interstitial disease. These antibodies
appear to fix C3. Mononuclear cells
(predominantly macrophages) sur-
round the tubules almost simultane-
ously with signs of tubular cell damage.
Activated macrophages are present
(11). Antibodies may be necessary for
macrophages to effectively phagocytose
the TBM and tubules (12).

We thus have developed two con-
trasting models of autoimmune renal
damage. In sheep, autoantibodies to
GBM damage glomeruli (/3). Mono-
nuclear cells were not involved. In
guinea pigs autoantibodies to TBM
selectively damage tubules and inter-
stitium but not glomeruli. Mononuclear
cells participate in the progressive tis-
sue injury initiated by autoantibodies
to TBM. Thus, the pathogenesis of
these two diseases is different. The
specificity of these autoantibodies and
tissue injury indicate that unique target
antigens are in the GBM and TBM.

The serum transfer induces fatal
disease in the recipients and repro-
duces in the recipients all of the cellu-
lar manifestations present in the disease
of the donor. The transfer of cell-free
serum seems to exclude delayed-type
cellular hypersensitivity as a mecha-
nism for mononuclear cell participa-
tion. Hence, the serum transfer should

provide a useful, easy means for study-

ing a new and fatal mechanism of
tissue injury initiated by autoantibodies
to TBM and involving mononuclear
cells, and for studying humoral-cellular
interactions in vivo.

This new model of renal tubulo-

interstitial disease may be applicable to
the study in man and domestic animals
of tubulointerstitial disease which may
be superimposed on glomerular lesions
(14), renal homograft reactions (15),
and certain kinds of tubulointerstitial
diseases whose pathogenesis is presently
obscure.

RAYMOND W. STEBLAY

ULRICH RUDOFSKY

New York State Kidney Disease
Institute and Department of Pathology,
Albany Medical College,
Albany, New York 12208
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Radioreceptor Assay for Prolactin and

Other Lactogenic Hormones

Abstract. A radioreceptor assay with a sensitivity of 5 nanograms per milliliter
has been developed for mammalian and avian pituitary prolactin, placental lacto-
genic hormones, and human growth hormone, using a membrane receptor prepara-
tion isolated from rabbit mammary glands. Prolactin preparations inhibited the
binding of [1**I\prolactin to receptors in direct proportion to the biological potency
of these preparations. Thus, the radioreceptor assay provides a convenient and
simple assay for hormones which have lactogenic activity.

The currently available prolactin bio-
assays, namely, the pigeon crop sac
assay (/) and the in vitro rabbit and
mouse mammary gland assays (2),
while adequate, are difficult to per-
form, time-consuming, and costly. With
the demonstration that prolactin linked
to Sepharose is biologially active in
mouse mammary tissue in vitro (3)
and that ovine ['27I]prolactin is taken
up by rabbit mammary tissue in vitro
and in vivo (4), it appeared feasible to
develop a membrane receptor assay for
prolactin, as has been done for other
polypeptide hormones (5). Indeed, the
successful development of such an assay
by using membranes obtained from mid-
pregnant mouse mammary tissue has
been presented (6). The same group of

investigators subsequently reported that
their initial findings with regard to sen-
sitivity of their assay were not repro-
ducible (7). In view of the limited
amount and the heterogeneity of mam-
mary tissue which can be obtained from
a pregnant mouse, we turned our at-
tention to the midpregnant rabbit mam-
mary gland as a source of membrane
receptors. Previously we had demon-
strated that midpregnant rabbits in-
jected intramuscularly with ‘10 mg of
human placental lactogen and 5 mg of
hydrocortisone daily for 4 days ex-
hibited a remarkable development of
their mammary glands (8). An average
of 100 g of fresh mammary tissue can
readily be dissected from one rabbit
treated in this manner. Moreover, histo-
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logically the mammary tissue obtained
is homogeneous, being composed
almost exclusively of alveolar and duc-
tal elements which are distended with
milk (8).

