible with MRI by 9 days after initiation of
estrogen administration was exclusively due to hyperplasia of
hypertrophic PRL cells.

Estrogen-induced hypertrophy and hyperplasia of the pituitary
gland in rats have been previously reported (14—16) and were
confirmed in the present study. However, tissue vascularization

Table 1. Rat pituitary cellular hormone distribution as a function of the
post-estrogen pellet implantation time

I Day 9 Day 49 Day 98 Day 240

I A B A B A B A B
PRL I X + + X + + X + + X + +
GH 1 X X X — X - X -
TSH 1 X —— X 0 X — X —
FSH I X - X 0 X 0 X 0
LH I X - X -— X - = X 0

A selection of the data from the satellite study was made to visualize the
most advanced progression in the pathogenesis of the pituitary lesions. An
immunoperoxidase staining for every specific hormone was used for the
light microscopical evaluation of the pituitaries.

A, control rats; B, estrogen-implanted rats. Cellular distribution: X, equal
to/or control; +, slight increase; + +, marked increase; 0, no hormone
detectable; —, slight decrease; ——, marked decrease.

as described in these previous papers was not seen in our study;
we only observed distended sinusoids.

Estrogen-induced pituitary hypertrophy in rats is detectable with
MRI in an early stage as we demonstrated in a previous study
(17,18) and confirmed in the present study, rounding of the edges
of the gland being seen as early as 9 days after estrogen
implantation. Thus, rounding of the edges of the gland was seen
early but none of the histological or immunohistochemical
alterations, such as hypertrophy and hyperplasia of specific cells,
distended sinusoids and intraparenchymal hemorrhages that
developed during the first 5—6 months, could be specifically
detected with MRI.

The sensitivity of MRI for small quantities of blood cells in
the intraparenchymal hemorrhages or for the small number or
size of these hemorrhages is apparently not sufficient to visualize
these lesions with this technique. Nonetheless, the tiny white dots
in the mottled images obtained from day 98 onwards might
represent the microscopically detected intraparenchymal
hemorrhages.

From day 186 the pituitaries became tumorous and areas that
had obviously different signal intensities in the T1 weighted
images appeared inside the tumors. When these areas were
compared with light microscopical findings, hemorrhagic areas
were found to be hypo-, hyper- or isointense; solid areas were
invariably isointense and colloid-filled cysts appeared as hypo-
or hyperintense signals. Comparison of these intensities with those
of brain tissue indicates that hypointensity of hemorrhagic areas
in tumorous tissue on T1 weighted imaging may be due to the
hypoxic condition of tumorous tissue compared to normal tissue.
Furthermore, the hemoglobin in hemorrhages in tumors may
persist in the deoxyhemoglobin state for a relatively long period
of time instead of the methemoglobin state which readily occurs
in other types of hemorrhages (1,2,20—25). Hyperintensity of
hemorrhagic areas is indeed known to be due to the conversion
of the intracellular deoxyhemoglobin into methemoglobin by
oxidative denaturation. Thereafter, red blood cell lysis and
removal of the iron from the hemoglobin by macrophages starts;
according to Bradley (21) this marks the beginning of the chronic
phase of a hemorrhage. However, this explanation does not seem
to be fully valid for the hemorrhages in the rat pituitary tumors,
because these hemorrhages must have been in a chronic stage,
most of them existing for at least 2 months. Moreover, in no
case was red blood cell lysis observed. This may indicate that

Table H. Plasma hormone levels in male rats as a function of the post-estrogen pellet implantation time

Hormone Day 9 Day 49 Day 98 Day 240

(ng/mi)

PRL A 84 <+ 85 127 = 8.5 129 + 74 1.7 %= 5.1
B 248 + 9.1 97.0 + 23.1 99.2 + 43.0 323.0 =+ 122

GH A 42 + 33 42 = 2.1 142 + 11.3 14 + 04
B 105 + 49 173 + 45 8.7 x 2.1 49 = 0.5

TSH A 29 + 1.0 39 + 1.0 41 = 09 37 =+ 06
B 23 + 07 33 = 03 29 + 05 39 = 05

FSH A 210 £ 25 9.8 + 0.8 96 =+ 1.1 86 = 1.1
B 8.0 =+ 0.6 50 £ 13 50 £ 07 51 £ 14

LH A 0.61 + 0.23 0.68 £+ 0.09 0.78 + 0.15 0.55 £+ 0.18
B 0.43 £ 0.10 0.50 + 0.11 0.50 = 0.06 0.39 =+  0.17

A, control rats; B, estrogen-implanted rats.
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a certain blood flow was maintained in the hemorrhagic areas
of the pituitary tumors, resulting in the absence of red blood cell
lysis and in hemorrhagic conditions varying from acute, subacute
to subchronic depending on the blood flow. The condition
prevailing at the moment of making an MR image then
determined whether an area was hypo-, iso- or hyperintense.

Pituitary tumors with colloid-filled cysts were found to be
hyper- or hypointense in T1 weighted images. Dixon ef al. (26)
stated that in T1 weighted images, dark (hypointense) areas in
the rat pituitary are consistent with fluid-filled cysts. Ishii et al.
(27) found a round mass posterior to the pituitary with a very
high signal intensity. Histological examination revealed that this
mass represented a cyst filled with mucinous fluid and a wall
composed of loose fibrous tissue lined by a single layer of ciliated
cuboidal epithelium with some goblet cells. This cyst was
diagnosed as a typical Rathkes cleft cyst. It is possible that cysts
should be divided into three types, one of which is derived from
Rathkes cleft and is hyperintense, another which originates from
cleft-like cysts occurring in hemorrhagic tumors and which are
hypointense in T1 weighted images, and common cysts which
can be found in high numbers in fully normal pituitary glands
of different strains of rats. These common cysts are lined by
cuboidal cells and do not show up in MR images because they
are isointense.

In conclusion, the present study confirmed that estrogen
treatment of rats leads to hypertrophy and ultimately to
hemorrhagic, solid and cystic pituitary tamors. MRI appears to
be a powerful tool for detecting enlargement and tumors of the
pituitary, allowing further development of such lesions to be
followed in one and the same animal. Further studies are indicated
to find out whether MRI of the pituitary in rats can be improved
to such an extent that details of the pituitary lesions
(intraparenchymal hemorrhages, hemorrhagic areas, cysts in
tumors) can be unequivocally diagnosed by this technique.
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GADOLINIUM-DTPA-ENHANCED AND DIGITALLY SUBTRACTED MAGNETIC

RESONANCE IMAGING OF ESTROGEN-INDUCED PITUITARY LESIONS
IN RATS: CORRELATION WITH PITUITARY ANATOMY

Joop H.J. vAN NESSELROOI1, *{ NIKOLAUS M. SZEVERENYI,* GWEN M. TILLAPAUGH-FAY,*
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Pituitary hypertrophy and tumors were induced in male Sprague Dawley rats using estradiol-178. This tumor
model generates a variety of pituitary lesions which are relevant to human pituitary disease. In order to charac-
terize these lesions, gadolinium DTPA was injected intravenously into the tail vein of estrogen treated and con-
trol rats. High resclution 7,-weighted MR images, pre- and postenhancement, were obtained at 8§ different time
peints spanning 300 days following the subcutaneous implantation of the estrogen pellets. Images with 2-mm slice
thickness were made with a 2 Tesla small-bore MR imaging system.

Both normal and tumorous pituitaries were found to enhance with contrast agent, but contrast uptake was not
uniform. Gd-DTPA distribution was sensitive to the different types of lesions generated in the course of this study.
Digital subtraction of congruent images, pre- and postcontrast, provided difference images reflecting contrast con-
centration and allowed identification of subtie enhancement effects.

Hypertrophic pituitaries displayed uptake of contrast, but the distribution of contrast agent was nonuniform
and appeared mottled. A bright rim enhancement was often seen anterior to the pituitary gland, most likely arising
from the oculomotor nerves and arachnoid. Histological slices in the same anatatomical plane as the MR images
were obtained on the animals allowing identification of individual lesions. Cystic areas within tumors were found
to give strong contrast enhancement in less than five min postinjection. Solid and hemorrhagic areas of the pi-
tuitary tumor were hypo- to isointense relative to surrounding brain and did not take up contrast agent. Signifi-
cant perfusion in these areas apparently does not occur. Systemic treatment with a dopamine agonist may,
therefore, not be effective for this type of tumor.

Keywords: Magnetic resonance imaging; Rat; Pituitary lesions; Gadolinium-DTPA; Digital subtraction;

Pituitary anatomy.

INTRODUCTION

The purpose of this study was to investigate the use of
a magnetic relaxation contrast agent in combination
with a digital subtraction technique to improve the de-
tection and characterization of pituitary lesions in rats
examined by MRI. The tumor model used in this
study has been employed previously? and is believed
to be a relevant model for human pituitary disease.

Gadolinium-DTPA (Gd-DTPA) is a very stable
chelate complex and is widely used in clinical MRI.
This compound is a paramagnetic relaxation agent
and acts by enhancing 7; and T, relaxation rates for
water through a magnetic dipole-dipole interaction
with the unpaired electrons of the gadolinium metal
atom.*7:1218.23.24 This complex has low toxicity and
can be administered 1V in concentrations sufficient to
cause reduction of longitudinal magnetization relax-
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ation times in specific tissues.>®!'?? These tissues then
appear with enhanced intensity on T;-weighted images.
The initial distribution of Gd-DTPA is related to blood
flow and tissue perfusion and causes strong effects in
the first few minutes after injection.?® Gd-DTPA can
be used as a probe of pituitary perfusion.®?!

To better visualize the structures that exhibit en-
hancement, a digital subtraction of congruent images
pre- and postcontrast agent was carried out.' In the
resulting difference images only regions having been
affected by Gd-DTPA appear with significant inten-
sity. Stationary tissue unaffected by contrast agent is
cancelled and does not appear on the image.

MATERIALS AND METHODS

Animal Handling

A total of 21 male weanling Sprague-Dawley rats
(Harlan Sprague Dawley, Indianapolis, IN) were used
in this study to evaluate proliferative pituitary lesions
induced by estrogen. The rats were three weeks old
upon arrival and divided into two groups. Twelve rats
served as experimental animals and nine as control.
The experimental animals were implanted subcutane-
ously between the scapulae with 25-mg estradiol-178
(E2) pellets (Organon, The Netherlands), while the
control rats were sham operated in the same manner
without the deposition of a pellet. The operations
were done under ether anesthesia.

Rats were housed in wire cages in a well ventilated
room at 20°C with relative humidity 40-70% and
lighting 12 hr a day. Animals had free access to food
(Purina Formulab Chow 5000, Purina Mills, Inc., St.
Louis, MO) and tap water and were checked twice
daily. The animals were treated under a protocol and
housing arrangement approved by our institutional
Committee for the Humane Use of Animals.

Imaging

Magnetic resonance images of the rats were obtained
at various points in time after estrogen treatment. One
control and two experimental animals were examined
at the first three time points (16, 64, and 87 days),
while one control rat and one experimental rat were
examined at each of the later time points (112, 238,
240, 247, 280, and 300 days). Images were produced
with a 31-cm horizontal bore diameter 2 Tesla spec-
troscopy/imaging system (General Electric, Fremont,
CA). A homemade 3-cm diameter by 3.2-cm long sad-
dle coil was used both for transmit and receive, as this
arrangement was found to give adequate sensitivity
and RF homogeneity to display the pituitary. Imaging
parameters were as follows: single midsagittal slice, 2-
mm slice thickness, repetition time (TR = 440-500

66

msec), echo time (TE = 24 msec), 2 excitations signal
averaged, 40 mm X 40 mm field of view, 425 Hz/mm
read gradient, 2.5 msec 3-lobed sync pulse, 128 phase-
encoding increments, and 256 complex sampling points.
For higher resolution images the phase-encoding incre-
ments were increased to 256 and the read points in-
creased to 512 complex points. To minimize animal
motion during the imaging procedure rats were anes-
thetized with sodium pentobarbital, 5 mg/100 g body
weight, i.p. (Nembutal, Abbott Laboratories, North
Chicago, IL).

MR images of the pituitary were obtained both
pre- and postinjection of Gd-DTPA contrast agent. In
order to compare congruent images, a technique was
developed which permitted serial images of the same
animal to be generated without repositioning the an-
imal in the bore of the magnet. A heparinized needle,
connected to a syringe via a thin plastic tubing, was in-
serted into a caudal vein of the rat tail prior to imag-
ing. Injections of Gd-DTPA, 469 mg/ml (Magnevist,
Berlex Laboratories, Inc., Wayne, NJ) were made
while the animal was still anesthetized and in the bore
of the magnet. There was no direct contact with the
animal. Images (calculated in magnitude mode) ob-
tained in this manner could be digitally subtracted and
converted to magnitude mode to give “difference im-
ages.” These images very much simplified the determi-
nation of which tissues were affected by contrast
agent. Initially, the dose was varied over the range of
100-500 mg Gd-DTPA/kg bodyweight, but then 400
mg/kg was agreed upon as the effective dose in these
experiments. This corresponds to approximately five
times the dose used in human imaging and was found
experimentally to best demonstrate the pituitary le-
sions. Images were always obtained at five min post-
Gd injection, but in some animals where lesions did
not display contrast uptake, additional images were
obtained up to 50 min postinjection.

Microscopic Anatomy

Following MR imaging rats were killed by decapi-
tation while still under anesthesia. The heads were fix-
ated in 4% formaldehyde solution for approximately
one mo after which time the brain and pituitary were
removed and sectioned for examination. Sections were
cut 5 pm thick and stained with hematoxylin and eosin.
It was only possible to remove the brain and pituitary
as an intact unit in the animals with large pituitary
tumors.

The figures showing the normal anatomy of the rat
pituitary in relationship to the brain were obtained
from a previous study carried out at TNO-CIVO.
These sections were prepared from the fixed heads
of one-mo-old Sprague-Dawley rats, but were decal-
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cified and embedded in paraplast before step sections
were made of the intact pituitary/brain structure. The
sections were 5 pm thick and stained with hematoxy-
lin and eosin. These sections proved to be valuable in
identifying the structures observed on the MR images.
Tumors were classified according to the morphologi-
cal scheme presented by Berkvens et al.! This classifi-
cation of tissue corresponds more closely to MRI
appearance than when classification is based on tinc-
torial methods.

RESULTS

The estrogen-induced pituitary tumor model ulti-
mately gives rise to a variety of lesions containing
solid, hemorrhagic, and cystic regions that could be
identified on the basis of histology. Most pituitary tu-
mors contained two or more of these growth patterns,
each displaying a specific time dependence and inten-
sity for enhancement with contrast agent in the MR
imaging experiment. Although it was possible to de-
tect regions of enhancement on 7;-weighted images
of rats given Gd-DTPA contrast agent, the technique
of digitally subtracting a pre- from a postcontrast-en-
hanced image of the same slice simplified the identi-
fication of these tissues.

