they were Kkilled. At this time, they
weighed between 20 and 25 g. The mice
were given a diet consisting of Purina
laboratory chow and unlimited amounts
of tap water. Both the food and water
sources, the only sources of hydrogen,
were characterized isotopically. Liver
and muscle tissues from individual ani-
mals were dissected, frozen, dried, and
analyzed.

A single species of snails and four spe-
cies of algae were collected from three
different tidal pools in Boothbay Harbor,
Maine, by Drs. Wendy Harrison and
Richard Wendlandt. The tidal pools were
located at midtide level in a small harbor
approximately 100 to 150 m from each
other. The algal species were Chondrus
crispus (Rhodophycophyta), Fucus ve-
siculosus (Phaeophycophyta), Ulva lac-
tuca (Chlorophycophyta), and Entero-
morpha clathrata (Chlorophycophyta).
These algae were the dominant forms at
this tidal level. The snails were of the
species Littorina obtusata (5) and were
collected attached to Fucus or browsing
on the rocks beneath this algal species.
Water samples were also collected from
these pools and the Atlantic Ocean. The
snails and the algae were kept frozen at
—70°C for 2 months. The snail tissue was
then separated from the shell. After
freeze-drying, the samples were placed
in a vacuum oven at 60°C over P,Os.

Six to ten milligrams of the dried
sample were combusted in a platinum
boat at 750°C in an atmosphere of oxy-
gen. The water from the combustion was
trapped with liquid nitrogen, converted
to H,, and analyzed with an isotope-ratio
mass spectrometer (Nuclide Corporation
model RMS-3-60) (4). The results are re-
ported in terms of 8D (per mil), which is
defined as

(D/H)sample _
(D/H)slandard

The hydrogen isotope standard was stan-
dard mean ocean water. This system for
measuring hydrogen isotopes is routinely
used on a variety of organic matter and
typically yields results from triplicate
analyses of these samples with a stan-
dard deviation of =+ 5 per mil.

The hydrogen isotopic content of labo-
ratory-reared mice (Fig. 1) is dependent
on the isotopic content of their food
source. The 8D of mouse feces is related
directly to that of the laboratory chow;
the 8D of urine is related to that of the
available water. The small variation in
8D among individuals, either mice or
snails, corresponds with a similar varia-
tion in the 8D of the food source and in-
dicates that individual animals regulate

oD = 1108

1538

hydrogen metabolism to a similar extent
as the whole population.

The results of the hydrogen isotope
analyses for ten samples of L. obtusata
and ten samples of algae of four different
species are given in Fig. 1 and Table 1.
The average 8D for the snails from sites
1, 2, and 3 are the same, as indication
that they have the same diet. Further-
more, 80 percent of the individual 6D
values are within = 5 of the average. Of
the four species of algae, only for F. ve-
siculosus does the 8D show any obvious
relation to the 8D of the snails. The 8D of
Fucus ranges from —102 to —116, or an
average of —111, which compares with
the 8D of —111 for the snails at the three
sites.

A combination of Chondrus (8D =
—=92) and Ulva (6D = —173) in the
snails’ diet could account for the 6D of
the snails. Littorina obtusata, however,
has been observed in nature and also in
controlled laboratory experiments. Not
only do these snails live and breed on
Fucus, but they also consume Fucus as
the primary dietary source (6).

The 8D of the food source, not the wa-
ter, determines for the most part the D
of the organically bonded hydrogen in
animals. This observation is supported
by the fact that the 8D of the snails and
their food source (Fucus) are similar in a

natural setting, even though the ambient
water is more enriched in deuterium than
the water in the laboratory study (7). Al-
though there is greater variation in the
8D of the diet and of the animal tissue
than is seen in 8*C measurements, the
relationship that ‘‘you are what you eat”’
applies to hydrogen isotopes. In these
simple cases, the conclusion from hydro-
gen isotope measurements is in agree-
ment with direct observation.
MARILYN F. ESTEP

HALINA DABROWSKI
Geophysical Laboratory,
Carnegie Institution of Washington,
Washington, D.C. 20008
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Cell Lineage Analysis by Intracellular Injection of

Fluorescent Tracers

Abstract. Cell lineages during development of the leech are revealed by injection
of a fluorescent peptide, rhodamine-p-peptide, into identified embryonic cells. Use of
this peptide together with a nuclear stain showed a stereotypic cleavage pattern of
stem cells and their progeny. Combined injection of rhodamine-p-peptide and pro-
nase demonstrated the arrest of stem cell production in the pronase-injected telo-

blast.

