caused by chemical carcinogens in pros-
tatic and tracheal epithelium (/6). Wheth-
er retinoids can directly modify the de-
~ velopment of preneoplastic lesions in
bladder epithelium in vivo is not known;
nor is it known whether 13-cis-retinoic
acid has an effect on endocrine or im-
mune mechanisms that might modulate
bladder carcinogenesis. However, the re-
cent development of an organ culture
system in which both normal and carcin-
ogen-treated bladder epithelium can be
maintained in vitro (I7) should further
our understanding of the mechanism or
mechanisms whereby  13-cis-retinoic
acid inhibits bladder carcinogenesis.
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Liposome-Cell Interaction: Transfer and Intracellular Release

of a Trapped Fluorescent Marker

Abstract. When small, unilamellar lipid vesicles containing a high concentration
of the fluorescent dye 6-carboxyfluorescein are incubated with either frog retinas or
human lymphocytes, fluorescence distributes widely throughout each cell. Since
“self-quenching”’ largely prevents the dye from fluorescing as long as it remains se-
questered in vesicles, it is clear that a considerable amount of dye is released from
the vesicles and diluted into the much larger volume of the cell.

In recent years liposomes have been
considered as vehicles for introducing
membrane-impermeant substances into
cells, either by membrane fusion or by
phagocytosis. The list of substances
whose injection has been attempted in-
cludes antitumor drugs (I, 2), chelating
agents (3), enzymes ), hormones (5),
cyclic nucleotides (6), and polynucleo-
tides (7). Some of these studies have
been done with cell suspensions or with
tissue cultures, others with isolated tis-
sues or whole animals, including human
subjects (2). However, basic uncer-
tainties remain about the mechanisms of
interaction between liposomes and cells,
in particular about the intracellular fate
of incorporated material (8, 9). In one
study cyclic adenosine monophosphate
trapped in small, unilamellar liposomes
(vesicles) was reported to slow the
growth of tissue culture cells (6). Some
nucleotide was evidently released into
the cytoplasmic space, but its distribu-
tion there was not determined directly,
and the amount remaining sequestered in
cell-associated vesicles could not be as-
certained. Clearly a rapid and simple
method is needed to determine the distri-
bution in cells of substances whose in-
jection from vesicles is being attempted.
We now report results of a sensitive fluo-
rescence technique that distinguishes be-
tween material still remaining in vesicles
and that released intracellularly. The in-
tracellular distribution of released materi-
al is determined by conventional fluores-
cence microscopy.

Small vesicles containing the water-
soluble fluorophore 6-carboxyfluores-
cein (6-CF) were prepared either by soni-
cation of a phospholipid suspension (/0)
or by injection of an ethanolic solution of
lipid into an aqueous solution (/7). The
two approaches gave qualitatively simi-
lar results in studies of incorporation by
cells. In the most frequently used proto-
col 25 mg of either dioleoyl (DOL) or di-
palmitoyl (DPL) lecithin (Applied Sci-
ence) was hydrated with 4 ml of a 200
mM aqueous solution (pH 7.4) of recrys-
tallized 6-CF (Eastman). The suspension
was mixed by vortexing for several min-
utes, then sonicated for approximately

ten times the period required for optical
clarification (I2). Free 6-CF was re-
moved by passing the sonicate through a
short column (9 by 200 mm) of Sephadex
G-25 at 5°C, with 135 mM NacCl (buffered
to pH 7.4 with 10 mM Hepes) as eluant.
Vesicles emerged in the void volume,
whereas free dye was retarded by the
gel. Lipid purity was assessed by thin-
layer chromatography and gas-liquid
chromatography (/3). Quasi-elastic laser
light scattering on DOL vesicles (14)
showed more than 95 percent of the lipid
in the vesicle suspension to be in the
form of particles 250 to 350 A in diameter
(presumably unilamellar vesicles), and
calculations based on the ratio of phos-
pholipid to 6-CF gave an average value
of about 250 A for the vesicle diameter
(15), assuming that the vesicles did in-
deed contain dye at the original 200
mM concentration. 6-Carboxyfluorescein
closely resembles fluorescein itself in
spectral properties (excitation maxi-
mum, 490 nm; emission maximum, 520
nm) but was chosen for these studies be-
cause it is more polar than fluorescein
and leaks out of vesicles more slowly
16).