Mammary tissue obtained from
primed rabbits was rinsed in ice-cold
0.3M sucrose solution and cut into
smaller fragments before being homog-
enized in 5§ volumes of sucrose solu-
tion. Homogenization was carried out
at 4°C for 5 minutes with a Virtis
homogenizer with the dial set at “medi-
um.” The homogenate was filtered
twice, first through four layers and
then through eight layers of cheesecloth.
The filtrate was centrifuged at 1500g
for 20 minutes at 4°C. The supernatant
was centrifuged at 15,000g for 20 min-
utes, and the pellet was discarded. The
supernatant was again centrifuged at
100,000g for 90 minutes to obtain the
total microsomal pellet which contains
most of the broken cell membranes. Of

the total prolactin-binding activity, 76
percent was recovered in this fraction.
The microsomal pellet was resuspended
in 0.025M tris-HCI buffer, pH 7.6, con-
taining 10 mM CaCl, or MgCl,, be-
cause these salts were found to promote
binding of prolactin. The volume of
buffer added was such that 0.1 ml of
the suspension contained 100 to 300 ug
of protein as determined by the Lowry
procedure (9). At this point the pro-
lactin-binding activity was stable at
—20°C for as long as 6 months. When
required for assay, the suspensions were
thawed and the particles were dispersed
with a glass homogenizer immediately
before use. Repetitive thawing and
freezing of the receptor suspensions re-
sulted in a decrease of prolactin binding.
Membrane suspensions from one rabbit
provide sufficient material for as many
as 1000 determinations.

Human ['?%I]prolactin (hPRL) was
prepared according to the method of

Thorell and Johansson (/0) with lacto-
peroxidase and hydrogen peroxide. The
specific activity of the labeled prolactin
was 60 to 80 uc/pug.

The assay procedure which was em-
ployed to demonstrate binding of [*231]-
hPRL to mammary gland membrane re-
ceptors is outlined in the legend to Fig.
1, left. Human prolactin as well as pro-
lactin of several other species, human
growth hormone, and human placental
lactogen inhibited the binding of ['2°I]-
hPRL to receptors. This finding is con-
sistent with the reports by Forsyth (/1)
and Frantz et al. (I2) that human
growth hormone and human placental
lactogen produce lactogenic responses
in the in vitro rabbit and mouse mam-
mary gland assays. Several other poly-
peptide hormones did not inhibit the
binding of [*25I]hPRL. The slight dis-
placement caused by the very high con-
centrations of human thyroid-stimulat-
ing hormone and human adrenocor-

Human FSH, LH, CG
Insulin

Rat, ovine & bovine GH

0 N e
Glucagon ~ e
Lactoperoxidase . ,}\

é 10 Cytochrome ¢
% Myoglobin
=. Chymotrypsinogen A
& 20 Ki Prolactin
fatur} e
‘s (20-28 1.U./mg)
= 30 /_Ovine prolactin
E . » A . . (6 1.U./mg)
§ 40 Polactin _,_—" ") . Ovine prolactin - ,
-g ) (20-28 1.U./mg) ~Z-Monkey prolactin (16 1.U./me) Ovine prolactin
0 501 (3 LU./mg)
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§ 60 (NIAMD-RP-1, 11 1.U./mg)
& :