We reported previously that injection
of horseradish peroxidase (HRP) as a
tracer enzyme into identified cells of
early embryos makes possible the deter-
mination of cell lineages during embry-
onic development (/, 2). However, be-
cause the histochemical HRP reaction
product is opaque, this method is unsuit-
able for experiments in which the mitotic
state of tracer-labeled cells is to be ex-
amined in whole mount with nuclear
staining. In addition, this method cannot
be used to test the effectiveness of intra-
cellular pronase injection as a means of
ablating embryonic cells (3) because HRP
is sensitive to proteolytic digestion. Flu-
orescent dye tracers would overcome
both these limitations, but such small

0036-8075/80/0926-1538%00.50/0 Copyright © 1980 AAAS

molecules (molecular weight on the or-
der of 500) cannot be used directly as cell
lineage tracers because upon injection
they diffuse throughout the entire em-
bryo (/), presumably via intercellular
gap junctions (4). A fluorescent dye
could be confined to the injected cell and
its lineal descendants if attached to a
larger carrier molecule, since it has been
reported that the molecular weight limit
for the permeation of insect salivary
gland gap junctions by oligopeptide-fluo-
rescent dye complexes is between 1200
and 1900 ¢). To be suitable for cell lin-
eage tracing, the carrier molecule should
be of an appropriate size, have chemical
sites to which the dye can be coupled, be
reactive with histological fixatives, and
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resist the action of proteolytic enzymes.
We found that the dodecapeptide (Glu-
Ala),-Lys-Ala-(Glu-Ala),-Lys-Gly  (5),
which has a molecular weight of about
1200 and is composed of amino acids in
the unnatural D-configuration, meets
these requirements. We synthesized this
peptide by the Merrifield solid phase
method (6). The synthetic peptide was
coupled to rhodamine isothiocyanate,
and the product, rhodamine-p-peptide
(RDP), was isolated by column chroma-
tography and lyophilized (7). In a similar
manner, a fluorescein derivative of the
peptide (FDP) was prepared.

The utility of RDP as a cell lineage
tracer was demonstrated in experiments
with embryos of the glossiphoniid leech
Helobdella triserialis, whose initial de-
velopment has been divided into eight
stages (2). Beginning with the uncleaved
egg (stage 1), the Helobdella embryo un-
dergoes a series of stereotyped cleavages
that result (by stage 6¢) in one bilateral
pair of mesodermal precursor cells, the
M teloblasts, and four bilateral pairs of
ectodermal precursor cells, the N, O, P,
and Q teloblasts (Fig. la). Individual
teloblasts can be identified by their size
and position within the embyro. Each
teloblast undergoes a series of unequal
cleavages to produce a column, or band-
let, of smaller stem cells (designated by
the lower case letter corresponding to
the parent teloblast). The five stem cell
bandlets on each side join to form a pair
of germinal bands (early in stage 7).
Within each germinal band the ecto-
dermal bandlets lie superficially, with the
n bandlet most lateral and the g bandlet
most medial; the mesodermal, or m
bandlet, lies underneath. Right and left
germinal bands meet at the future head
(early in stage 8) (Fig. 1b) and then coa-
lesce, zipper-like, along the future ven-
tral midline to form the germinal plate.
As a result of this coalescence (which is
complete at the end of stage 8), the n
bandlets become most medial and the q
bandlets most lateral in the germinal
plate. Segmental structures, such as the
ventral nerve cord ganglia, arise by pro-
liferation of germinal plate cells. This de-
velopment of the segmental structures
occurs in a rostro-caudal sequence, so
that the more anterior the position of a
segment in the germinal band or germinal
plate, the further its development has
progressed.

In order to study the cell cleavage pat-
tern within the germinal bandlets, a telo-
blast (or teloblast precursor) was inject-
ed with RDP. After formation of the ger-
minal bands was under way (that is, at
stage 7 or 8), the embryo was fixed and