A vital phenomenon for our purposes
is the ‘‘self-quenching’’ commonly seen
with fluorescent systems. In dilute solu-
tions of 6-CF the fluorescence is propor-
tional to the number of dye molecules
present, but as concentrations are raised
above about 10 mM the yield per mole-
cule drops off rapidly because of inter-
action between fluorophore molecules.
Thus, a suspension of vesicles con-
taining 200 mM 6-CF fluoresces only
slightly, but the fluorescence increases
more than 30-fold when dye is released
(for example, by detergent) and diluted
into the entire solution volume. Self-
quenching thus allows material remain-
ing in vesicles to be distinguished from
that released and diluted into the much
larger volume of a cell. To appreciate the
magnitude of the dilution factor, consid-
er that the internal volume of a
vesicle 300 A in diameter is about 4 X
1078 cm? and that of a lymphocyte is
about 2 X 107 cm?® (I7). Release into a
lymphocyte of the contents of one ves-
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Fig. 1. Fluorescence of whole living frog retinas (A) after incube ion for 3 hours at 25°C with
DPL and DOL vesicles containing 100 mM 6-CF. The control r« ina, showing little fluores-
cence, was incubated with 10 uM free 6-CF in the presence of . mpty vesicles. Rod outer
segments isolated from the retina incubated with DPL vesicles (B) showed considerable evenly
distributed fluorescence when viewed in an image intensifier. Rod outer segments from the
control retina (C) were almost nonfluorescent. The incubation solutions contained a total of

about 60 uM vesicle 6-CF.
A C
5 um

Fig. 2. Fluorescence micrographs of human peripheral blood lymphocytes incubated for 30
minutes with DPL vesicles containing 200 mM 6-CF at 25°C (A) and at 37°C (B). The incubation
media contained 8.4 uM vesicle 6-CF and 5 x 10® cells in 1 ml. Very little intracellular
fluorescence appeared in a control incubation at 37°C (C) with 5 uM 6-CF in the absence of
vesicles.

icle containing 200 mM 6-CF would
yield an average intracellular concentra-
tion of 4 nM.

Figure 1A shows live frog retinas (I8)
incubated with vesicles or free 6-CF for 3
hours, then washed extensively. The reti-
nas incubated with DPL or DOL vesicles
became highly fluorescent, all cells in the
tissue taking up dye. In contrast, there
was very little uptake from a control solu-
tion containing empty vesicles and free
6-CF (at a concentration greater than
that which leaked out of the vesicles dur-
ing the other incubations). Rod outer seg-
ments isolated from such retinas by shak-
ing looked evenly fluorescent throughout
their volumes (Fig. 1B) after incubation
with vesicles containing 6-CF.

Fluorescence microscopy of lympho-
cytes (/9) incubated with 6-CF vesicles
(Fig. 2, A and B) showed a generalized
distribution of dye fluorescence, almost
certainly indicating release into the cy-
toplasmic space. Some cells also showed
localized accumulations, and there were
moderate differences in fluorescence in-
tensity from cell to cell within a popu-
lation. Mouse peritoneal macrophages
took up dye much more unevenly than
did lymphocytes, with numerous in-
tensely fluorescent local accretions that
may have represented phagocytic vacu-
oles or lysosomes.

We examined the vesicle-treated lym-
phocytes in a fluorescence-activated cell
sorter (FACS). In the FACS (Becton-
Dickinson) cells are passed in a rapidly
flowing stream through a laser beam, and
the amount of fluorescence (or light scat-
tering) associated with each individual
cell registers in a pulse-height analyzer.

8 r] . 25 5
3 min. ,7; P
— = s @
P " 3
= 61 33 2 d _
-~ a ~
o 55 33
3 2 ¢
_g_ 4 6o 2 2
0 -
£ 65 s . g
[V -§ 5 1
° 98 8
g 21 129 z
z /'/W o % 7~ =~ w0 — —0°
,N'V/b B Time (minutes)
‘/J Fig. 3. Kinetics of fluorescence increase in human peripheral blood
o= . . ; v - lymphocytes during incubation at 25°C with DPL vesicles containing
0 5 10 15 20 25 200 mM 6-CF. Histograms of cell fluorescence (A) obtained from the
A Molecules of 6-CF per lymphocyte (x1074) FACS showed linear increase of mean fluorescence (B) at a rate of