70 S

\7‘&\}\ . \\
80 Py Ra
L e L — .
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Concentration of protein in incubation (ng/ml) Concentration of native hormone in incubation (ng/ml)
Fig. 1. (Left) Specificity of binding of [*IIhPRL to rabbit mammary receptors. One-tenth milliliter of membrane receptor suspen-
sion (containing 100 to 300 ug of protein) was incubated with [**IThPRL (10° count/min) in a final volume of 0.5 ml in a 12
by 75 mm plastic tube. The buffer employed for all dilutions and additions was 0.025M tris-HCI, pH 7.6, containing 10 mM
CaCl. and 0.1 percent (wt./vol.) bovine serum albumin. Native unlabeled hormone, when required, was added in 0.1 ml to give the
final concentrations indicated on the abscissa. Incubation was carried out at room temerature (25°C) for 90 minutes with manual
shaking every 15 minutes. At the end of the incubation period, 3 ml of ice-cold buffer was added and the contents of each tube
were filtered through a Millipore membrane (type EGWP 02500, pore size 0.2 um) under suction. The membrane was washed
twice with 5 ml of the same ice-cold buffer. The filtering procedure normally required less than 30 seconds. The filter mem-
brane was then counted in a plastic tube in a Packard Auto-Gamma spectrometer. An alternative method of separating bound
and free hormone was by centrifugation in an IEC PR-2 centrifuge at top speed (750g). Plasma membranes stored frozen in the
absence of sucrose or glycerol, but in the presence of CaCl., tend to form irreversible aggregates which sediment at relatively
low speed (20). At the end of the incubation period, the contents of each tube were diluted with 3 ml of ice-cold buffer and
immediately centrifuged for 30 minutes at 4°C. The supernatant was decanted and the mouth of the tube was blotted on ab-
sorbent papers. The tube was then counted in the same manner. Under these conditions, 15 to 20 percent of the [*I]hPRL was
bound, of which 80 percent could be displaced by a final concentration of 1 wg/ml of native prolactin (25 LU. mg). (Right)
Potency estimates of prolactin by radioreceptor assay, pigeon crop sac assay, and in vitro mouse mammary gland assay. Radio-
receptor assay procedures were the same as above. Vertical bars in the prolactin displacement curves indicate the range ob-
served when five different preparations of bovine and ovine prolactin with biological potencies from 20 to 25 1.U./mg by the pigeon
crop sac assay (21) and a human prolactin preparation having a potency of 28 1.U./mg by the in vitro mouse mammary gland
assay (I2) were asayed in the receptor assay. Monkey prolactin has a potency of 13 1.U./mg. Abbreviations: AGH, human growth
hormone; APL, human placental lactogen; hTSH, human thryoid-stimulating hormone. h4CTH, human adrenocorticotropic hormone;
FSH, follicle-stimulating hormone; LH, luteinizing hormone; CG, chorionic gonadotropin; GH, growth hormone.
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ticotropic hormone was due to a 2
to 3 percent contamination of these
preparations by human growth hormone
as shown by radioimmunoassay. Only
human growth hormone but not growth
hormones of other species competed for
the prolactin binding sites. This is also
consistent with the previous reports (12,
13) that bovine growth hormone has no
lactogenic activity. Identical specificity
of binding of prolactin was observed
when purified plasma membranes pre-
pared from the 1500g pellet according
to the procedure of Neville (/4) as mod-
ified by Meldolesi et al. (15) were used
in the assay in place of the 100,000g
material. When ovine and human pro-
lactin ranging from 3 to 28 international
units (I1.U.) per milligram by conven-
tional bioassays were tested by the re-
ceptor assay, an excellent correlation
was observed between the estimates of
potency obtained by the two assay
methods (Fig. 1, right).

Serial dilutions of crude pituitary ex-
tracts obtained from human, rat, mouse,
guinea pig, rabbit, and turkey inhibited
the binding of ['?"IThPRL in a manner
parallel to that of the hPRL standard,
whereas extracts of cod pituitaries, rat
cerebral hemispheres, and rat liver did
not exhibit this effect. The prolactin
receptor assay can detect concentrations
as low as 5 ng/ml in tissue extracts
and in crude or purified prolactin prepa-
rations.

When serum prolactin concentrations
are to be measured by the receptor as-
say, equivalent amounts of serum from
patients who have been surgically hy-
pophysectomized or serum from hy-
pophysectomized rats must be added to
the prolactin standards. Under this cir-
cumstance, the sensitivity of the assay is
20 ng/ml as compared to 5 ng/ml when
samples which contain no serum are as-
sayed. Serum prolactin concentrations
have been determined by radioimmuno-
assay and radioreceptor assay in a num-
ber of samples from individuals with
different clinical and pathological con-
ditions and after treatment with drugs
which increase or decrease prolactin
levels. An excellent correlation was ob-
tained between the estimates of pro-
lactin concentrations as determined by
radioimmunoassay and radioreceptor
assay in 60 samples (correlation coef-
ficient, » = .98). In all the samples as-
sayed, human growth hormone con-
centrations by radioimmunoassay were
below 5 ng/ml