Midsagittal images of the nine control animals dis-
played the pituitary as a triangular structure which
was isointense or hyperintense relative to surrounding
brain (Fig. 1(A)). A rapid enhancement of all or part
of the pituitary was observed following the injection
of Gd-DTPA contrast agent in each of these animals
(Fig. 1(B)). Images obtained within five min postinjec-
tion already displayed enhancement of the pituitary as
well as the infundibulum and pituitary stalk, provided
that one was fortunate enough to select the exact
plane containing these latter structures. The digitally
subtracted image made it much easier to evaluate
whether a region was really displaying enhancement as
a result of contrast agent (Fig. 1(C)). In general no
animals showed significant enhancement of the cere-
brospinal fluid (CSF) or meninges around the brain.
Digitally subtracted images in the control animals pro-
duced a bright rim enhancement extending around all
three sides of the pituitary. When only partial en-
hancement of the gland was observed, the pars dista-
lis was the region that contained the contrast agent.

At day 16 the experimental animals showed the first
signs of pituitary hypertrophy which caused a slight
bulging anterior in the normally sharply triangular
gland when viewed in sagittal images. On day 64 this
bulging was more pronounced and also affected the
dorsal surfaces of the pituitary. Gadolinium enhance-
ment was not noticeably different from the corre-

sponding control rats. Following 87 days of estrogen
treatment, the pituitary of experimental animals was
obviously hypertrophic and the normally triangular
structure observed on sagittal MR images appeared to
be significantly blunted (Fig. 2(A)). Gadolinium in
these animals produced an enhancement of nearly the
entire pituitary, although this enhancement was non-
uniform (Fig. 2(B)). Again this effect was most easily
evaluated on the difference image (Fig. 2(C)). The en-
hancement in hypertrophic pituitaries was already vis-
ible 5 min postinjection and disappeared after about
20 min. Enhancement of a rim around the pituitary
was again found, but most often only at the anterior
margin of the gland when viewed in a sagittal plane.

Between 112 and 238 days of development under
estrogen stimulus, rat pituitary hypertrophy developed
into a tumorous mass. Different regions in the pitui-
tary tumor could now be identified on MR images and
were more exactly classified based on histopathology.
Figure 3(A) is the T;-weighted image of a rat which
was under estrogen stimulus for 240 days. The pitui-
tary of this animal was grossly enlarged and displayed
several tissues of differing MR image appearance.
Gadolinium enhancement revealed several regions of
strong contrast uptake (Fig. 3(B)) which could be readily
identified on the difference image (Fig. 3(C)). A his-
tological section obtained midsagittally through this
rat pituitary (Fig. 3(D)) illustrates these different types
of tumorous tissues. The solid area (s) consisted of a
dense network of tumorous pituitary cells and lacked
sinusoids. Hemorrhagic areas (h) contained cord-like
formulations of pituitary tumor cells located between
small isolated cystic pockets filled with red blood cells
and sinusoids. Cystic regions (c) appearing as light col-
ored areas on Fig. 3(D) were found to be filled with
colloid and gave strong contrast enhancement on cor-
responding MR images. This observation is quite dif-
ferent than what is found in solid and hemorrhagic
areas, which did not enhance with contrast even after
50 min postinjection.

DISCUSSION

Paramagnetic contrast agents such as Gd-DTPA
produce strong magnetic relaxation effects that di-
rectly influence signal intensity of water in MR im-
ages. Assuming that Gd-DTPA distributes primarily in
the intravascular compartment and rapidly passes into
the interstitial space, it is quite conceivable that this
contrast agent would appear in the pituitary in a mat-
ter of minutes. The pituitary is an endocrine organ
with a rich blood supply and is well vascularized with
a dense network of sinusoids.>% 1314

It is not surprising that in normal rats and rats that
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only had the estrogen implant for less than 87 days,
the enhancement by Gd-DTPA was immediate. Starting
with the 87 day rat, there was extensive hypertrophy
involving changes in the histopathology of prolactin
(PRL) cells that could be demonstrated microscopi-
cally. The endothelial cells of the sinusoids were in-
terrupted, causing intraparenchymal hemorrhages.
Gadolinium enhancement of the pituitary was still very
rapid and occurred within minutes as was observed in
the control rats. The distribution of gadolinium con-
trast in the control animals, day 16, and day 64 exper-
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Fig. 1. (A) T)-weighted midline sagittal high resolution im-
age of a control rat at day 87 displaying a normal pituitary.
Pre-Gd-DTPA. (B) T;-weighted midline sagittal image of
the same control rat as in Fig. 1, five min post-Gd-DTPA
injection. The animal was not repositioned between images
and all experimental conditions are identical to those of
Fig. 1. (C) Digitally subtracted image (Fig. (B)-(A)). En-
hanced rims are found around the pituitary, possibly arising
from the oculomotor nerves and the surrounding arachnoid.

imental animals appeared to have the contrast agent
concentrated in the ventral portion of the gland cor-
responding to the pars distalis. Figure 4(A) displays a
histological slide of a normal rat pituitary viewed in
the midsagittal plane. The pars distalis (d) forms the
lower portion of the pituitary gland and is comprised
of basophilic and acidophilic cells. As suggested by the
staining, it is quite different both morphologically and
histologically from the other sections of the pituitary
(par nervosa and pars intermedia).

In the day 87 and day 112 animals the contrast en-
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hancement appears to be more evenly distributed
throughout the gland (Fig. 2(C)). The entire width of
the normal pituitary is approximately 5 mm. As can
be seen in the histological slide of a normal rat pitui-
tary obtained in the axial plane (Fig. 4(B)), an image
obtained with a slice thickness of 2 mm in the sagittal
plane (indicated by the region between arrows) would
have significant partial volume effects. If contrast
agent were only localized in the pars distalis, midline
images would exhibit enhancement primarily at the
ventral portion of the gland, as is seen in images of the
normal gland. As the pituitary hypertrophies, expan-

Fig. 2. (A) T,-weighted midline sagittal high resolution
image of an experimental rat having had an estrogen pellet
implanted 87 days prior to imaging. The pituitary is hyper-
trophic and is enlarged relative to the contro] animal. The
normally triangular shape of the gland is blunted. Pre-Gd-
DTPA. (B) Same animal and conditions as (A), but five min
post-Gd-DTPA injection. The pituitary appears mottled and
hyperintense relative to surrounding brain. (C) Digitally sub-
tracted image (Fig. (B)-(A)). There is an enhanced rim an-
terior to the hypertrophic pituitary most likely caused by the
oculomotor nerve and/or arachnoid.

sion occurs in a dorsal direction, involving primarily
the pars distalis. Images of such an animal would ap-
pear as if the entire enlarged pituitary contains contrast
agent. This reasoning could explain the appearance of
contrast in the day 87 rat (Fig. 2(Q)).

Rats in this study started developing pituitary tumors
between day 112 and day 238. The tumors generated
in this model were only found in the pars distalis. His-
tologically the induced tumors showed a complex
structure and growth pattern similar to the various
spontaneous tumors described by Berkvens et al.!
The MR images suggested a nonuniform distribution

69



C

D

Fig. 3. (A) T,-weighted midline sagittal high resolution image of a rat having had an estrogen pellet implanted 240 days prior
to imaging. The pituitary is tumorous and displays regions that are hypo-, hyper-, and isointense compared to surrounding
brain. Pre-Gd-DTPA. (B) Same animal and conditions as (A), but five min post-Gd-DTPA injection. Only one region inside
the tumorous tissue of the pituitary is seen to be enhanced. (C) Digitally subtracted image (Fig. (B)-(A)). There is a variegated
appearance of contrast within the tumor. The region showing very high intensity, when compared to the histological slide of
the same animal (D), corresponds to a cystic area. (D) A histological slide of the tumorous pituitary corresponding to the same
animal and anatomical plane as Figs. 3(A)-(C). The left side of the tumor displays a solid area (S), the central region corre-
sponds to a hemorrhagic area (H), and the upper right corner contains a cystic area (C).

of Gd-DTPA in these different areas. No enhance-
ment was seen in the hemorrhagic areas of the tumors
even 50 min postgadolinium injection. This observa-
tion can be explained by a poor circulation and/or
perfusion of tumorous hemorrhagic tissue. Hemor-
rhagic tumors consist of cells arranged in cord-like
structures that are adjacent to both cleft-like sinusoids
(covered with endothelial cells) and cyst-like forma-
tions (without endothelial lining) that are filled with
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red blood cells and a small amount of necrotic tumor
cells.! Histopathological observations in a study in-
volving total body perfusion with a mixture of form-
aldehyde and mercury sublimate, demonstrated that
the cyst-like formations in hemorrhagic tumors re-
mained filled with blood, whereas the sinusoids were
emptied.! These findings indicate that the sinusoids
are not obstructed, consequently one would expect
perfusion of contrast into and enhancement of the
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Fig. 4. (A) Midsagittal section of a rat skull. This photograph illustrates the anatomy of the pituitary and surrounding tis-
sue. The pituitary consists of the pars nervosa (n), pars intermedia (i), and pars distalis (d). Also visible are the pituitary stalk
and infundibulum (s), posterior the basilar artery (b), and the meninges covering the pituitary. (B) Axial cut of the rat skull
displaying the abducent nerves (VI) (a) bilaterally, the internal carotid arteries (1) and oculomotor nerves (0), the pars ner-
vosa (n), pars intermedia (i), pars distalis (d), and Rathke’s cleft (r). The arrows correspond to the location and width of the

2-mm slice used in the midsagittal MR images.

sinusoids. These tissues were found to only display
slight enhancement with contrast on the MR image.
Since the cystic pockets account for the bulk of the
volume in this tumorous tissue, it appears that contrast
agent does not diffuse significantly into these sur-
rounding tissues. Based on the histological observa-
tions that the red cells in the cystic pockets have a
healthy appearance (not pineapples), there must be at
least a minimal communication of nutrients to these

areas. The communication cannot be very effective,
however, since contrast was not found to appear in
hemorrhagic areas even 50 min postcontrast injection.

Solid tumors are more easily understood. Solid pi-
tuitary tumors in the rat lack sinusoids,’ consequently
little or no enhancement can be expected to occur in
areas with a large cellular component and a small in-
terstitial component. Relatively small amounts of Gd-
DTPA were found to perfuse these areas and the signal
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from this tissue was equally bright before and after
contrast injection. Brant-Zawadzki® and Dwyer'? ar-
rived at the same conclusion regarding the solid areas
in tumorous pituitaries in man.

Colloid-filled cysts in rat pituitary tumors reacted
quite differently compared to the previously described
areas. These regions already showed strong enhance-
ment in 5 to 15 min postcontrast injection. This is in
contradiction with the findings of Brant-Zawadzki,?
but are in agreement with Dwyer.!® Gadolinium-
DTPA must reach the contents of these cysts and ef-
fect the intensity of the signal in the MR image.
Perhaps this is due to the fluidity of the contents in
this structure. The lining in these cysts were observed
to be identical to the endothelial lining observed in the
blood-filled hemorrhagic cysts.

There are several possible explanations for the en-
hanced rims that were observed around the pituitaries
following injection of Gd-DTPA and digital subtrac-
tion. One possibility is an artifact caused by the slight
movement of the animal after injecting the contrast
agent. However, rims were found on three sides of the
pituitary after subtraction and the consistency of this
observation makes this explanation unlikely. A second
possibility is that the gland had swollen postinjection.
Only 0.5 ml of fluid was injected into the tail vein of
the rat which would increase blood volume by 4%. A
small change in blood volume alone would not ac-
count for the appearance of the bright rim on differ-
ence images. Since other pools of CSF elsewhere in the
cranium did not display enhancement on images, CSF
is also excluded as a source for the enhanced rims, un-
less flow is markedly lower in the area around the pi-
tuitary than elsewhere. Remarkably, Mark!” found
no CSF in the human pituitary fossa studied with
cryomicrotomy.

Kilgore'¢ describes that in humans the intracav-
ernous segments of cranial nerves II1-VI enhance sig-
nificantly due to an incomplete blood-brain barrier.
Perhaps this also occurs in the rat and causes the
bright thin rim sometimes found in front of the pitu-
itary on subtracted images.

Another explanation of the rim phenomenon is per-
haps the slow flow rate of blood in arterial and venous
system found in the subarachnoid space similar to that
found around the human pituitary.? Page,'” however,
has found a very high blood flow posterior to the pi-
tuitary in sheep. Perhaps this flow rate was measured
in the basilar artery and has no relation with the flow
in the blood vessels directly covering the pituitary.

The most plausible explanation for the enhanced
rims is a combination of enhancement of the capsule
around the pituitary (the dura) which enhances quickly
in man? and the contribution from the oculomotor
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nerve (III) anterior to the pituitary.! If these en-
hanced rims are caused by the vascular system, it is
conceivable that tumorous pituitaries would compress
this network to the extent that these blood vessels
would appear with smaller cross section, resulting in
less rim enhancement. If flow is restricted, this could
cause the delay or absence of enhancement in the var-
ious areas of the tumorous pituitaries. These hypoth-
eses are consistent with the observations reported in
this study.

CONCLUSION

The blood-brain barrier that prevents the transport
of Gd-DTPA to normal brain tissue is not operating
in the pituitary, pituitary stalk, infundibulum, oculo-
motor nerve (II1), and abducent nerve (VI). Thus,
there is a rapid uptake of this material in this gland
and associated tissue resulting in hyperintensity on
T,-weighted images. Uptake was seen to be nonuni-
form in both the control and experimental rats and is
most likely related to the condition of the sinusoids
and surrounding intercellular space. Following Gd-
DTPA injection, normal pituitary tissue was found to
enhance, whereas tumorous pituitary tissue in hemor-
rhagic and solid areas remained iso- or hypointense to
surrounding brain.