1800 * 20 (standard error) molecules of 6-CF per cell per minute.
The effective intracellular pH was taken to be 6.8 (22). The incubation medium contained 530 uM vesicle lipid, 26 uM vesicle 6-CF, and 4 x 108
cells in 1 ml. Spontaneous leakage of 6-CF from vesicles during the incubations (determined from fluorescence measurements before and after

addition of Triton) amounted to less than 10 percent of the total trapped dye.
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The result is a histogram giving the distri-
bution of total fluorescence of individual
cells within the lymphocyte population
(20). Lymphocytes examined in the
FACS after various times of incubation
with 6-CF vesicles at 23°C showed a lin-
ear increase in average fluorescence up
to at least 2 hours of incubation time
(Fig. 3). The fluorescence after 2 hours
corresponded to a mean intracellular con-
centration of 1.8 uM, that is, to the total
release of 6-CF from about 440 vesicles
per cell. Neither trypan-blue staining nor
the light-scattering profile seen with the
FACS showed any effect of vesicles on
cell viability. Fluorescence yields corre-
sponding to more than 3000 vesicles per
cell have since been obtained with higher
concentrations of DOL vesicles at 37°C.
When sodium azide (an inhibitor of respi-
ration), 2-deoxyglucose (an inhibitor of
glycolysis), or both in combination were
added to the incubation medium with
DOL vesicles, incorporation of 6-CF
was reduced by only 15 to 25 percent
21). This observation indicates that
most of the 6-CF uptake was passive,
probably by fusion of vesicles with the
plasma membrane.

When we added Triton X-100 deter-
gent to the vesicle-incubated lymphocyte
suspensions (to a final concentration of
0.1 percent), 6-CF was quickly and quan-
titatively released from both cells and
vesicles. Triton increased the fluores-
cence by about 50 percent in the case of
cells treated with DOL vesicles and sev-
eral hundred percent in the case of cells
treated with DPL vesicles (22). Even af-
ter four or five careful washings, the lym-
phocytes incubated with DPL vesicles
continued to shed significant amounts of
Triton-releasable fluorophore (that is,
vesicles) into the medium, suggesting
that such vesicles do in fact bind to the
cell membranes (23). We know, how-
ever, that most of the fluorescence ob-
served with the FACS was not due to the
small residual fluorescence yield of self-
quenched 6-CF remaining in vesicles on
or within the cell; if it had been, Triton
treatment would have resulted in a much
larger increase than actually observed
and the cells would have shown fluores-
cent rims on microscopy (24).

Fluorescent solutes offer several ad-
vantages in the study of liposome-cell in-
teraction: (i) the morphology of incorpo-
ration can be observed (at the light micro-
scopic level of resolution); (ii) release of
material within the cell can be distin-
guished from contamination with intact
vesicles; (iii) the fluorescence-activated
cell sorter can be used to determine pop-
ulation statistics of the process and to
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separate cells on the basis of their re-
sponse or their state of health; and (iv)
the integrity of the vesicle preparation
can be monitored continuously during
handling simply by observing the fluores-
cence of the suspension. This approach
differs substantially from most radio-
active tracer methods in that the fluores-
cent probe is sensitive to environment
and to chemical transformation—either
an advantage or a disadvantage, depend-
ing on the specific issue to be explored.
In the present study sensitivity to other
nearby 6-CF molecules is a major advan-
tage. The use of 6-CF to monitor transfer
of calcium buffers from vesicles to reti-
nal rods is described in a separate report
@5).
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Hyperosmolality in Intraluminal Fluids from Hamster

Testis and Epididymis: A Micropuncture Study

Abstract. Intraluminal fluids from the hamster seminiferous tubules, rete testis,
and caput, corpus, and cauda epididymidis were obtained in vivo by micropuncture.
Rete testis fluid is isosmolar with serum. Fluids from the seminiferous tubules and all

sites in the epididymis are hyperosmolar.

Spermatozoa are neither motile nor
fertile immediately after their release
from the germinal epithelium. By the
time they reach the cauda epididymidis,
they have acquired the capacity for fertil-
ity and motility. Studies of sperm held by
ligation in the proximal epididymis (/, 2)
have shown that this maturation is not
the result of aging alone, but is partially
dependent on exposure to the epididy-
mal milieu. It seems likely that matura-
tion has some correlation with the pro-
gressive changes that occur in the ionic
and organic constituents of the tubule
fluids along the length of the excurrent
ducts (3). However, knowledge of the
composition of these fluids is limited.
One basic factor which has received only
minimal attention is their osmolality.