During pregnancy, very high concen-
trations of a prolactin-like factor were
detected in rat serum (Fig. 2). This sub-
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stance may be identical to the placental
luteotropin identified in extracts of rat
placenta in 1938 by Astwood and Greep
(16) or the rat chorionic mammotropin
(rCM) reported by Averill et al. (I17).
Their finding was later confirmed by
Matthies (I8) with a crude bioassay
technique. These investigators suggested
that the serum and placental concentra-
tions of this lactogenic factor were
maximal around day 12 of gestation (/7,
18). With the receptor assay for lacto-
genic hormones, it has been possible to
accurately measure serum concentra-
tions of rCM throughout pregnancy.
The highest concentration of rCM oc-
curs on day 12, reaching a mean level
of 1584 = 632 ng/ml, and by day 14

5000

Parturition

l
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Hormone in serum (ng/ml)

e b { 'Y
o Py
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Fig. 2. Serum rCM and prolactin (rPRL)
concentrations throughout pregnancy in
rats. Blood samples of 1 ml each were
obtained by cardiac puncture from ani-
mals lightly anesthetized with ether. Blood
samples were allowed to clot overnight at
4°C and serum samples were obtained
after centrifugation. The rCM was deter-
mined by radioreceptor assay and values
are expressed as ovine prolactin (25 L.U./
mg) equivalents and as means (with vertical
bars indicating standard errors) of five
animals. The assay procedures were essen-
tially identical to that described in Fig. 1
except that 25 ul of unknown serum sam-
ple was used, and to the tubes containing
the standards, 25 ul of appropriate amounts
of hPRL and 25 ul of hypophysectomized
rat serum were added. The volume of dil-
uent was adjusted in each case to give a
final volume of 0.5 ml after the additions
of receptor suspension and tracer. Serum
concentrations of pituitary prolactin were
determined by double antibody radioim-
munoassay as outlined in the instructions
provided in the kit obtained from the Na-
tional Institute of Arthritis and Metabolic
Diseases.

has declined to 180 = 24 ng/ml, fol-
lowed by a secondary increase on days
17 to 21 to a mean level of 821 =276
ng/ml. Serial dilutions of serum samples
from either day-12 or day-18 pregnant
rats inhibited the binding of [125I]hPRL
in a manner parallel to that of the sim-
ilarly diluted hPRL standard to which
hypophysectomized rat serum has been
added. Twenty minutes after the ligation
of uterine vessels in ether-anesthetized
day-18 pregnant rats, serum rCM levels
were less than that which could be de-
tected by the assay, suggesting a very
rapid disappearance rate for rCM. Se-
rum concentrations of pituitary prolactin
determined by radioimmunoassay were
lower than 60 ng/ml throughout this
period. The radioreceptor assay, there-
fore, is useful not only for determining
the potency of prolactin preparations
and serum concentrations of prolactin
in many species but even more impor-
tantly it provides a convenient method
for the identification and accurate mea-
surement of other placental lactogenic
hormones which are secreted during
pregnancy (/7, 19).
R. P. C. SHiu

P. A. KeLLy, H. G. FRrRIESEN
Department of Experimental Medicine
and McGill University Clinic,
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Osmotic Opening of the Blood-Brain Barrier in the

Monkey without Associated Neurological Deficits

Abstract. Hypertonic urea or lactamide solutions osmotically open the blood-
brain barrier in the monkey without producing gross neurological deficits if the
blood supply to the brain is not compromised. The brain is perfused via the left
lingual artery when the external and common carotid arteries are clamped tem-
porarily. Hypertonic perfusion, which opens the barrier by opening tight junctions
between cerebrovascular endothelial cells, can thus be used to study barrier func-

tion and brain pharmacology.