These findings may have significant implications
for the effectiveness of a dopamine agonist treatment
in humans with large pituitary tumors containing hem-
orrhagic and solid areas. Perfusion in these tumors is
likely to be very poor.
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ABSTRACT

The formation of blood-filled cavities in
developing tumors of the anterior pituitary of
estrogen-treated male Sprague Dawley rats was
studied in a serial sacrifice experiment. Two
treated and 2 control rats were killed at each of 15
time points ranging from 7 to 272 days after s.c.
implantation of an estradiol-178 pellet.  The
pituitaries were examined using light and electron
MiCroscopy. Changes at 7-9 days after
implantation included epithelial cell swelling and
trabecular arrangement. At 11-13 days, epithelial
cells were further enlarged. Arrangement of
epithelial cells in islands and endothelial
degeneration were first seen at this interval. Also,
any sinusoids were distended, whereas some were
compressed by swollen epithelial cells. At 16-81
days, scattered necrotic and immature epithelial
cells were present, and cell size decreased.
Endothelial degeneration and both distended as well
as compressed sinusoids were more prominent at
this time. Loss of basement membrane was first
seen during this interval. At 114-133 days, small
hemorrhagic areas partially lined by epithelium
were first seen; sinusoidal compression, endothelial
necrosis, and loss of basement membrane were
more frequent, but there was less sinusoidal
distention. Between 150 and 272 days, epithelial
cells were increasingly pleomorphic and arranged
in nodules, and there was an increase in number
and size of the hemorrhagic areas. Sinusoidal
compression, endothelial necrosis, and loss of
basement membrane were abundant, whereas
sinusoidal distention had almost disappeared at this
interval.  Local compression of sinusoids and
perhaps compression of pituitary surface veins due
to epithelial cell swelling, were thought to play a
primary role in the development of ischemic
endothelial damage leading to loss of endothelial
lining and basement membrane, and eventually to
the formation of blood-filled spaces partially lined
by epithelial cells.

INTRODUCTION

Pituitary tumors are common in aged rats and
humans (1, 2, 8, 12, 13, 16). Spontaneous rat
pituitary tumors often contain abnormal
vascularization (5, 6), and in particular blood-filled
cavities. Therefore classification as hemorrhagic
tumors has been proposed (1, 8, 16). Similar
vascular abnormalities occur frequently in human
pituitary adenomas (4, 6, 7, 14). Ischemia due to
compression of pituitary stalk blood vessels by the
tumor leading to hypoxic damage of endothelium
has been suggested as a mechanism by which these
vascular changes in human tumors develop (7, 14).
The pathogenesis of hemorrhagic areas in
spontaneous rat pituitary tumors is not known.

Estrogen-induced pituitary tumors in rats have

been widely used as a model for spontaneous
human and rodent pituitary neoplasms (3, 10, 18,
19).
In a previous study the first histopathological
changes were seen at day 9 after estrogen
implantation when acidophilic cells became
hypertrophic. At day 16 cord-like structures of
hypertrophic cells lined by endothelial cells and
distended sinusoids were common features. At day
98 the sinusoidal lining showed interruptions
causing intraparenchymal hemorrhages that
contained some necrotic cells. From day 186 and
onwards the pituitaries became tumorous and
contained areas that could be divided into different
morphological areas (20).

However, the development of pituitary
vascular lesions in estrogen-treated rats has not
been systematically studied. The purpose of this
study was to establish sequential changes in the rat
pituitary morphology following exposure to
estrogen in an attempt to determine the
histopathogenesis of blood-filled cavities in pituitary
tumors. To this end, an experiment was conducted
with serial sacrifices between 7 and 272 days after
the start of estrogen treatment, and changes in
pituitary morphology were examined at the light
and electron microscopic levels.
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MATERIALS AND METHODS

Under ether anesthesia thirty 30 male Sprague-
Dawley (Hsd/CPB:SD) rats (Harlan CPB, Zeist,
The Netherlands), 4-5 weeks of age, were each s.c.
between the scapulae implanted with a single pellet
containing 25 mg estradiol-176 (Organon, Oss, The
Netherlands). There was an equal number of
control rats, which were sham operated in an
identical manner but without the deposition of a
pellet.

All 60 rats were kept in stainless wire-mesh
cages (two or three animals per cage; controls
separated from experimental animals) in a well
ventilated room maintained at 20°C with relative
humidity 40-70% and 12 h of lighting per day. Rats
were fed the Institute’s powdered, natural
ingredient diet for rats. The animals had free access
to food and tap water.

Two treated and two control rats were
sacrificed by decapitation while under ether
anesthesia at each of the following time points: 7,
9, 11, 13, 16, 25, 35, 81, 114, 133, 150, 168,
217, 241, and 272 days after the estradiol pellet
implantation.

All animals were treated under the protocol and
housing arrangement approved by the Institutional
Committee for the Humane Use of Animals.

At necropsy, the pituitaries were carefully
dissected and fixed in a 2.5% glutaraldehyde
solution buffered with 0.1 M sodium cacodylate
(pH 7.4), and post-fixed in a 1% osmium tetroxide
solution in the same buffer. After rinsing, the
pituitaries were dehydrated in a graded series of
acetone, and embedded in a glycid ether
100/Araldite mixture. One um-thick sections were
stained with toluidine blue, and ultrathin sections
with uranyl magnesium acetate and lead citrate,
The periodic acid-silver methamine staining method
for carbohydrates (9) was used to demonstrate
basement membrane material.  The ultrathin
sections were examined using a Phillips EM401LS
at 60 kV.

RESULTS

The presence or absence, in comparison with
controls, of alterations in the epithelial and peri
vascular compartments of the anterior pituitary, and
a semi-quantitative assessment of their severity
were recorded for each time point as determined by
light and electron microscopy. The time points
were grouped when no diferences in alterations
were observed between time points. The results of
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this assessment are summarized in Table I, and the
changes, in comparison with those of control tissue
(Fig. 1), are briefly described below by time
period.

Days 7 and 9 Post-Implantation (Fig. 2)

The earliest change observed in epithelial cells
was an increase in the size of many cells containing
increased amounts of rough endoplasmic reticulum
(RER), Golgi structures, and electron dense
secretory vacuoles. The epithelial cells were
arranged in more or less distinct trabeculae of a
few cells thick lined by sinusoids, rather than more
diffusely as seen in controls (Fig. 1).

The earliest vascular change was a slight
distention of the pericapillary interstitial space
containing collagen that appeared somewhat
dispersed.

Days 11 and 13 Post-Implantation (Fig, 3)

Some epithelial cells were now arranged in
islands or foci, often surrounding a sinusoid, rather
than in trabeculae. The RER proliferation and
enlargement of epithelial cells were more marked
than at 7-9 days, as was their arrangement in
trabeculae.

Many sinusoids were now slightly distended,
whereas a few displayed some compression of the
lumen by enlarged epithelial cells (Fig. 3).
Endothelial cells showing plasma membrane
blebbing were now also regularly seen, and there
were a few endothelial cells with prominent
degenerative changes, particularly vacuolization, or
frank necrosis. In addition, distention of
pericapillary spaces and dispersion of collagen were
more prominent than at days 7-9.

Days 16, 25, 35, and 81 Post-Implantation (Fig.
4)

The epithelial cells appeared to contain less
RER than at 11-13 days. These cells were also
increasingly arranged in islands from 16 to 81 days
post-implantation, whereas trabecular arrangement
was decreasing in frequency. Occasional scattered
necrotic and degenerated epithelial cells were
observed from 16 days post-implantation onwards;
the latter were characterized by cell swelling, RER
degranulation, and swelling of endoplasmic
reticulum and some mitochondria. The frequency
of occurrence of these necrotic/ degenerated cells
did not change much between 16 days and 272
days, which was the last time point in this study.
There were also some scattered cells with an



Table 1.

Presence and severity of epithelial and (peri)vascular alterations in rat

pituitaries at different times after the start of estradiol treatment.

Time-period (days after start of estradiol treatment)

Alteration 7-9 11-13 16-81 114-133 150-217 241-272
Epithelial compartment
Cell size t te t 4 X ¢
RER proliferation + ++ + > +
Degeneration/necrosis + + + +
Immature cells + ++ ++ +++
Lipid droplets + + -+ ++
Cells directly on + + -+ +++
sinusoidal lumen
Hemorrhagic areas + + I+ +
Growth pattern:
Trabecular + ++ +
Islands + + + ++ + + + +/4++
Nodular ++ ++ +
(Peri)vascular compartment
Distention of peri- + ++ + -+
capillary spaces
Collagen dispersion + ++ ++
Sinusoidal distention + ++ > 4+
Endothelial blébbing + ++
Endothelial degeneration + + ++ +++ + 4+
and necrosis
Localization of sinusoids + ++ >+ ++
within islands/nodules
Sinusoidal compression + + ++ + -+ ++
Loss of collagen + + ++ +++
Loss of basement membrane + >+ +
Multiple basement membranes + ++ +++
Change in cell size is indicated as: t moderate, t t marked increase
¥ slight, ¥ ¥ moderate decrease
The degree of severity of alteration is indicated: + minimal
+ slight
+/++ slight to moderate
+ 4+ moderate
++/+++ moderate to marked
+++ marked
-------- > gradual change

immature character, lacking secretory vacuoles and
with few RER and Golgi structures.

Blebbing of endothelial cells was now very
frequent, and from day 16 to day 81 post-
implantation there were increasingly more
degenerated/necrotic cells than at 11-13 days.
There was also scattered loss of basement
membrane material and some loss of pericapillary
collagen. Distention of pericapillary spaces and
dispersion of pericapillary collagen was similar in
severity to what was seen at days 11-13. However,

both distention and compression of sinusoids were
distinctly more prominent, as was the location of
sinusoids within epithelial cell islands.  The
distended sinusoids were located in areas of
epithelial cell trabeculae, whereas compressed
sinusoids occurred in both islands and trabeculae of
epithelial cells.

Days 114 and 133 Post-Implantation (Fig.
5A,5B,6,7)
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Fig. 1 - Control pituitary; sinusoids are lined by epithelial cells on a single basement membrane.
Bar = 10pm.

Some epithelial cells were now directly lining
a sinusoid, due to the loss of endothelium and
basement membrane, and there were some small
hemorrhagic areas, i.e., distended, blood-filled
areas lined with epithelial cells (Fig. 7). The
epithelial cells were now decreasing in size and
seemed to contain [ess RER as compared with days
16-81, whereas several cells now appeared to
contain lipid droplets. There were more immature
cells than seen at days 16-81, and their frequency
of occurrence did not change much between days
114 and 217. Arrangement of epithelial cells in
islands predominated, and many of these islands
included one or a few sinusoids.

There were now many necrotic and degenerated
endothelial cells, and blebbing endothelium without
any more advanced degenerative changes was rare.
Multiple basement membranes were occasionally
observed for the first time (Fig. 6), but there was
also somewhat more severe scattered loss of
basement membrane than on days 16-81.
Distention of sinusoids was somewhat less
prominent than at earlier time points, whereas loss
of pericapillary collagen was slightly more
prominent (Fig. 5A,5B). Compression of sinusoids
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was more frequent and severe than at days 16-81.

Days 150, 168, and 217 Post-Implantation (Fig.
8)

Several epithelial islands now contained cells
that were slightly pleomorphic, i.e., showed
variation 1n their size and in size and shape of their
nucleus. These islands were demarcated from and
caused compression of the surrounding islands that
did not have pleomorphic cells, and they were
therefore classified as nodules, perhaps representing
early tumors. Approximately one third to half of
the pituitary mass consisted of nodules. The
decrease in epithelial cell size first seen between
days 16 and 81 gradually continued, and the
presence of lipid droplets was more prominent than
earlier. There were more epithelial cells directly
lining sinusoids and there were more and larger
hemorrhagic areas, which were more frequent in
nodular areas than in islands.

Necrosis and degeneration of endothelium were
abundant, and there were more areas with
multilayered basement membranes, as well as more
loss of basement membrane material in other



Fig. 2 - Pituitary after 7 days of estrogen treatment. Endothelial cells are increased in size and contain increased amount of rough
endoplasmic reticulum (RER) arrowheads. Epithelial cells are arranged in more or less distinct trabeculae (not shown).
Bar = Sum.

Fig. 3 -- Pituitary after 11 days of estrogen treatment. Some cells Fig. 4 -- Pituitary after 16 days of estrogen treatment. A sinusoid
are arranged in islands often surrounding a compressed sinusoid with compression surrounded by epithelial islands (arrow heads).
(CS). Other sinusoids are distended (lower left hand corner). Bar = Sum.

Bar = 10um.
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Fig. SA -- Control

Fig. 5B -- Estrogen-treated rat pituitary

Pituitary after 114 days of estrogen treatment. Distention of sinusoids and loss of pericapillary collagen (compare arrow heads in A, control
and B, estrogen-treated rat pituitary). Bar A = 2.5um, and B = 2.5um.

Fig. 6 -- Pituitary after 114 days of estrogen treatment. Compressed
sinusoid lined with necrotic and degenerated endothelial cells and
multiple basement membranes (arrowhead). Blebbing of endothelial
cells (arrow) without more advanced degenerative changes was rare.
Bar = 5um.
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Fig. 7 - Pituitary afler 114 days of estrogen treatment. Some
epithelial cells directly lining sinusoids, due to loss of endothelium
and basement membranes (upper right corner). There are also some
platelets sticking on a defect in endothelial lining (arrow head) and
two nuclei of degenerating endothelial cells. Bar = 5um.



locations than on days 114-133. Loss of
pericapillary collagen and sinusoidal compression
were more prominent than on days 114-133, and
distention of sinusoids was less conspicuous.

Days 241 and 272 Post-Implantation (Figs.
9A,9B and 10)

The number and the size of nodules and
hemorrhagic areas continued to increase. On day
272 approximately two thirds of the pituitary
consisted of large nodules containing sinusoids,
remnants of sinusoids, multiple basement
membranes, and hemorrhagic areas. These
hemorrhagic cavities were lined by epithelial cells
and were filled with erythrocytes, a few
macrophages, and some cellular debris. Immature
cells were very frequent, occurring more often than
at the previous time points, but there were no
further changes in epithelial cell size or the amount
of lipid droplets they contained.

There was a further increase in the extent of
endothelial necrosis and loss of their basement
membrane material, and, particularly on day 241,
the presence of areas of multiple basement
membranes. Loss of pericapillary collagen was
progressive with virtually no collagen left on day
272.  Sinusoidal compression and Jlocation of
sinusoids within epithelial islands or nodules were
very frequent, whereas distention of sinusoids was
further reduced and almost absent on day 272.

DISCUSSION

This study demonstrates that the development of
hemorrhagic areas during estrogen-induced rat
pituitary tumor formation is preceded by
degenerative and necrotic changes in endothelium
and loss of basement membrane and pericapillary
collagen. Coinciding with these endothelial and
pericapillary changes, some sinusoids are distended
whereas others are compressed. Epithelial cell
swelling and arrangement of these cells in
trabeculae occurs prior to these sinusoidal changes.
This sequence of events suggests that swelling of
pituitary epithelium leads to interference with local
circulation followed by ischemic injury to the
endothelium. The result is loss of sinusoidal lining
and degradation of basement membrane and
pericapillary collagen. Ultimately, epithelial cells
line sinusoidal lumina.