For osmolality studies in the boar @),
ram (5, 6), and hamster (6), testes and
epididymides were obtained at slaughter,
and the contents squeezed out from cut
tubules. The development of a technique
for cannulation of the rete testis of the
conscious ram (7) marked the first time
that fluid had been collected from the
male reproductive tract in vivo. Later,
micropuncture techniques made it pos-
sible to obtainfluid directly from the sem-
iniferous tubules and proximal ductus
epididymidis in vivo (8, 9). Here we re-
port the results of the determination of
osmolality in fluids obtained by micro-
puncture from the seminiferous tubules,
rete testis, and five regions of the epidid-
ymis of the golden hamster, Mesocri-
cetus auratus.

Adult male golden hamsters (100 to
170 g; Lakeview Hamster Colony) were
anesthetized and prepared for micro-
puncture as described previously (10,
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11). Samples of rete testis fluid were col-
lected 2 to 3 hours after ligation of the ef-
ferent ducts. All samples were sand-
wiched between columns of water-equili-
brated mineral oil in the collection
pipettes to prevent evaporation, and
were centrifuged at 13,460g for 15 min-
utes to separate the spermatozoa. Blood
was collected from each animal by car-
diac puncture at the end of the experi-
ment.

Osmolality was determined on dupli-
cate portions of each sample by measur-
ing freezing-point depression with a na-
noliter osmometer (Clifton Technical
Physics). A special sample holder was
constructed for the osmometer with
sample wells that extend below the sur-
face of the cooling module; the wells
were thus in line with the cooling waves
generated by the stage. To ensure proper
thermal maintenance of all samples, a
compound (Dow Corning 340 silicone)
that would retard heat transfer was used
as an interface between the sample hold-
er and the cooling module. By means of a
vertical transfer apparatus (Bunton In-
strument) and constriction pipettes with
60 wm tips, 5- to 7-nl volumes were trans-
ferred to the osmometer from the sam-
ples, which were either sandwiched be-
tween columns of oil in the collection pi-
pettes or deposited under oil in glass
sample dishes. A standard curve was run
with each group of three samples. Sam-
ples were either analyzed on the day of
the experiment or stored under oil at
—20°C and analyzed within 3 days. Stor-
age for 1 to 3 days did not alter the os-
molality.

The osmolalities in the seminiferous tu-
bules (384.1 milliosmoles per kilogram)

and all regions of the epididymis studied
were significantly higher (P < .01) than
the serum osmolality (Fig. 1). Rete testis
fluid osmolality was not different from se-
rum (P < .05). The osmolality decreased
progressively down the length of the duc-
tus epididymidis from 417.0 and 408.4
mosmole/kg in the caput and corpus, re-
spectively, to 358.5 mosmole/kg in the
proximal cauda (P < .01), then to 339.7
and 331.6 mosmole/kg in the distal cauda
and epididymal vas, respectively (P <
.05).

To determine whether the hyper-
osmolality of our samples was due to en-
zymatic degradation of the constituents
of the fluids after they were collected,
several proximal cauda samples were
centrifuged in a cold room immediately
after collection and held on ice until their
transfer to the osmometer. The analysis
was completed within 3 hours after col-
lection. No significant difference was ob-
served between the value (* standard er-
ror) of 340.4 = 9.0 mosmole/kg (n = 7)
for the cold samples and the original val-
ue of 358.5 = 7.4 mosmole/kg (n = 21)
for samples centrifuged and held at room
temperature.

Additional experiments were per-
formed to determine whether the sam-
ples were losing water into the surround-
ing oil. A small volume of tritiated water
was injected into a segment of the ductus
epididymidis in the caput and cauda.
Then, a sample was withdrawn from the
same location by micropuncture, centri-
fuged, and either left in the collection pi-
pette or deposited under oil in a sample
dish. In both cases, duplicate portions of
the tubule fluid and of the oil near the
fluid-oil interface were transferred to
glass vials for liquid scintillation count-
ing. No significant difference from back-
ground was ever observed for any of the
oil samples, while there were as many as
20,000 count/min in a comparable por-
tion of tubule fluid.

Hyperosmolality in the fluids of the
male reproductive tract has been men-
tioned but not emphasized or statistically
documented in previous literature. Sev-
eral investigators reported that the fluids
they collected from the testis and epi-
didymis of large slaughtered animals were
hyperosmolar, although the samples may
have been contaminated or have under-
gone postmortem changes. Salisbury and
Cragle (12) found that the osmolalities in
the testis and cauda epididymidis of the
bull tended to be higher than those in
both blood and semen. Similarly, Scott
et al. (5) reported that the osmolalities in
the testis, caput and cauda epididymidis,
and vas deferens of the ram were hyper-
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