26 SEPTEMBER 1980

treated with the blue-fluorescing, DNA-
specific stain Hoechst 33258 (8). The
blue fluorescence of the nuclei and the
red fluorescence of the RDP-labeled
cytoplasm were then viewed separately
through appropriate filters. By focusing
through the cleared embryo, we could
trace the red-fluorescing bandlet from its
point of origin at the teloblast to its final
position in the germinal band. Figure 2a
shows an embryo whose left N teloblast
had been injected with RDP at stage 6a.
The embryo was fixed and stained with
Hoechst 33258 at early stage 8. The nu-
merous blue dots visible in this photo-
graph represent nuclei of diverse embry-
onic cells, but the nuclei belonging to the
n bandlet can be distinguished because
they lie within red (that is, RDP-labeled)
N teloblast progeny. Closer inspection of
bandlet nuclei showed that they are of
two types: interphase nuclei with diffuse
fluorescence and mitotic nuclei with
brightly fluorescent, condensed chromo-
somes (8) (Fig. 2b). The alignment of
condensed chromosomes on the meta-
phase plate indicates the orientation of

Vitelline

Germinal
b plate

Micromere .
Germinal
band

Stem cell
bandlet

Fig. 1. Schematic representation of two early
developmental stages of the leech Helobdella
triserialis . (a) Stage 6¢. Stereotyped cleavages
have resulted in the formation of three large
blastomeres A, B, and C; five pairs of telo-
blasts, M/ and Mr, N/ and Nr, O/ and Or, P/
and Pr, and Q/ and Qr; as well as a group of
small cells, the micromeres. (b) Early stage 8.
Each teloblast has formed a stem cell bandlet.
The five bandlets on each side have joined to
form the left and right germinal bands. The
germinal bands have grown over the surface
of the three large blastomeres, joined at the
future head, and begun rostro-caudal coales-
cence along the ventral midline. Proliferation
of micromeres has given rise to the micromere
cap. The diameter of the embryo is about 500
pm.

the spindle axis of cell division. Upon
examination of 26 stage 7 embryos in
which an N teloblast had been injected
with RDP at stage 6, we found no mitotic
n stem cells at a separation of less than
20 stem cells from the parent teloblast.
(At that point the bandlet cells are al-
ready within the germinal band.) The
spindle axes of all observed early n stem
cell divisions were nearly parallel to the
long axis of the bandlet (Fig. 2b). After
that first division, therefore, the bandlet
still remains one cell wide. Figure 2c
shows a similarly treated embryo whose
M teloblasts had been labeled with RDP
by injecting their precursor, cell DM, at
stage 4b. In this figure, progeny of m
bandlet stem cell mitoses are visible at a
distance of about ten cells from the M
teloblast, before that bandlet had joined
the ectodermal n, o, p, and q bandlets in
the germinal band. The spindle axis of
the initial stem cell division in the m
bandlet is perpendicular to the long axis
of the bandlet, so that the m bandlet
becomes two cells wide after the first
stem cell division. Similar observations
were made in 17 RDP-labeled m band-
lets. Thus, combined use of RDP and
Hoechst 33258 reveals that the mesoder-
mal m stem cells differ from the ecto-
dermal n stem cells in both the timing
and the orientation of their first cleav-
age—whereas the n stem cells cleave only
after entering the germinal band, with
spindle axes parallel to the long axis of
the bandlet, the m stem cells cleave prior
to entering the germinal band, with
spindle axes perpendicular to the long
axis of the bandlet.

Figure 2d presents an embryo in which
the left M teloblast had been injected
with RDP at stage 5. In the most rostral
sector of the labeled (left) germinal band,
segmentation of the mesodermal tissue
can be observed, even before its fusion
with the right germinal band. Stem cells
of the left m bandlet labeled with RDP
have given rise to clusters of RDP-la-
beled progeny. The arrangement of the
progeny is similar in adjacent clusters
(see Fig. 2e). This similarity suggests
that the early development of the meso-
derm of each body segment proceeds, as
does teloblast formation, by stereotyped
cell divisions.

Injection of RDP has also been used in
conjunction with cell ablation by pronase
injection (9) in Helobdella embryos. As
was shown by the HRP tracer method,
a topographically coherent fraction of
the neurons on one side of each seg-
mental ganglion is derived from the ip-
silateral N teloblast (/, 2). Furthermore,
injecting pronase into an N teloblast pri-
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or to completion of its stem cell produc-
tion results in abnormal development of
the ipsilateral half of the segmental gan-
glia (3). The teloblast may be killed out-
right by pronase injection, with complete
arrest of stem cell production; but it is

also possible that the teloblast is merely
damaged and continues to produce stem
cells in an abnormal manner. In order to
ascertain whether the morphological ab-
normalities following pronase injection
are due to a disturbance of stem cell pro-

duction or to its complete arrest, it is
necessary to identify the progeny, if any,
of the injected teloblast. Horseradish
peroxidase cannot be used for this pur-
pose because it is sensitive to proteolytic
digestion. Therefore, the following ex-