There are two potential mechanisms by which
epithelial cell swelling can interfere with pituitary
circulation. (i) The entire pituitary gland may
enlarge which would result in compression of the

Fig. 8 -- Pituitary after 150 days of estrogen treatment.
Decrease in epithelial cell size and the presence of lipid droplets
(arrow heads).

Bar = 10um.

draining venous system located at the pituitary
surface (11). This leads to general Dpituitary
congestion, subsequent distention of sinusoids, and
finally compression of afferent stalk blood vessels.
This process which would not result in sinusoidal
distention. (ii) Sinusoids within the pituitary are
locally compressed which may result in local
reduction of blood flow and distention of proximal
parts of the affected sinusoids. Stalk compression
by the tumor and hypoxic endothelial damage due
to reduced blood supply has been proposed as the
mechanism for hemorrhagic lesions in human
pituitary adenomas (7, 14). In the estrogen-induced
pituitary tumor model used in this study, stalk
compression is unlikely until 16 days following
estrogen treatment. We have previously shown,
using magnetic resonance imaging (MRI)
techniques (20), that the subarachnoid space
between the pituitary and the brain (diencephalon
and pons) did not became smaller by that time.
Swelling of the pituitary was first apparent by MRI
on day 9 in that study. Distention of sinusoids was
first seen on days 7 and 9 in the present study,
together with the first signs of compression of
sinusoids. Therefore, compression of draining
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Fig. 9A -- Pituitary after 241 days of estrogen treatment.
A nodule with hemorrhagic areas and multiple basement
membranes (arrow head in Fig. 9B, detail of Fig. 9A).
Bar A = 10pm, and B = Sum.

Fig. 9B - detail of Fig. 9A
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Fig.10 - Pituitary after 272 days of estrogen treatment. Nodule with hemorrhagic cavity filled with erythrocytes, a few macrophages and
some cellular debris and lined by epithelial cells (double arrow head). The nodule is surrounded by sinusoids lined with endothelial cells

(single arrow head) some of which are degenerate (arrow).
Bar = Sum.

veins on the surface of the pituitary and local
compression of sinusoids, rather than stalk
compression, may impair pituitary blood circulation
and cause ischemia. The occlusion of sinusoids
and pituitary circulatory congestion however, are
not so severe that stasis occur, since no signs of
coagulation or thrombus formation were found.
Hemorrhagic lesions are present in even very
small spontaneous rat pituitary tumors (1, 16, 17)
that cannot possibly cause compression of afferent
or efferent blood wvessels.  This observation
provides strong support for an important role of
local ischemia due to local obstruction of blood
flow in the pathogenesis of the hemorrhagic areas.

The estrogen-induced rat pituitary tumor model
differs from spontaneous rat tumors in that the
model produces enlargement and eventual tumor
formation involving the entire pituitary, rather than
the spontaneously occurring focal process. The
tumorous nodules seen in the present study were
however, morphologically indistinguishable from
spontaneously occurring hemorrhagic tumors in
aged rats described elsewhere (1, 8, 16, 17).
Angiogenesis has been observed in the liver of
estrogen-treated rats (21), and angiogenesis may
occur in the pituitary of estrogen-treated rats (15).
Signs of increased amounts of sinusoidal structures
were not found in the present study. Regeneration

85



of endothelium following recurrent degeneration/-
necrosis as indicated by the presence of multiple
basement membranes, which did not occur until
hemorrhagic areas were first encountered was
observed however.

Contribution of central necrosis, in epithelial
cell islands or tumorous nodules, to the
development of hemorrhagic areas is theoretically
also possible. Necrosis occurred in a scattered
fashion (single cell necrosis) and no indications of
central necrosis were observed until the last time
point (272 days), when cellular debris and
mononuclear inflammatory cells, predominantly
macrophages, were observed in the hemorrhagic
areas. There were no early signs of inflammatory
reactions, and thus endothelial necrosis probably
occurred gradually enough for vascular clearance of
debris. Epithelial cells appeared less susceptible to
the hypoxic conditions than endothelium probably
because the former cells obtain oxygen from
erythrocytes in several surrounding sinusoids,
whereas endothelial oxygen supply is entirely
derived from the blood in the sinusoid they line.
As the epithelial cells apparently underwent a
metabolic change with ongoing estrogen treatment,
indicated by the decrease in cell size, change in
RER content and the appearance of lipid vacuoles,
they probably also became somewhat resistant to
hypoxia.

In summary, this serial sacrifice study has
provided morphologic evidence that local
compression of pituitary sinusoids and probably
also compression of pituitary surface veins, both
due to epithelial cell swelling, play a primary role
in the development of ischemic endothelial damage
in the pituitary of estrogen-treated rats. This
process in turn, causes loss of endothelial lining,
basement membrane, and pericapillary collagen,
thereby resulting in the formation of blood-filled
spaces lined by epithelial cells in the developing
tumors of the anterior pituitary.
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ABSTRACT

Estrogen treated male rats provide a model of
pituitary disease, generating a wide variety of
pituitary lesions. Changes in the pituitaries of these
animals were detected as early as 7 days post
estrogen stimulus through the analysis of MR image
intensities. T1 and T2 weighted axial images of the
rat head at the level of the pituitary were obtained
at 2 Tesla. The intensities of the pituitary (pars
distalis) were plotted in a two dimensional
scatterplot which was referenced to a similar
scatterplot of a region in adjacent brain. The pars
distalis was observed to have a larger distribution
of intensities within an image (more texture) than
the surrounding hypothalamic areas. T2 weighted
image intensities of the pars distalis were found to
increase relative to the surrounding hypothalamic
areas at 7 days post estrogen stimulus. No changes
in intensity for the pars distalis were noted on T1
weighted images following estrogen treatment.

INTRODUCTION

In previous studies (1, 2) we have demonstrated
that pituitary hypertrophy in an estrogen-induced
rat pituitary tumor model could be detected on an
MR image approximately 9 days post estrogen
stimulus. Since one can detect cellular changes via
histopathological and immunohistochemical
techniques as early as 2 to 4 days post estrogen
stimulus (3), the question was asked whether there
is a concomitant change in "some" MR imaging
property of the pituitary gland at this time. The
present study was carried out to answer this
question. To detect subtle intensity changes on MR
images, computer generated 2 dimensional
scatterplots were used to analyze the rat pituitary
gland MR data.

MATERIAL AND METHODS

Animals and diet

A group of 5 (3 week old) male Sprague
Dawley rats was obtained from Harlan Sprague
Dawley, Inc., Indianapolis, IN. The rats were kept
in stainless steel wire-mesh cages, with the three
experimental animals (A, B, and C) housed
separately from control animals (D and E). The
animal housing room was well ventilated,
thermostated at 20°C with relative humidity 40-
70%, and provided 12 hours of lighting per day.
The animals had free access to food (Purina
Formulab Chow 5000, Purina Mills Inc., St. Louis,
MO) and tap water.

Estrogen treatment

A 25 mg estradiol-178 pellet (Organon, The
Netherlands) was implanted subcutaneously between
the scapulae of three rats under ether anesthesia.
Two control rats were sham-operated in an
identical manner, but without the deposition of a
pellet. All 5 animals were treated under a protocol
and housing arrangement approved by the
Institutional Committee for the Humane Use of
Animals.

Imaging

Images of the rat head were obtained using a
31 cm diameter horizontal bore, 2 Tesla, chemical
shift/imaging NMR instrument (General Electric,
Fremont, CA). The rats were immobilized on a
board and a (4 cm diameter) dual pancake coil
NMR probe was used for both radiofrequency
transmition and detection. Data acquisition
parameters for the T1 and T2 weighted spin echo
images were as follows: single slice (axial 2 mm
slice thickness), TR/TE of 450/27 and 2000/80, 4
excitations, 40 mm field of view (with a 425
Hz/mm readout gradient), 2.5 ms (5 lobed sinc)
radiofrequency pulses, 256 complex sampling
points and 256 phase encoding increments.
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To eliminate motion during the imaging period, rats
were anesthetized with sodium pentobarbital
(Nembutal, Abbott Laboratories, North Chicago,
IL, USA) 5mg/100g body weight i.p. Each animal
was imaged on five different days (2, 4, 7, 9, 10
days post estrogen stimulus) to provide 25 sets of
congruent T1 weighted and T2 weighted images.

Data Analysis -- Scatterplots

Images were transferred to and analyzed on a
SUN 4/330 workstation running IMAGE software
(New Methods Research, Inc., Syracuse, NY).
Pixel intensities from "regions of interest" (ROI’s)
in congruent T1 weighted and T2 weighted images
were plotted as two dimensional scatterplots. The
horizontal axis of the scatter plot corresponds to
intensity on the T1 weighted image and the vertical
axis corresponds to intensity on the T2 weighted
image. The regions of interest examined in this
study were the pars distalis of the pituitary and a
hypothalamic reference area in the adjacent brain
(Figs. 1a and 1b).

The region of analysis was limited to only the
pars distalis rather than the entire pituitary gland,
since the analysis of the entire structure reduced the
sensitivity of the technique and it is known that the
pars distalis is the only portion of the gland
affected in this estrogen model (1 ,2 ,3).
Scatterplots were generated for both tissue regions
for all five time points post estrogen implantation
and were inspected visually for differences in the
clustering of data points. The average number of
pixels comprising the reference hypothalamic area
was 160, whereas the region selected as pars
distalis consisted of approximately 150 pixels.
Scatterplots for each tissue (pars distalis and
hypothalamus)- were scaled and plotted in an
identical manner so as to produce graphic
representations which when printed could be
superimposed on a light box. This method
provided a convenient way to detect changes in the
pars distalis intensities compared to the reference
hypothalamus. The technique is independent of
receiver sensitivity and display window settings.
Correlated intensity information contained in two
MR images is available for each ROI in one
presentation. Subtle changes in pituitary intensity
were detected as changes in the distribution of the
data points for the pars distalis when superimposed
on the corresponding scatter plot of surrounding
brain.

Statistics

The mean relative difference between the
hypothalamus and the pituitary T2 intensity was
calculated by subtracting the mean of the
hypothalamus from the mean of the pituitary and
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this was divided by the mean of the hypothalamus.
For each rat on each day the relative difference
between hypothalamus and pituitary T2 intensities
were subjected to ANOVA with linear trend
analysis and multiple comparison tests using
Bonferroni adjustments (P7D program of BMDP
Statistical Software; Dixon, 1988) (6).

RESULTS

The largest cross sectional area for the pars
distalis is observed on images obtained in the axial
plane (Figs. 1a and 1b). The various components
of the gland are well visualized in the axial plane
and small alignment errors do not significantly alter
the gland’s appearance. Scatterplots were obtained
from these axial images, the location of each dot in
the scatterplot represents the intensity of a pixel on
both the T1 and T2 weighted image. Figures 2a
and 2b are scatterplots for a control rat’s
hypothalamus and pars distalis, respectively.
Brightness of a pixel in the T2 weighted image is
represented as an upward displacement on the
vertical axis while brightness of the congruent pixel
on the T1 weighted image is represented by
location on the horizontal axis. The tight clustering
of pixel intensities in the plot for the hypothalamus
suggests that this tissue is homogeneous at the
resolution of the pixel size used in these
experiments. The pars distalis produced a wider
range of intensities on both T1 and T2 weighted
images which resulted in a correspondingly more
diffuse distribution on the scatterplot. Noise in the
MR instrument (receiver) is to some degree
responsible for the spread observed in all
scatterplots, but this contribution is constant for
both tissues.

Images of all animals produced scatterplots of the
pars distalis having a much wider range of
intensities on both the T1 and T2 images than did
the reference region of hypothalamus. (Figures 2
through 4, comparing panel "a" with panel "b").
Control animals displayed a distribution of
intensities for pars distalis on both T1 and T2
images that was lower than that observed for the
corresponding reference region of hypothalamus.
The scatterplots were very similar among test
animals and for all imaging time points in the
control animals. Figures 2a and 2b are
representative plots obtained for a control animal
on day 7. The three experimental animals
examined at the two early time points (days 2 and
4) produced scatterplots similar to the control
animals, but the scatterplots for pars distalis in
these animals moved towards higher T2 intensities



relative to the hypothalamus when examined on
days 7, 9, and 10. Scatterplots shown in Figures
3a and 3b were obtained from an experimental
animal, rat B, 4 days post estrogen treatment.
Scatterplots (Figs. 4a and 4b) were generated from
images of an experimental animal rat B, 9 days
post estrogen. These data is summarized in Table
1. No conclusions were made based on the
intensity variations observed in the T1 weighted
images. Intensity varied widely for the pars distalis
in these images, and it is known that eventually the
hypertrophic pituitary in the estrogen induced
animals produces a visibly mottled appearance on
T1 weighted images (1).

On the scatter plots of day 2 the intensity
distribution of the pars distalis of the estrogen
implanted rats was statistically significantly lower
than the intensity of the pars distalis of the control
rat. On day 4 the pars distalis of rat B and C (Fig.
5) displayed a significantly higher intensity while
the pars distalis of rat A was significantly lower
compared to the control rat. From day 7 onwards
the pars distalis of the pituitaries of all treated rats
was higher in intensity as compared to the pars
distalis of the control rat. It may be stressed that
the pars distalis of the control rat at day 2 had a
significantly higher intensity level than the pars
distalis of the estrogen treated rats (Fig. 5).

Table 1. Pixel intensities of adeno-pituitary compared with pixel intensities of a part of the hypothalamic area

in the same rat.

Pituitary Days after estrogen implantation
2 4 7 9 10

Rat A

T1 equal equal equal equal equal

T2 lower lower equal equal equal
Rat B

T1 equal equal equal equal equal

T2 lower lower lower equal equal
Rat C

Ti equal equal equal equal n.o.

T2 lower lower equal equal n.o.
Rat D

T1 equal equal equal equal 1n.0.

T2 lower lower lower lower n.o.
Rat E

T1 equal equal equal equal equal

T2 lower lower lower lower lower

A, B and C are estrogen implanted rats.
D and E are control rats

lower = Pituitary is lower in intensity than Hypothalamic area
equal = Pituitary is equal to intensity of Hypothalamic area

n.o. = no observations
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Fig. 1a -- An axial T1 weighted image (450/27) of a rat head obtained at a level cutting through the pituitary. The rat was a control animal,
4 days post estrogen stimulus. The regions of interest (pars distalis and hypothalamus) used in the scatterplot analysis are outlined with
a white tracing. The dumbbell- shaped area outlined at the bottom of the brain is pars distalis.

Fig. 1b -- A T2 weighted image (2000/80) congruent to Figure la. The regions of interest used in the scatterplots are traced in white.
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Fig. 2a -- The scatterplot of
image intensities for the
hypothalamic reference area
in a control rat 7 days post
estrogen treatment. A circle
was added to the figure
depicting the location of data
points in order to facilitate
comparison between
scatterplots.