In a previous demonstration that the

blood-brain barrier (BBB) could be
opened in the monkey by internal
carotid perfusion of hypertonic urea
solution, it was noted that neuronal
damage often occurred (I). Hyper-
tonic perfusion reversibly opens tight
junctions between cerebrovascular en-
dothelial cells, probably by shrinking
the cells osmotically (2—4), and would
be useful for studying barrier function
and brain pharmacology if unaccom-
panied by neuronal damage.

The perfusion method in the mon-
key, which included permanent liga-
tion of the common carotid artery and
was associated with transient hypo-
tension (I, 5), may have predisposed
the homolateral brain to ischemic dam-
age (6). To test this, we altered the
method so as not to ligate the common
carotid artery nor to compromise per-
manently cerebral blood flow (4, 7).

Twenty-one monkeys (Macaca mu-
latta) weighing 2.5 to 3.5 kg were
anesthetized and given intravenous
Evans blue tracer (/). Filtered 2M
buffered urea (1), pH 7.4 (Ureaphil,
Abbott), 2M pr-lactamide (2), pH 5.0
(Sigma), or 0.9 percent NaCl was
perfused into the left lingual artery for
20 seconds at a fixed rate between 0.74
and 0.86 ml/sec. The left external and
common carotid arteries were clamped
temporarily during perfusion, so that
the perfusate went into the internal
carotid and then into the left hemi-
sphere of the brain (4). The animal was
ventilated artificially if transient apnea
appeared.
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The monkey was permitted to re-
cover and was examined for changes
in gross motor function or behavior.
It was killed 5 to 10 days later to
determine the extent of Evans blue
staining of the perfused brain (evi-
dence of BBB opening) and for brain
histology.

Table 1 summarizes the observations
and compares them with experiments
in which 2M urea was perfused for
30 seconds into the internal carotid
when the common carotid was per-
manently ligated (I). With permanent
ligation, urea opened the BBB in 9 of

.12 animals, usually in the distribution

of the left middle cerebral artery,
but only 2 of 9 were neurologically
normal.

Table 1. Effect of perfusion with hypertonic
solutions on the blood-brain barrier with and
without permanent ligation of the common
carotid artery.

Staining
(No. of animals)
Left
I(:rlgl‘js‘;t; Solution hemi-
None  Sphere
To- Nor-
tal mal*
Common carotid ligatedt
0.4 -1.7 2M urea 3 9 2
0.9% NaCl 5 1 0
Common carotid temporarily clamped
0.76-0.86  2M urea ) 2 6 6
2M lactamide 1 6 5
0.9% NaCl 5 1 1

* Normal neurologically. 1 Observations from
Rapoport, Bachman, and Thompson ).

With lingual perfusion and tempo-
rary carotid clamping, however, the
barrier was opened by both urea and
lactamide without associated right-
sided weakness or gross behavioral
changes in 11 of 12 animals. Both urea
and lactamide produced diffuse and
even brain staining, but isotonic saline
did not. Urea-perfused brains often
had superimposed darkly stained re-
gions, perhaps due to opening of large
intracerebral vessels as well as of capil-
laries (3). Frozen histological sections
stained with cresyl violet showed no
evidence of brain necrosis in the nor-
mal monkeys.

Electroencephalograms (EEG) taken
1 day after urea perfusion showed de-
creased amplitude on the left side in
4 of 6 animals with BBB opening. At
the time the animals were killed, EEG
records did not differ from controls
prior to perfusion for normal animals
perfused with urea, lactamide, or iso-
tonic saline. As was noted previously,
the anterior and posterior chambers of
the left eye were stained by Evans blue
after hypertonic perfusion (I, 8).

Osmotic opening of the BBB there-
fore can be produced without gross
neurological injury if the vascular sup-
ply to the perfused brain is not com-
promised permanently and if adequate
ventilation is maintained. This method
can be considered now for a more de-
tailed study of brain and barrier func-
tion (9).

STANLEY I. RAPOPORT

HArrY K. THOMPSON
Laboratory of Neurophysiology,
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Bethesda, Maryland 20014
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