Fig. 2. Photomicrographs of Helobdella em-
bryos injected with RDP and stained with
Hoechst 33258. (a) Early stage 8 embryo (see
Fig. 1b) whose cell N/ had been injected with
RDP at stage 6a. The red n bandlet extends
caudally from its origin at the N teloblast (left)
to its point of entry into the left germinal band
(bottom), then rostrally along the lateral edge
of the germinal band to the future head (top
right). The numerous blue dots are nuclei of
cells of the germinal bands and micromere cap.
(b) Enlarged view of the n bandlet of an em-
bryo treated in the same way as the one shown
in (a). In the middle of this picture is a telo-
phase cell with the axis of division parallel to
the longitudinal axis of the bandlet. Above and
below the dividing cell, interphase nuclei are
visible. (c) Early stage 8 embryo whose M telo-
blast precursor, cell DM, had been injected
with RDP at stage 4b. The left m bandlet ex-
tends from the left M teloblast (out of focus at
bottom center) to the point of origin of the
germinal band (in focus at top center). Part of
the right m bandlet can be seen in the upper
right-hand portion. Interphase nuclei are visi-
ble as pale dots within the m bandlet. The
arrow points to the daughter cells of an m
stem cell cleavage that took place prior to the
entry of the bandlet into the germinal band.
The position of the daughter cell nuclei indi-
cates that the axis of division was perpendicu-
lar to the longitudinal axis of the bandlet.
Rows of nuclei of unlabeled ectodermal band-
lets converge at the point of origin of the
germinal band. (d) Late stage 7 embryo whose
cell M/ had been injected with RDP at stage 5.
The red m bandlet extends from its origin at
the M teloblast (left) to its point of entry into
the germinal band (center), then in an arc be-
neath the ectodermal bandlet to the future
head (top center). The arrows indicate two
adjacent clusters of m stem cell progeny. (e)
Enlarged view of the cell clusters marked by
arrows in (d) showing some of the cells in
each cluster. Borders between adjacent clus-
ters are marked by broken lines. Topographi-
cally and morphologically corresponding cells
can be seen within these clusters. (f) Ventral
view of a portion of the nerve cord of a 9-day-
old embryo whose cell N/ had been injected
with RDP at stage 6a and with pronase at
stage 7. Anterior is at the top; seven ganglia
are shown. Ganglia 1, 2, and 3 (from the top)
are normal; RDP-labeled cells can be seen in
the left (apparent right) sides of these ganglia.
Ganglia 6 and 7 are abnormal, in that they
contain fewer cells on the left (apparent right)
side; the remaining cells are not labeled with
RDP. Ganglion 4 (tilted and only partially visi-
ble) and ganglion S are at the border between
the normal anterior and the abnormal poste-
rior parts of the nerve cord; ganglion 4 con-
tains some RDP-labeled cells at its left lateral
edge, and ganglion 5 at its left anterior mid-
line. The red background beneath ganglia 6
and 7 results from the fluorescence of RDP

and of the dye Fast Green [coinjected with pronase )] in teloblast remnants in the gut. All the embryos shown in this figure were fixed and acid-

cleared by the method of Fernandez (10), except that the fixative included 2.5
24 hours at 4°C) the embryos were mounted between cover slips in 75 percent
exposure photomicrographs were made under e
Zeiss filter set 48 77 14 and then through Zeiss fi
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ug of Hoechst 33258 per milliliter of fixative. After fixation (12 to

glycerol containing 2.5 ug of Hoechst 33258 per milliliter. Double-
pi-illumination from either a 7SW tungsten-halogen or S0W mercury light source, first through
lter set 48 17 02. Scale bar, 160 um in (a), (c), and (f); 25 um in (b) and (e); and 250 um in (d).
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periment was carried out with RDP,
which is pronase-resistant.

At stage 6a, prior to the onset of n
bandlet stem cell production, an N telo-
blast was injected with RDP. At stage 7,
after stem cell production was under
way, the same N teloblast was reinjected
with pronase; Fig. 2f shows such an em-
bryo at 9 days of age. The anterior part
of the nerve cord of this embryo con-
sists of morphologically normal (bilat-
erally syminetric) ganglia, whereas the
posterior part consists of abnormal (bi-
laterally asymmetric) ganglia deficient in
cell number on the side of the ablated N
teloblast. Moreover, anterior ganglia
contain neurons labeled with RDP,
whereas posterior ganglia do not. The
boundary between anterior morphologi-
cally normal and posterior morphologi-
cally deficient ganglia coincides with the
boundary between anterior RDP-labeled
and posterior unlabeled ganglia. Thus it
follows that the anterior ganglia of the
pronase-treated embryo contain progeny
of n stem cells produced prior to ablation
of theé N teloblast and that the posterior
ganglia are abnormal because they re-
ceived no cellular contribution from the
N teloblast.