Fig. 2b -- The corresponding
scatterplot to Figure 2a
plotting image intensities from
the pars distalis region of the
pituitary. The circle
represents the location of the
data from Figure 2a.
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Fig. 3a - The scatterplot of
image intensities for the
hypothalamic reference area
in experimental rat B, 4 days
post estrogen stimulus.

Fig. 3b -- The corresponding
scatterplot to Figure 3a
plotting image intensities from
the pars distalis region of the
pituitary. The circle
represents the location of the
data from Figure 3a.
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Fig. 4a -- The scatterplot of
image intensities for the same
experimental rat B as in
Fig.3a+b, 9 days post
estrogen stimulus.

Fig. 4b -- The corresponding
scatterplot to  Figure 4a
plotting image intensities from
the pars distalis region of the
pituitary. The circle
represents the location of the
data from Figure 4a.
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DISCUSSION

In previous MR imaging studies we found that
the earliest time point for detection of pituitary
lesions in the estrogen induced rat model was at
day 9. These changes were characterized by both
anatomical (shape) differences as well as slight
intensity variations (1, 2, 3). It was the goal of
this investigation to determine if a more critical
examination of the MR intensity variations could
detect these changes at an even earlier point in
time.

It is difficult to use absolute pixel intensity for
comparative studies between animals since image
intensity is related to many instrumental variables
as well as the actual properties of the tissue under
examination. Notably, the NMR probe sensitivity,
amplifier gains, and magnet homogeneity vary with
time and also with individual animal. A common
approach is to compare relative intensities of a
tissue under investigation (pituitary) with a
reference tissue that is assumed to appear with
reproducible intensity (hypothalamus). This
treatment was combined with the use of a
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scatterplot analysis to produce a graphic
representation of variations in pixel intensity, one
that provides more information than the simple
average of intensity values in a ROl on a T1 or T2
weighted image.

A scatterplot provides more information than
Just a simple histogram of intensities from a ROI.
Statistical analysis of the scatterplots revealed that
at day 4 pituitaries of two treated rats (B and C)
had a significantly elevated T2 intensity level
compared to that of the control pituitary. This
early difference was not visible on the scatterplots
as such. The statistical analysis of the scatterplots
of days 7, 9 and 10 showed a higher intensity for
the pars distalis of the pituitary in treated rats than
in the control rat. On day 7 the pars distalis of rat
B showed no intensity elevation in the scatterplot
analysis; this was confirmed by the statistical
analysis revealing a minor elevation of intensity.
The remarkably low intensity on day 2 of the pars
distalis of the implanted rats is probably caused by
an acute effect of the estrogen treatment on the
pituitary.

A difficulty in this rat study was that the entire



pituitary gland was not affected uniformly by
estrogen. The anterior part of the pituitary is
known from a-previous histopathological study (¥
to be the only part affected. MR intensity
measurements on the entire gland, therefore, result
in an unnecessary dilution of detection sensitivity.
The pars nervosa is not involved in pituitary tumor
development and has been reported to give a high
and variable MR image intensity (3, 4). Our
preliminary study using the scatterplot approach (5)
examined the entire gland and resulted in generally
higher intensities on the T2 weighted images than
those found in the present study. Scatterplots in
the previous study also displayed less T2 intensity
change as a result of estrogen treatment. Both
studies generated a wider distribution of intensities
in both the T1 and T2 weighted images for the pars
distalis region relative to reference hypothalamus
area. The center of the intensity distribution on T2
weighted images for the pars distalis was lower
than that for the hypothalamus in both studies.

The measurement of pixel intensity fluctuations
can be described as 1mage texture. The
hypothalamus appears with less intensity
fluctuations than the pars distalis, perhaps as a
result of the types of tissue and extent of
vascularization. When the variation in intensity of
pixels on an image is extensive and these pixels are
clumped in groups, the tissue is said to have a
mottled appearance. The tissue gives rise to a wide
pattern on the scatterplot. It is worth noting that
the texture does not significantly change in the
estrogen treated animals although the T2 intensities
increase.

CONCLUSION

The wuse of scatterplots incorporating the
intensity information from both T1 and T2
weighted images provides a means of identifying
changes in the pituitary in this rat model. Large
dispersion and variations in the intensities of the
pars distalis are observed on T1 weighted images
and affect both control and experimental animals.
No pattern was identified in these changes and we
suggest that T1 weighted image intensities are not
a good indicator of disease in this animal model.
Image intensity on T2 weighted images, however,
does correlate with pituitary pathology, provided
that the region of examination is limited to just the
pars distalis section of the gland and that the
intensity measurements are referenced to another
external tissue intensity. Changes in the T2
weighted intensities can be detected as early as 7
days post estrogen treatment. This technique seems

to allow a somewhat earlier detection of pituitary
changes compared to the previously reported MR
imaging technique relying on changes observed in
midsagittal MR images of this gland.

ACKNOWLEDGEMENTS

We thank Drs. A. Zwart and A.J.M. Hagenaars for the
helpful assistance with the statistical analysis.
This work was supported in part by Grant CIVO 87-2 from the
Dutch Cancer Society (KWF).

REFERENCES

1. J.H.J. van Nesselrooij, N.M. Szeverenyi and M.J. Ruocco,
J.Mag Res. Med., 11, 161 (1989).

2. J.H.J.van Nesselrooij, N.M. Szeverenyi, G.M. Tillapaugh-
Fay and F.G.J.Hendriksen, Mag. Res. Imag., 8, 525
(1990).

3. J.H.J. van Nesselrooij, J.P. Bruijntjes, A. van Garderen-
Hoetmer, G.M. Tillapaugh-Fay, and V.. Feron,
Carcinogenesis, 12, 289 (1991).

4. S.M. Wolpert, M. Osborne, M. Anderson, and V.M.
Runge, AJNR, 9, 1 (1988).

5. J.H.J.van Nesselrooij, N.M. Szeverenyi, G.M. Tillapaugh-
Fay, Works in Progress, SMRM Eighth Annual Meeting,
Amsterdam (1989).

6. W.. Dixon, BMDP statistical software University of
California Press Berkely, 1988,

99



100



CHAPTER VIII

RAT PITUITARY CHANGES OBSERVED WITH MAGNETIC RESONANCE
IMAGING FOLLOWING REMOVAL OF ESTROGEN STIMULUS:

CORRELATION WITH HISTOPATHOLOGY AND IMMUNOHISTOLOGY

Joop H.J. van Nesselrooij, Nikolaus M Szeverenyi, Cathy Ritter-Hrncirik,
Gwen M. Tillapaugh-Fay and Victor J. Feron.

Carcinogenesis 13: 277-282, 1992.

101



102



Rat pituitary changes observed with magnetic resonance imaging
following removal of estrogen stimulus: correlation with

histopathology and immunohistology

Joop H.J.van Nesselrooij'?, Nikolaus M.Szeverenyi?,
Cathy Ritter-Hrncirik?, Gwen M.Tillapaugh-Fay® and
Victor J.Feron!

ILaboratory of Pathology, Department of Biological Toxicology, TNO
Toxicology and Nutrition Institute, 3704 HE Zeist, The Netherlands and
2Nuclear Magnetic Resonance Research Laboratory, Department of
Radiology, State University of New York, Health Science Center at
Syracuse, Syracuse, NY 13210, USA

The effect of estrogen withdrawal on pituitary glands of rats
treated with estradiol-173 for various lengths of time was
monitored by magnetic resonance imaging (MRI) and
histological examination. Estrogen pellets were removed at
seven different time points ranging from 4 to 206 days after
pellet implantation. High-resolution mid-sagittal MR images
of the rat head were made 1 day before pellet implantation,
immediately following pellet withdrawal, and 14 and 28 days
after pellet withdrawal. Twenty-eight days after pellet
withdrawal pituitary glands were fixed and processed for
histological examination. Enlarged pituitaries were detected
by MRI from 16 days after implantation and onwards.
Twenty-eight days after estrogen withdrawal the typical
triangular shape of the normal pituitary had returned and
pituitary morphology was indistinguishable from that of
normal pituitaries in all rats that had been treated with
estrogen for up to 114 days. Pituitaries of rats that had
received estrogen for 186 days had a normal MR image 28
days after estrogen withdrawal, but micrescopic examination
revealed multifocal hyperplasias of prolactin-positive cells
throughout the pars distalis. MIRI of rats treated for 206 days
showed tumorously enlarged pituitaries. There was no
evidence of tumor regression in these rats 28 days after pellet
removal. It was concluded that hypertrophic pituitaries
regained a normal size, shape and morphology after estrogen
withdrawal, except for a remarkable type of hyperplasia
following estrogen treatment for 186 days and a recovery
period of 28 days. In tumorous pituitaries no regression of
lesions was noticed.

Introduction

Estrogen-induced pituitary tumors in rats have been extensively
studied as a model for spontaneous pituitary tumors in both
humans and rodents (1—6). Treip (6) reported regression of
estradiol-induced pituitary tumors in rats treated with estradiol
for 110—150 days followed by a recovery period of 120—220
days after estradiol withdrawal.

Magnetic resonance imaging (MRI*) has been demonstrated
to be an effective and sensitive technique to study changes in
pituitary size, shape and structure (7—9). We have successfully

*Abbreviations: MRI, magnetic resonance imaging; PRL, prolactin.

used MRI to follow the development of estrogen-induced pituitary
hypertrophy and neoplasia in individual rats. MRI has the
advantage that it is non-invasive, minimizing the need for interim
sacrifices and consequently reducing the number of animals
required for these sorts of studies (9).

The purpose of the present investigation was to monitor the
response (growth or shrinkage) of the rat pituitary gland following
discontinuation of estrogen stimulus. Pituitary appearance was
studied as a function of the duration of stimulus as well as a
function of time after estrogen discontinuation. MRI was used
extensively throughout the study withe correlation to
histopathology at the final day for each treated animal.

Materials and methods

Animals and treatment

A 25 mg estradiol-178 pellet (Organon, Oss, The Netherlands) was implanted
s.c. in 14 4-week old male Sprague—Dawley rats obtained from Harlan
Sprague—Dawley, Indianapolis, IN, USA. The estrogen pellet was removed,
each time from two animals, at 4, 8, 16, 81, 114, 186 and 206 days after pellet
implantation.

Rats were housed in wire-mesh cages in a well-ventilated room at 20°C with
relative humidity 40—70% and 12 h lighting per day. Animals had free access
to food (Purina Formulab Chow 5000, Purina Mills, Inc., St Louis, MO, USA)
and tap water and they were checked daily. The animals were treated under a
protocol and housing arrangement approved by the institutional Committee for
the Humane Use of Animals.

Imaging

High-resolution MR images of the rat cranium were made 1 day before pellet
implantation, immediately following pellet withdrawal, and finally at 14 and 28
days after pellet withdrawal. A 2 Tesla 31 cm bore (General Electric, Fremont,
CA) research imaging instrument was used to obtain T1 weighted spin echo images
with a TE of 28 ms and a TR of 450 ms. Using an in-house manufactured 4 cm
diameter double pancake coil, 2 mm thick sagittal mid-line slices were obtained
since these were found to produce the most clear and reproducible results (7 —9).
Data collection matrix size was 256 x 256 (complex) with four or eight excitations
averaged (o give adequate signal to noise ratio. In order to minimize animal mo-
tion during the image data acquisition, rats were anesthetized with sodium
pentobarbital, 5 mg/100 g body wt.

Histopathology and immunohistochemistry

At necropsy, pituitary glands were removed and fixed in a 4% buffered
formaldehyde solution. The pititaries were processed to Paraplast and 10 5 um

Table 1. Pituitary size before and after estrogen stimulus withdrawal

Days of estrogen Days after estrogen withdrawal

stimulus 0 14 28
4 N N N
8 N N N
16 El N N
81 EL N N
114 EL N N
186 EL EL N
206 TEL TEL TEL

N, normal pituitary; EL, enlarged, normal triangular shape of the pituitary
changes into enlarged rounded structures; TEL, tumorously enlarged,
expansion of the tumorous pituitary structure into the brain with areas with
a high degree of variability of signal intensity.

103



J.H.van Nesselrooij ef al.

thick step sections were made of each gland, one of which was stained with H&E
while the others were used for immunohistochemistry. Using rabbit anti-rat
antiserum (UCB Bioproducts, Brussels, Belgium) a direct/indirect immuno-
peroxidase technique was used to stain sections for prolactin (PRL).

Swine anti-rabbit total immunoglobulin (Sanbio, Nistelroode, The Netherlands)
was used as a bridge between the primary antibody and the rabbit peroxidase —
antiperoxidase (Dako, Amsterdam, The Netherlands). 3,3-Diaminobenzidine-
tetrahydrochloride (Sigma) was used as a substrate to visualize the product. The
sections were counter-stained with Gill’s type II hematoxylin.

The following criteria were used to differentiate between foci of hyperplastic
cells and tumors. In comparison with normal pituitary tissue, in hyperplastic cell
foci nuclear density was higher, cells were smaller, and cytoplasm was hyper-
basophilic. Hyperplastic cell foci were distinguished from tumors on the basis
of growth pattern and cytomorphology. Lesions with hemorrhagic areas and/or
cellular and nuclear pleomorphism were classified as neoplasm, and lesions with
neither pleomorphism nor hemorrhagic areas as hyperplastic cell foci.
Compression, demarcation and encapsulation were not used as criteria to distinguish

hyperplastic cell foci from tumors because the degree of demarcation was highly
variable even for large lesions, and some compression was occasionally found
even with very small lesions; capsule formation never occurred.

Results
MRI

A summary of the pituitary sizes at the various time points before
and after estrogen withdrawal is given in Table I.

In T1-weighted mid-line sagittal images the normal pituitary
appeared triangular with sharply defined margins. Before pellet
implantation, this characteristic pituitary shape was present on
initial imaging of all 14 rats. No change in the triangular shape
of the pituitary or image intensity was seen on days 4 and 8 after

Fig. 1. (a) T1 weighted mid-sagittal image after 4 days of estrogen implantation. The typically triangular shape of the pituitary is unchanged. (b) T1 weighted
mid-sagittal image 28 days after estrogen withdrawal. The triangular shape of the pituitary remained the same.

Fig. 2. (a) T1 weighted mid-sagittal image after 81 days of estrogen implantation. The pituitary is enlarged and the pars nervosa is squeezed upwards by the
enlarged pars distalis. (b) T1 weighted mid-sagittal image 28 days after estrogen withdrawal. The pituitary returned to its normal triangular shape.
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initiation of the estrogen treatment, and after estrogen withdrawal
on days 14 and 28 (Figure la and b).

On day 16 after implantation, there was a slight rounding of
the margins of the pituitary, and the subarachnoid space between
gland and diencephalon and the space between pituitary and pons
were narrowed when viewed in the sagittal image planes. Signal
intensity was variable 14 and 28 days after estrogen withdrawal,
but the typical triangular shape of the pituitary and its normal
signal intensity had returned.

On day 81 after estrogen implantation, the pituitary was
distinctly enlarged, and the pars nervosa was squeezed upwards
by the enlarged pars distalis. Pituitary signal intensity was
hyperintense compared to brain; pars nervosa signal intensity was

Rat pituitary changes observed with MRI

more hyperintense than that of the pars distalis (Figure 2a and
b). Similar pituitary images were obtained on day 114 after pellet
implantation (Figure 3a and b). Images made 14 and 28 days
after estrogen withdrawal showed a complete return of the
pituitary to its normal triangular shape.

On day 186 after implantation, the enlarged pituitary had
expanded into the brain and image signal intensity was lighter
than brain but uniform (Figure 4a and b). Fourteen, and
particularly 28 days after pellet removal, the pituitaries of these
animals had completely returned to their normal shape. However,
the pars nervosa was still slightly squeezed upwards by a slit-
like space between pars nervosa and pars distalis.

After 206 days of estrogen treatment, images of the treated

Fig. 3. (a) T1 weighted mid-sagittal image after 114 days of estrogen implantation. The pituitary is distinctly enlarged. (b) T1 weighted mid-sagittal image 28
days after estrogen withdrawal. The pituitary returned to its normal triangular shape.

Fig. 4. (a) T1 weighted mid-sagittal image after 186 days of estrogen implantation. The enlarged pituitary expands into the brain and signal intensity is
brighter than surrounding brain tissue but uniform. (b} T1 weighted mid-sagittal image 28 days after estrogen withdrawal. The pituitary returned to its normal
triangular shape. However, the pars nervosa is still squeezed upwards by a slit-like space between the pars nervosa and the pars distalis.
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Fig. 5. (a) Pituitary of a rat treated with estrogen for up to 114 days following a recovery period, showing multifocal hyperplasia. Two distinct forms of focal
hyperplasias can be observed. One type consists of hypertrophic cells surrounded by a zone of cells with abundant cytoplasm not staining with H&E (area I)
and the other type consists of small cells with very little cytoplasm (area II). Between the hyperplastic foci scattered slightly hypertrophic and normal pituitary
cells can be seen. H&E staining, X 100. (b) Area I: hypertrophic cell hyperplasia. This consists of cells with pale, vacuolated cytoplasm that is slightly more
abundant than in normal pituitary cells. Nuclei are uniform and foci are not well demarcated. H&E staining, X250. (¢) Area II: small cell hyperplasia. This
consists of cells with little cytoplasm that do not stain with H&E. Nuclei are uniform and foci are not well demarcated. H&E staining. X250.
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Rat pituitary changes observed with MRI

Fig. 6. (a) T1 weighted mid-sagittal image after 206 days of estrogen implantation. The markedly enlarged pituitary shows a great variability in signal
intensity ranging from hypo-, iso- to hyperintense areas relative to surrounding brain tissue. (b) T1 weighted mid-saggital image 28 days after estrogen
withdrawal. No regression of this markedly enlarged pituitary is seen except for some minor changes in the signal intensities.

rats showed markedly enlarged pituitaries with great variability
in signal intensity ranging from hypo-, iso- to hyperintense
relative to surrounding brain tissue (Figure 6a). No indication
of regression of this enlargement was obtained in these animals
after pellet removal except for some minor changes in signal
intensities (Figures 6b).

Histopathology and immunohistochemistry

Pituitaries from rats treated with estrogen for up to 114 days and
followed by a recovery period of 28 days were histologically
indistinguishable from pituitaries of untreated rats. Indeed, the
number and distribution of PRL-positive cells in these pituitaries
were completely normal.

The pituitaries of rats that had received estrogen for 186 days
followed by a 28 day estrogen withdrawal period had multifocal
hyperplasia, scattering throughout the pars distalis. Two distinct
forms of focal hyperplasias were observed: one type consisted
of small cells and the other type of hypertrophic cells (Figure
Sa, bl, clIl). The cells in small cell hyperplasias (Figure ScII)
had little cytoplasm that did not stain with H&E. The nuclei were
uniform and no mitotic figures were seen. These focal hyperplasias
were not well demarcated, and several of these foci were
surrounded by a zone of cells of ordinary size but with abundant
cytoplasm that did not stain with H&E. Hyperplasias of
hypertrophic cells (Figure 5bl) consisted of cells with pale,
vacuolated cytoplasm that were slightly larger than normal
pituitary cells. Their nuclei were uniform and mitotic figures were
not seen. These foci were not well demarcated and were
surrounded by normal pituitary cells. Between these two types
of hyperplastic foci, scattered slightly hypertrophic and normal
cells were present. Cells in both types of hyperplasia were PRL
positive. Some sinusoids in hyperplastic foci appeared slightly
compressed but no compression of surrounding tissue was
observed.

Pituitaries of rats that had recovered for 28 days following 206
days of estrogen treatment had tumors that were characterized
by the presence of hemorrhagic as well as solid areas and cysts.

Hemorrhagic areas consisted of cells arranged in cords, one to
several cell layers thick, with cleft-like sinusoids on one side and
blood-filled cyst-like structures lined by epithelial cells on the
other side as described previously (9). Solid areas consisted of
clusters of cells without a specific growth pattern and sparse
sinusoids.

Discussion

Two different stages in the development of estrogen-induced
pituitary tumors in rats have been identified in previous MRI
studies (7—9): pituitaries with the normal triangular shape
changed into hypertrophic pituitaries with a rounded, enlarged
structure (stage 1); and tumorously enlarged pituitaries
characterized by expansion of the pituitary structure into the brain
and by areas with a high degree of variability of signal intensity
(stage 2). To determine reversibility of these stages in pituitary
tumorigenesis, in the present study the estrogen stimulus was
withdrawn at different times after the start of estrogen treatment.
Hypertrophic pituitaries developed between 16 and 114 days of
estrogen treatment, which returned to the normal triangular shape
within 28 days after cessation of estrogen-treatment. Tumorous
pituitaries were seen after 206 days of estrogen treatment, and
their MR images remained unchanged after estrogen withdrawal
except for some minor changes in signal intensity. These results
are at variance with those of Treip (6) who reported pituitary
tumor regression determined as a decrease in pituitary weight
110 days after withdrawal of the estrogen stimulus following 220
days of treatment. Possible explanations for these contrasting
results are differences in duration of follow-up period, rat strain
and methodology used (namely pituitary weights versus MRI and
histopathology). Moreover, it may be possible that in the study
by Treip (6) the induced pituitary lesions were still in the
hypertrophic phase (stage 1) since the description of pituitary
tumors by Treip (6) better resembles pituitary hypertrophy than
pituitary neoplasia.

Estrogen withdrawal after 186 days of treatment resulted in
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a complete return of the hypertrophic pituitaries to the normal
triangular shape within 28 days. A possible explanation for the

- still slightly enlarged pituitary seen at this time point by MRI
is a cystic enlargement of Rathke’s pouch, which is located
between the pars distalis and the pars intermedia, perhaps in
combination with multifocal hyperplasia in the pars distalis.
However, light microscopic examination at this time point
revealed an unexpected pituitary morphology. In contrast to the
diffuse hypertrophy and hyperplasia of PRI-containing cells
throughout the enlarged pars distalis in rats continuously exposed
to estrogen (1,7—9), 28 days following withdrawal of the
estrogen stimulus, multifocal hyperplasias consisting of small or
hypertrophic cells were observed. These hyperplasias per se could
not be detected by MRI, since their presence did not result in
changes in MRI signal intensity. To our knowledge, hyperplasias
with this morphological appearance have never been described
in estrogen-treated rats. In an autopsy study of old men treated
with diethylstilbestrol, Scheithauer ez al. (10) described pituitaries
with hyperplasias of uniform PRL cells that occurred in diffuse
as well as nodular patterns.

Pituitary hyperplasias and tumors occur spontaneously in aging
rats (11— 14). The small cell hyperplasias seen in this study mor-
phologically resemble spontaneous rat pituitary hyperplasias.
Thus, withdrawal of the estrogen stimulus after ~ 6 months of
estrogen treatment results in the occurrence of focal pituitary
lesions that occur in untreated rats only beyond 18 months of
age. However, since recovery from estrogen treatment beyond
28 days was not studied, the further fate of these lesions remains
unknown. Several of the small cell hyperplasias in the present
study occurred within areas of diffusely arranged, enlarged cells,
which may suggest that these hypertrophic cells are precursors
of the small cell hyperplasias.

In conclusion, estrogen withdrawal in the early stages of
pituitary tumor development induced by estrogen (hypertrophic
pituitaries) results in a return to a pituitary of normal size and
shape, whereas withdrawal of estrogen stimulus once tumorous
pituitaries have developed does not lead to tumor regression. The
effect of recovery from estrogen treatment for periods > 28 days
on pituitary tumors remains to be determined. Nevertheless, the
results of this study suggest that estrogen-induced pituitary tumors
are autonomous and estrogen-independent neoplastic processes.
Again MRI proved to be an effective technique to display changes
in pituitary shape, size and structure, though multifocal
hyperplasias were not detected.
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SUMMARY AND CONCLUSIONS

Proliferative pituitary lesions (hyperplasias and
tumors) are common in aging man and rodents. In
humans, such lesions frequently pose a serious
diagnostic problem, because measurement of
hormone levels does not permit detection of
pituitary hyperplasia and is of doubtful value for
detecting pituitary tumors. Magnetic Resonance
Imaging (MRI) is a powerful new technique for the
detection and diagnosis of such pituitary lesions in
man.

The objective of the investigations described in
this thesis were

- To develop a classification system for the entire
spectrum of hyperplastic and neoplastic lesions of
the rat pituitary.

- To evaluate the suitability of MRI as a non-
invasive method for the detection and
characterization of rat pituitary lesions induced
by estrogen.

- To compare MR images of the pituitary lesions
with their light and electron microscopic
morphology and with diagnostic information
derived from plasma levels of pituitary
hormones.

Spontaneous pituitary lesions in aged rats were
classified on the basis of their light microscopic
morphology as foci of hypertrophic or hyperplastic
cells, and hemorrhagic, pleomorphic or
spongiocytic tumors in CHAPTER II. In addition,
the predictive value of elevated plasma prolactin
(PRL) concentrations for the presence of
spontaneous pituitary lesions was evaluated. The
pituitaries were examined by light microscopy and
stained for PRL using immunohistochemical
techniques. Plasma PRL concentrations were
measured by radioimmunoassay. The morphologic
criteria developed to distinguish spontaneous
hypertrophic, hyperplastic and neoplastic lesions of
the rat pituitary corresponded well with their PRL
immunoreactivity and/or ability to elevate plasma
PRL concentration. Thus, the criteria constitute a
biologically meaningful classification system for
spontaneous pituitary lesions in rats.

In CHAPTER IIT MRI was evaluated as
a method for the early detection of estrogen-
induced pituitary enlargement in rats. Following
subcutaneous implantation of an estrogen-containing
pellet in male rats, differences in the MR images of
the pituitary gland between implanted and control
rats were first detected after 16 days. The gland in
the implanted rats was diffusely enlarged with
rounded margins, when viewed in sagittal, T1
weighted images. Additionally, signal intensity was
not uniform in the enlarged pituitary of estrogen-
implanted rats, while uniform signal intensity was
common in control rats. A parallel study
demonstrated that pituitary weights in estrogen-
treated rats were statistically significantly increased
after implantation from 18 to 35 days onwards.
Midline sagittal T1 weighted images proved to be
the most effective and reproducible technique to
visualize the shape of the rat pituitary gland.

The development of estrogen-induced
pituitary lesions was studied in a time-sequence
experiment using MRI, plasma hormone
determinations, and light microscopy (CHAPTER
IV). Measurements were made at 15 time points,
ranging from 1 hour to 272 days after subcutaneous
implantation of an estrogen pellet. The first
histopathological pituitary changes were seen on
day 2. Acidophilic cells were enlarged and
contained an increased number of vacuoles. On day
4 the first immunohistochemical changes were seen
as an increase in the number of PRL-positive cells.
Significantly increased PRL levels in plasma
occurred from day 9 onwards. Gradual enlargement
of the pituitary caused by hyperplasia of
hypertrophic PRL-positive cells could be followed
by MRI from day 9 onwards. From day 186
onwards pituitary tumors were present as
determined by light microscopy. Their MR images
were heterogeneous due to great differences in
signal intensity ranging from hypo- or iso- to
hyperintense. Signal intensities of hemorrhagic
tumor areas varied widely, probably due to
variation in the blood flow in these areas. The
sensitivity of MRI was insufficient to detect small
intraparenchymal hemorrhages which developed
during the first 5-6 months following estrogen
implantation, or small numbers of these
hemorrhages. In conclusion, MRI appeared to be a
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powerful tool for detecting pituitary enlargement
and tumors of the pituitary, allowing the
development of such lesions to be followed in the
same animal. Small focal lesions as
intraparenchymal hemorrhages, however, cannot
readily be detected.

In an attempt to explain the widely varying
signal intensities of hemorrhagic tumor areas, the
paramagnetic relaxation contrast agent Gadolinium-
DTPA (Gd-DTPA) was used to improve the
detection and characterization of these hemorrhagic
areas (CHAPTER V). Gd-DTPA is a very stable,
chelate complex that acts by enhancing T1 and T2
relaxation rates for water. This complex can be
administered intravenously in concentrations
sufficient to cause reduction of longitudinal
magnetization relaxation times in specific tissues.
These tissues then appear with enhanced intensity
on T1 weighted images. The pituitary is an
endocrine organ with a rich blood supply and a
dense network of sinusoids. Assuming that Gd-
DTPA after distribution in the intravascular
compartment rapidly passes into the interstitial
compartment, it is likely that this contrast agent
appears in the pituitary in a matter of minutes
following injection. Indeed, in normal rats and in
rats with an estrogen implant for less than 87 days
image enhancement by Gd-DTPA was immediate.
Hypertrophic pituitaries displayed uptake of
contrast, but the distribution of contrast agent was
nonuniform and the image was mottled.
Histological slides in the same anatomical plane as
the MR images were obtained, allowing
identification of individual lesions. Cystic areas
within tumors were found to give strong contrast
enhancement in less than five minutes after
injection. Solid and hemorrhagic areas of the
pituitary tumor were hypo- to isointense relative to
surrounding brain tissue, and they did not take up
contrast agent. Histopathological analysis
demonstrated that solid areas in the pituitary tumors
lack sinusoids, which explains why little or no
enhancement occurred. Hemorrhagic areas,
however, consisted of sinusoids and cyst-like
formations filled with red blood cells which
accounted for the bulk of the tumor volume.
Significant perfusion apparently did not occur in
these areas.