The fluorescent peptides RDP and
FDP have further advantages as cell lin-
eage tracers: (i) The red-fluorescing RDP
and the yellow-fluorescing FDP can be
used in combination for double-label ex-
periments; and (ii) their distribution can
be observed in living embryos, in con-
trast to that of HRP, which can be visual-
ized only in fixed preparations. Thus
these fluorescent tracers should make it
possible to follow the appearance of suc-
cessive descendants of an injected early
embryonic cell in the same preparation
and to know the embryonic origin of
nerve and muscle cells identified by in-
tracellular electrophysiological record-
ings.

DAviD A. WEISBLAT
SauL L. ZACKSON
SETH S. BLAIR
Janis D. YounG*
Department of Molecular Biology,
Upniversity of California, Berkeley %4720
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Naegleria fowleri: Trimethoprim Sensitivity

Abstract. Trimethoprim in a concentration of 4 micrograms per milliliter of Bacto-
Casitone (Difco) medium inhibits the growth of nonvirulent Naegleria fowleri iso-
lates. The growth of virulent strains is unaffected even with 400 micrograms of the
drug per milliliter of medium. Differences in sensitivity constitute the possibility of a
simple selection of environmental isolates. The pathogenicity and virulence of
Naegleria species may be connected with the metabolism of folic acid.

In an attempt to find simple markers
by which we could differentiate among
the various species, strains, or variants
of amoebas of the genus Naegleria we
tested—among other factors—the effect
of several chemotherapeutics on the
growth of Naegleria fowleri in axenic
cultures. We observed that some strains
were inhibited under defined conditions
by low concentrations of trimethoprim
[2,4-diamino-5-(3,4,5-trimethoxybenzyl)-
pyrimidine].

We used a total of 31 strains of N. fow-
leri in the experiments. Ten of them were
isolated from human cases of primary
amoebic meningoencephalitis and 21
strains were isolated from water samples
of warm industrial effluents in Czech-
oslovakia. Three of these environmental
strains were pathogenic for laboratory
animals. The basic tests were carried out
in tubes containing 5 ml of fluid BCS me-
dium, that is, 2 percent Bacto-Casitone
(Difco) in distilled water with 10 percent
of fresh rabbit serum (/). Trimethoprim
(2) was added to this medium in con-
centrations ranging from 0.4 ug/ml to 400
ug/ml. The tubes inoculated with the dif-
ferent strains of amoebas were incubated
at 37°C.

All the nonvirulent isolates of N. fow-
leri were completely inhibited by tri-
methoprim in concentrations of 4 ug/ml
and higher. The strains isolated from hu-
mans and the virulent strains from the in-
dustrial effluents tolerated the highest
tested concentrations of the drug without
any definite changes of growth rate. Sev-
eral other antagonists of folic acid such
as aminopterin, 3,5-diaminopterin, and
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methotrexate (3) applied in concentra-
tions up to 50 wg/ml under identical ex-
perimental conditions did not affect the
growth of any of the N. fowleri strains.

The inhibitory effect of trimethoprim
on nonvirulent environmental strains
could be prevented by addition of folic
acid or leucovorin @) to the medium in
concentrations of 50 ug/ml. However, 2-
amino-4-hydroxy-6-(tetrahydroxybutyl)-
pteridin - @) had no antagonistic effect
on trimethoprim. Culture media contain-
ing such ingredients as liver digests or
extracts, yeast extracts, peptones, or a
suspension of thermally killed bacteria
are inconvenient for experiments with
trimethoprim activity because of their
folic acid content.

The effect of trimethoprim on N. fow-
leri in. BCS medium provides a simple
and reliable method for differentiation of
virulent and nonvirulent strains of this
organism isolated in ecological and epi-
demiological environmental studies.
Further examination of the differences in
the metabolism of folic acid in N. fowleri
may help to elucidate the conditions of
pathogenicity and virulence of Naegleria
species.
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Czechoslovak Academy of Sciences,
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