The lack of Gd-DTPA in the hemorrhagic
areas of the pituitary tumors led us to examine the
formation of the blood-filled cavities in developing
tumors of the anterior pituitary of estrogen-treated
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rats (CHAPTER VI). At 15 time points ranging
from 7 to 272 days after subcutaneous implantation
of an estrogen pellet, pituitaries were examined
using light and electron microscopy. In
chronological order the following changes were
seen: swelling and arrangement in trabeculae of
epithelial cells which contained increased amounts
of rough endoplasmic reticulum, Golgi structures,
and electron dense secretory vacuoles; arrangement
of epithelial cells in islands and endothelial
degeneration; distended sinusoids, as well as
sinusoids compressed by swollen epithelial cells;
endothelial degeneration and necrosis; loss of
basement membranes as well as focal occurrence of
multiple basement membranes; and scattered
necrotic and immature epithelial cells of reduced
size. The endothelial necrosis, loss of basement
membrane, and both distended and compressed
sinusoids became increasingly more prominent,
finally resulting in blood-filled cavities partially
lined by epithelium. Thus local compression of
sinusoids due to epithelial cell swelling (and
perhaps also compression of pituitary surface veins
due to a volume increase of the gland) is likely to
play a primary role in the development of ischemic
endothelial damage leading to loss of endothelial
lining and basement membrane, and eventually to
the formation of blood-filled spaces partially lined
by epithelial cells. No signs of stasis were found in
the hemorrhagic areas. Probably only a very slow
blood flow was maintained in these hemorrhagic
tumor areas, which may explain the lack of signal
enhancement in these areas early after
administration of the contrast agent Gd-DTPA and
observed in an earlier study (Chapter V).

The study described in Chapter IV
demonstrated that the first histopathological
pituitary changes were seen on day 2 after initiation
of estrogen-treatment and the first changes in
staining for PRL on day 4. The first MRI changes
however, were not apparent until day 9. In
CHAPTER VII detection of changes at an earlier
time using more in depth analysis of the MR
intensity variation has been described. To detect
subtle intensity changes, computer generated 2
dimensional scatterplots of MR images were used
to analyze the pituitary MRI data of estrogen-
treated rats. T1 and T2 weighted axial images of
the rat head at the level of the pituitary were
obtained. The intensities of the pituitary (pars
distalis) were plotted in a 2 dimensional scatterplot
which was referenced to a similar scatterplot of a
region in adjacent brain (hypothalamus). The pars
distalis had more texture in these plots than the



surrounding hypothalamic area. T2 weighted image
intensity of the pars distalis increased relative to the
adjacent hypothalamic area as early as on day 4
after estrogen implantation, whereas no change in
intensities of the pars distalis was noted on the T1
weighted images. Large dispersion and variation in
the intensity of the pars distalis were observed on
T1 weighted images in both control and
experimental animals. No consistent pattern was
identified in these changes and therefore we
conclude that T1 weighted image intensities do not
provide useful information in this animal model.
Image intensity on T2 weighted images, however,
corresponded with pituitary pathology, provided
that the region of examination was limited to the
pars distalis, and that the measurements were
referenced to an external tissue, i.e., brain. In
conclusion, the use of scatterplots incorporating the
intensity information from both T1 and T2
weighted images provides a highly sensitive means
of identifying very early changes in the pituitary in
this rat model. This technique possibly detects
pituitary changes earlier after estrogen implantation
than MRI which relies on changes in shape detected
in midsagittal MR images of the pituitary in
estrogen-treated rats.

In CHAPTER VIII growth or shrinkage
of the estrogen-induced enlarged rat pituitary gland
was monitored after withdrawal of the estrogen
stimulus using MRI and histopathological and
immunohistochemical examination. The estrogen
pellet was removed at 4, 8, 16, 81, 114, 186 and
206 days after pellet implantation. High resolution
mid-sagittal MR images of the rat heads were made
one day before pellet implantation, immediately
following pellet removal, and at 14 and 28 days
after pellet withdrawal. The animals were killed 28
days after pellet withdrawal and pituitaries were
collected fixed in formalin and subsequently
processed for histological and immunohistochemical
investigation. MRI detected hypertrophic pituitaries
from day 16 after implantation onwards.
Histological evidence of diffuse cellular
hypertrophy and hyperplasia was evident from 9
days of estrogen exposure onwards. Twenty eight
days after estrogen withdrawal the typical triangular
shape, characteristic for the MR image of the
normal pituitary, had returned in all rats treated
with estrogen for 16 up to 186 days. Light
microscopic appearance was back to normal in rats
treated for 4 up to 114 days. Rats that received
estrogen for 186 days had multiple focal
hyperplasias of PRL-positive cells throughout the
pars distalis 28 days after estrogen withdrawal,
These multiple focal hyperplasias have not

previously been described in estrogen-treated
animals. After 206 days of estrogen treatment
pituitaries of treated rats were tumorously enlarged
with a great variability in MRI signal intensity,
ranging from hypo-, iso- to hyperintense relative to
surrounding brain tissue. There was no tumor
regression obtained in these animals after pellet
removal for 28 days as determined by MRI and
light microscopy. In conclusion, estrogen
withdrawal in the early stages of pituitary tumor
development induced by estrogen (hypertrophic
pituitaries) results in a return to a normal pituitary
size and shape, whereas withdrawal of estrogen
stimulus once tumorous pituitaries have developed
does not lead to tumor regression. After 186 days
of estrogen treatment followed by a 28-day non-
treatment period, focal hyperplasias have developed
in the hypertrophic pituitary that do not regress
following estrogen withdrawal. These hyperplastic
lesions were not visible by MRI. Thus MRI proved
to be an effective technique to display changes in
pituitary shape, size, and structure although small
focal hyperplasias were not detected.

GENERAL CONCLUSIONS

The following conclusions can be drawn from the
research described in this thesis:

. The shape and signal-intensity of small organs
in the rat such as the pituitary gland, can be
excellently visualized by MRI. Even smaller
structures than the pituitary, such as the
cranial nerves III and VI could be visualized.

II.  Since the pituitary gland is fixed within the
cranium, changes in rat pituitary shape caused
by, e.g. glandular hypertrophy, cysts, and
neoplasia can be nicely visualized and
followed over time by MRI. Thus, the
pituitary, together with tissues such as brain,
is an excellent model tissue for MRI studies.

IIl.  Focal, microscopic-size hyperplasia in the rat
pituitary cannot be detected using MRI.

IV. MR images of normal and hypertrophic
pituitaries, but not pituitary tumors, in the rat
can be intensified using the contrast-enhancing
compound Gadolinium-DTPA.

V. Slight changes in signal intensity of MR
images can be analyzed and interpreted using
two-dimensiional scatterplots and sensitive
statistical analysis thereof.
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The studies described in this thesis also allow the
following remarks:

116

The estrogen-induced pituitary tumor model in
the rat used appeared very suitable for
studying the pathogenesis of proliferative
pituitary lesions such as the focal hyperplasia
observed 4 weeks after cessation of 6 months-
long estrogen treatment.

This animal model can be further refined by
integration of MRI and histopathology data on
spontaneous  pituitary changes in the
characterization of the estrogen-induced
pituitary lesions.

MRI is a potentially useful tool for the testing
of therapeutic regimens for pituitary tumors in
this animal model.

Metabolism studies in rat pituitary tissue using
localized MRI spectroscopy is a potential
future application of these powerful non-
invasive techniques.

Application of MRI techniques can contribute
to a marked reduction of the number of
experimental animals, because development of
tissue changes can be followed over time
without the need for interim sacrifices. In
addition, in life lesion development can be
followed and optimal sacrifice times can be
selected leading to increased quality of
experimental results.
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SAMENVATTING

In de adenohypofyse van oude ratten
worden vaak hyperplastische en mneoplastische
veranderingen aangetroffen. Vergelijkbare
afwijkingen komen voor bij de mens. In veel
gevallen wijst een verhoogde prolactinespiegel op
de aanwezigheid van een hypofysetumor. Voor
hyperplasieén en sommige tumoren van de
hypofyse geldt dit echter niet. Magnetic resonance
imaging (MRI) is een nieuwe techniek voor detectie

en diagnose van zulke hypofyse-lesies bij de mens!.

Het hoofddoel van het onderzoek
beschreven in deze dissertatie was het beoordelen
van MRI technieken op hun bruikbaarheid voor het
opsporen van hypofyseveranderingen bij de rat.
Hiertoe werd een classificatiesysteem voor
hypofyselesies bij de rat ontwikkeld, en werden
MR beelden van hypofysen vergeleken met
histologische beelden en met veranderingen in
hypofysehormoonspiegels in het bloed.

In HOOFDSTUK II wordt onderzoek
beschreven naar de voorspellende waarde van
plasmaprolactine  (PRL)-spiegels voor het
voorkomen van spontane lesies in de pars distalis
van de hypofyse bij de rat. Een breed scala aan
lesies werd waargenomen variérend van foci van
hypertrofe cellen en focale hyperplasieén tot en met
tumoren. De aanwezigheid van foci van hypertrofe
cellen of van focale hyperplasien ging niet gepaard
met afwijkende PRL-spiegels in bloed plasma.
Afgezien van een enkele vals negatieve waarneming
bleken verhoogde PRL-spiegels te correleren met
de aanwezigheid van hypofysetumoren bij zowel
mannelijke als vrouwelijke ratten. Met behulp van
multivariantie-analyse werden significante positieve
correlaties gevonden tussen plasma PRL-spiegels en
aanwezigheid, omvang en mate van PRL
immunopositiviteit in hypofysetumoren. Echter de
aanwezigheid van focale hyperplasieén
(immunopositief voor PRL) en van foci van
hypertrofe cellen (immunonegatief voor PRL) ging
niet gepaard met afwijkende plasma PRL spiegels.
De morfologische criteria die voor het

onderscheiden van de hypofyselesies werden
gebruikt bleken derhalve goed te correleren met de
mate van PRL immunoreactiviteit van de lesies
en/of met hun vermogen om de PRL-spiegels te
verhogen. Hiermee heeft het gebruikte
classificatiesysteem een biologische basis. De
beperkte diagnostische betekenis van verhoogde
plasma PRI spiegels voor de aanwezigheid van
hypofysetumoren bij de rat komt overeen met de
situatie bij de mens.

Het onderzoek in HOOFDSTUK 111 heeft
aangetoond dat het mogelijk is om met MRI in een
vroeg stadium hypofyselesies bij de rat op te
sporen. Nadat bij mannelijke ratten oestrogeen
pellets subcutaan waren geimplanteerd, werden de
veranderingen in de vorm van de hypofyse met
behulp van MRI in de tijd gevolgd en
gekarakteriseerd. MR-beelden werden onder
verschillende hoeken gemaakt. Een mid-sagittale
doorsnede van de hypofyse bij een controle rat laat
een driehoekig profiel zien. Reeds 16 dagen na de
oestrogeen pellet implantatie waren veranderingen
in de vorm van de hypofyse zichtbaar. De craniale
zijde van de drichoek was licht opgebold en de
hoeken vertoonden enige ronding. Tevens was de
intensiteit van het beeld van de hypertrofe
(vergrote) hypofyse niet meer homogeen. Uit een
parallelstudie bleek dat de hypofysegewichten van
de met oestrogeen behandelde ratten voor het eerst
significant toe waren genomen tussen dag 18 en 35
na pelletimplantatie. Geconcludeerd werd dat een
sagittale MRI doorsnede door het midden van de
rattekop de meest reproduceerbare beelden oplevert
ten behoeve van het opsporen van hypertrofe
hypofysen.

In een volgende studie (HOOFDSTUK
1V) werd de ontwikkeling van hypofysetumoren bij
de rat bestudeerd door MR-beelden van de
hypofyse te vergelijken met hormoonspiegels in het
bloed en met de histopathologie van de hypofyse.
Op 15 tijdstippen variérend van 1 uur tot 272 dagen
na oestrogeen implantatie werden MR-opnamen van

! Een korte uitleg van deze techniek is opgenomen als addendum bij deze samenvatting (pagina 125)
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de hypofyse gemaakt en werd de hypofyse
histopathologisch en  immunohistochemisch
bestudeerd, terwijl tevens de plasmaspiegels van
een aantal hypofysehormonen werden bepaald.
Twee dagen na het begin van oestrogeentoediening
werden voor het eerst histopathologische
veranderingen in de hypofyse gezien. De acidofiele
cellen waren vergroot en hun cytoplasma bevatte
veel vacuolen. Vanaf dag 4 was een toename van
het aantal PRL-positieve cellen te zien. PRL
spiegels in het bloed waren significant verhoogd
vanaf dag 9, terwijl op deze dag ook voor het eerst
veranderingen in het MR beeld van de hypofyse
waren te zien. Een geleidelijke vergroting van de
hypofyse, veroorzaakt door hyperplasie van de
hypertrofe PRL-positieve cellen kon met MRI
worden gevolgd. Ook het ontstaan en de verdere
ontwikkeling van hypofysetumoren konden met
MRI goed worden gevolgd. De MR
signaalintensiteit van de verschillende gebieden in
de tumoren varieerde per dier van hypointens
(donker) via isointens (gelijk aan omliggend
weefsel) tot hyperintens (licht). Deze gebieden met
sterk wisselende intensiteit bleken overeen te
komen met de histologisch waargenomen
haemorrhagische gebieden in hypofysetumoren. De
wisselende intensiteit van deze haemorrhagische
gebieden werd toegeschreven aan verschillen in de
mate van bloeddoorstroming. Geringe histo-
pathologische veranderingen =zoals intra-
parenchymale bloedinkjes of kleine hyperplasieén
konden niet met MRI worden waargenomen.
Niettemin kan worden geconcludeerd dat MRI een
gevoelige techniek is voor het opsporen van
hypofysevergroting en hypofysetumoren bij de rat.
Deze techniek maakt het mogelijk zulke
hypofyseveranderingen in de tijd te volgen in
hetzelfde dier; hierdoor vermindert de behoefte aan
tussentijds opofferen van dieren met als gevolg dat
er voor dit soort experimenten minder dieren nodig
zijn.

De sterk wisselende signaalintensiteiten
van haemorrhagische hypofysetumoren vormden de
aanleiding voor een studie naar de doorbloeding
van deze hypofyselesies waarbij ten behoeve van
het MRI-onderzoek het contrastmiddel Gadolinium-
DTPA (Gd-DTPA) werd toegepast (HOOFDSTUK
V). Gd-DTPA is een paramagnetische stof die na
intraveneuze toediening een hoge signaalintensiteit
(sterke oplichting) veroorzaakt op de plaats waar
het terecht komt. Opname van Gd-DTPA door
hypertrofe hypofysen was reeds enkele minuten na
toediening zichtbaar op de MR- beelden. Dit is niet
opzienbarend omdat de hypofyse als endocriene
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klier over een rijk netwerk van bloedvaatjes
beschikt. Het MR beeld van de hypertrofe hypofyse
was niet uniform en vertoonde een licht-en-donker
stippeling hetgeen wijst op een onregelmatige
verspreiding van het contrastmiddel in de hypofyse.
Hypofysetumoren vertoonden een ander beeld:
slechts zeer kleine gebiedjes toonden een verhoogde
intensiteit; kennelijk was het contrastmiddel slechts
in zeer beperkte mate opgenomen. De resterende
delen van de tumor bleven donker of hadden
dezelfde intensiteit als het omliggende
hersenweefsel, zelfs een uur na toediening van het
contrastmiddel. Histologisch onderzoek van de
hypofysetumoren liet zien dat de in helderheid
toegenomen  gebiedjes cysten waren. De
haemorrhagische en solide delen waren niet of
soms in zeer geringe mate in helderheid
toegenomen. Dat solide gebieden dit contrastmiddel
niet opnemen is niet verwonderlijk omdat
histopathologisch onderzoek heeft uitgewezen dat
deze gebieden weinig of geen bloedvaatjes bezitten.
Daarentegen wekt het wel verbazing dat de
haemorrhagische gebieden nauwelijks contrast-
middel hadden opgenomen. Deze gebieden bevatten
namelijk veel bloedvaatjes en cysteuze structuren
gevuld met bloed en vormden daarmee het
overgrote deel van de haemorrhagische gebieden in
de hypofysetumoren.

Omdat geen verklaring kon worden
gegeven voor de afwezigheid van Gd-DTPA in de
bloedrijke gebieden van de hypofysetumoren werd
onderzoek uitgevoerd naar de pathogenese van deze
haemorrhagische gebieden (HOOFDSTUK VD).
Met behulp van lichtmicroscopie en transmissie
electronenmicroscopie werd op 15 tijdstippen,
variérend van 7 tot 280 dagen, na implantatie van
de oestrogeen pellet de hypofyse onderzocht. In
chronologische volgorde werden de volgende
veranderingen geconstateerd: (1) proliferatie van
hypertrofe epitheelcellen die veel ruw
endoplasmatisch reticulum, Golgi-systemen en
secretoire vacuolen bevatten; (2) deze cellen
rangschikken zich vervolgens in rijen en vormen
allengs steeds groter wordende eilandjes; (3)
tegelijkertijd treedt er enerzijds verwijding en
anderzijds compressie van bloedvaten op; (4)
endotheelcellen gaan degeneratieve veranderingen
vertonen en  basaalmembranen  verdwijnen,
waarschijnlijk tengevolge van mechanische schade
door de steeds in omvang toenemende eilandjes en
compressie van bloedvaatjes hetgeen tot lokale
ischemie leidt; (5) dit veroorzaakt verlies van
endotheelcellen en basaalmembranen waardoor de
met bloed gevulde holten ontstaan die bekleed zijn




met epitheelcellen en die de uiteindelijke
haemorrhagische gebieden vormen in de
hypofysetumoren. In de haemorrhagische
tumorgebieden werden geen tekenen van stasis
gevonden; waarschijnlijk is er een zeer geringe en
langzame bloeddoorstroming hetgeen de
afwezigheid van zowel het contrastmiddel Gd-
DTPA als tekenen van stasis zou kunnen verklaren.

Uit het onderzoek beschreven in hoofdstuk
IV bleek dat reeds op de dagen 2 en 4 na
oestrogeentoediening bij de rat histopathologische
en immunohistochemische veranderingen in de
hypofyse konden worden aangetoond. In
HOOFDSTUK VII is beschreven of dit soort
vroege veranderingen met behulp van MRI te
detecteren is. Om veranderingen in de hypofyse
waar te nemen voordat de anatomie verandert,
werden computer gegenereerde 2 dimensionale
scatterplots gemaakt van de pars distalis en van een
deel van de hypothalamus dat als referentiegebied
diende. Met T1 en T2 gewogen axiale beelden van
de rattekop konden de intensiteitsverschillen in de
scatterplots  tussen de hypofyse en het
referentiegebied bestudeerd worden. Na 7 dagen
oestrogeen toediening bleek de intensiteit van de
hypofyse ten opzichte van de hypothalamus in T2
gewogen beelden toe te nemen terwijl in T1
gewogen beelden geen verandering in intensiteit te
zien was. Geconcludeerd werd dat scatterplots
verkregen uit de intensiteitsinformatie van T1 en T2
gewogen beelden bruikbaar zijn voor het
identificeren van hypofyselesies. Een grote
spreiding en variatie in intensiteit van T1 gewogen
beelden van de hypofyse waren op de scatterplots
te zien waardoor T1 afvalt als mogelijke indicator.
Daarentegen correleerde het intensiteitsverschil van
T2 gewogen beelden goed met de geinduceerde
hypofyseveranderingen mits de metingen zich
beperkten tot de pars distalis en mits in het
omliggende weefsel steeds hetzelfde gebied als
referentie werd gebruikt.

Het onderzoek beschreven in
HOOFDSTUK VII laat zien in hoeverre MRI
bruikbaar is voor het vaststellen van progressie of
regressie van oestrogeen geinduceerde
hypofyselesies bij ratten na verwijdering van de
oestrogeenstimulus. De oestrogeenstimulus werd
verwijderd op 7 verschillende tijdstippen variérend
van 4 tot 206 dagen na implantatie van de
oestrogeenpellet. MR beelden van de hypofyse
werden gemaakt een dag voor pelletimplantatie,
onmiddellijk na verwijdering van de pellet en

vervolgens 14 en 28 dagen later. Achtentwintig
dagen na verwijdering van de pellet werden de
ratten gedood en werd de hypofyse ook
histopathologisch en  immunohistochemisch
bestudeerd. Vanaf dag 16 lieten MR-beelden een
vergrote hypofyse zien. Tot en met dag 186 na
pelletimplantatie bleken de MR-beelden van de
hypofyse opgenomen na een herstelperiode van 28
dagen niet te onderscheiden van die van controle
dieren. Een opvallende waarneming was dat bij
dieren die gedurende 186 dagen met oestrogeen
waren behandeld, na een herstelperiode van 28
dagen, in de hypofyse multiple focale hyperplasieén
van PRL-positieve epitheelcellen voorkwamen. In
andere studies waren hypertrofe en hyperplastische
cellen altijd diffuus over de hypofyse verspreid. De
betekenis van deze hyperplastische foci is
vooralsnog onduidelijk. Tweehonderdzes dagen na
implantatie van de oestrogeenpellet waren de
hypofysen tumorachtig veranderd en vertoonden de
MR beelden de kenmerkende hypo-, iso- en
hyperintense gebieden. Na verwijdering van de
oestrogeenstimulus was er bij deze dieren geen
sprake van regressie van de hypofyselesies;
integendeel, de tumoren namen in omvang toe of
bleven gelijk van grootte. Uit dit onderzoek werd
geconcludeerd dat hypofysen met hypertrofe
veranderingen zich weer herstellen, terwijl
neoplastische hypofyselesies blijven bestaan of
progressief doorgroeien. Voorts bestaat er kennelijk
een tussenvorm waarbij focale hyperplasieén
ontstaan waarvan het gedrag op de lange termijn
nog onbekend is. Opnieuw bleek MRI een
geschikte techniek om het verloop van (bepaalde)
hypofyselesies te volgen.

ALGEMENE CONCLUSIES

Uit onderzoek beschreven in dit proefschrift kunnen
de volgende conclusies worden getrokken:

[.  Vorm en intensiteit van kleine organen zoals
de hypofyse bij de rat zijn met MRI goed
zichtbaar te maken. Zelfs nog kleinere
structuren zoals de craniale zenuwen III en VI
konden worden gevisualiseerd.

II. Omdat de hypofyse niet beweegt zijn
veranderingen in vorm veroorzaakt door
bijvoorbeeld hypertrofie, cysten of tumoren
met MRI goed waar te nemen en is hun
ontwikkeling goed te volgen.

III. Focale, alleen microscopisch waarneembare
hyperplasieén, kunnen met MRI niet worden
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waargenomen.

IV. Met behulp wvan het contrastmiddel
Gadolinium-DTPA kunnen de MR-beelden
van de normale en hypertrofe hypofyse
worden geintensiveerd.

V. Geringe veranderingen in de intensiteit van de
MR-beelden kunnen met behulp van twee
dimensionale scatterplots en gevoelige
statistische methoden worden geanalyseerd en
geinterpreteerd.

De beschreven studies geven voorts aan dat:

- Dit oestrogeen rattehypofysemodel zich goed
leent voor het bestuderen van het ontstaan en
de ontwikkeling van hypofyselesies, zoals
bijvoorbeeld de focale hyperplasieén
waargenomen na het wegnemen van de
oestrogeenstimulus na zes maanden.

--  Dit model verder verbeterd kan worden door
nadere  karakterisering van  spontane
hypofyselesies met behulp van MRI.

-~ MRI een belangrijke rol kan spelen bij het
testen van de effectiviteit van geneesmiddelen
in dit model.

--  Met behulp van lokaal MRI-gestuurde
spectroscopie, metabolisme onderzoek in
hypofyselesies mogelijk lijkt te zijn.

--  Toepassen van MRI in dit model
proefdierbesparend werkt omdat bij het volgen
van afwijkingen in de tijd tussentijds
opofferen van de dieren wordt beperkt.
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ADDENDUM

MRI maakt gebruik van de eigenschappen van
magnetisme, radiogolven en protonen.
Aantrekkingskrachten tussen lichamen is al sinds de
prehistorie bekend. De eerste die systematisch de
aantrekkingskrachten onderzocht was de Griek
Thales (640-564 v.Chr.) Thales noemde de ijzer
aantrekkende materialen "Ho magnetes lithos" naar
de plaats Magnesia waar deze stenen vandaan
kwamen. Sindsdien is veel onderzoek aan
magneten, zoals we die vandaag de dag noemen, en
het fenomeen magnetisme gedaan. De
elektromagneet is in 1823 ontwikkeld door de
Engelsman William Sturgeon (1783-1850).

In 1946 verschenen de eerste publikaties omtrent
Nuclear Magnetic Resonance (NMR) of te wel
Kern Spin Resonantie (het lokaliseren en detecteren
van atoomkernen die een magnetisch moment
bezitten). De onderzoekers Bloch en Purcel
publiceerden NMR waarnemingen die een eerdere
suggestie van de Nederlander Gorter bevestigden.
In de chemie en biochemie werd NMR vanaf die
jaren een belangrijk hulpmiddel bij de
structuuropheldering van organische en
anorganische stoffen. Decennia later (rond 1973)
waren het Lauterbur, Mansfield en Damedian die
de afbeeldingstechnieken met behulp van NMR-
technieken ontwikkelden: Magnetic Resonance
Imaging (MRI) zoals dat tegenwoordig heet. Rond
1980 kwamen de eerste instrumenten op de markt.
Een voorwaarde om met MRI verkregen beelden te
kunnen beoordelen is dat de onderzoeker op de
hoogte is van de fysische aspecten van het
beeldvormende proces.

Het menselijk en dierlijk lichaam bestaat voor 80 %
uit water. Dit is te splitsen in waterstof, zuurstof en
andere substantiéle delen. Waterstofkernen bevatten
protonen die een magnetisch moment bezitten.
Wanneer een lichaam in een sterk magneetveld
wordt geplaatst zullen de protonen reageren als
kompasnaalden en evenwijdig aan het magneetveld
gaan staan spinnen (denk aan snel draaien van een
tol). Door een radiofrequentiepuls, die wel aan een
bepaalde resonantiewaarde moet voldoen, is het
mogelijk om de longitudinale magnetisering om te
zetten (denk aan de tol die zeer snel draait) in
transversale magnetisatie (dit komt overeen met de
uitslag van een tol die heel langzaam draait). Een
signaal, uitgezonden door de protonen, kan nu
ontvangen worden. Dit gebeurt met behulp van een
antenne en een FM radio ontvanger. De antenne is
een in een aantal bochten gedraaide koperdraad in
de vorm van onder andere een zadel, de zogeheten
"saddle coil”, die afgestemd moet worden op de

reeds eerder genoemde resonantievoorwaarden (de
Lamor frequentie). De FM radio ontvanger is
aangesloten op een computer zodat de ontvangen
wisselstroompjes kunnen worden opgeslagen om
later in een beeld te worden omgezet. De
uiteindelijke gegenereerde hoeveelheid protonen is
afhankelijk van de sterkte van de magneet en de
hoeveelheid protonen die de afzonderlijke
weefseldelen van het lichaam bevatten.

De tijdstippen en de duur waarop radiofrequentie-
pulsen worden uitgezonden en wanneer signalen
worden opgevangen worden bepaald door de TR en
TE tijden in een te gebruiken pulssequentie. TE
staat voor echotijd en is de tijd die gebruikt wordt
tussen het genereren van een transversale
magnetisering en het ontvangen van de echo. TR is
de repetitietijd, dit is de tijd die ligt tussen een 90°
puls tot het initi€ren van een volgende 90° puls. De
meest gebruikte pulssequentie vandaag de dag is de
Spin Echo. In deze pulssequentie wordt een extra
radiofrequentie puls (een refocusserende 180° puls)
toegevoegd na de transversale magnetiseringspuls
(de originele 90° puls). In schema ziet dat er als
volgt uit:

Spin Echo, pulssequentie

} U
|

90° 80° echo 90°
1
|

Met het varieren van de TR en TE tijden wordt een
bepaalde selectiviteit geintroduceerd. Wanneer b.v.
de TE heel kort is, zal alleen een signaal ontvangen
worden van de protonen in weefsel die snel
terugkeren naar de longitudinale magnetisering. Zo
heeft ieder type normaal en pathologisch weefsel
ziju eigen snelheid waarmee het terugkeert van de
transversale naar de longitudinale magnetisering en
zo kunnen met behulp van T1 gewogen beelden
(zeer korte TE en TR) of met T2 gewogen beelden
(lange TE en TR), de specifieke karakteristicken
van weefsel soorten zichtbaar gemaakt worden.
Deze imagingtechnieken werden toegepast in de
MRI studies beschreven in de Hoofdstukken III,
IV, V, VIl en VIIL
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