mosquitoes collected as immatures from
known areas of WEE viral activity in order
to provide further evidence for vertical
transmission of WEE virus in nature. Final-
ly, consideration should be given to factors
that may influence the efficiency of vertical
transmission of WEE virus in mosquitoes.
For example, the temperature and salinity
of the aquatic environment in which imma-
ture mosquitoes develop may influence the
efficiency of vertical transmission.
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Lack of Acidification in Mycobacterium
Phagosomes Produced by Exclusion of the
Vesicular Proton-ATPase

Sheila Sturgill-Koszycki, Paul H. Schlesinger,
Prasanta Chakraborty, Pryce L. Haddix, Helen L. Collins,
Agnes K. Fok, Richard D. Allen, Stephen L. Gluck,
John Heuser, David G. Russell*

The success of Mycobacterium species as pathogens depends on their ability to maintain
an infection inside the phagocytic vacuole of the macrophage. Although the bacteria are
reported to modulate maturation of their intracellular vacuoles, the nature of such modi-
fications is unknown. In this study, vacuoles formed around Mycobacterium avium failed
to acidify below pH 6.3 to 6.5. Immunoelectron microscopy of infected macrophages and
immunoblotting of isolated phagosomes showed that Mycobacterium vacuoles acquire the
lysosomal membrane protein LAMP-1, but not the vesicular proton—-adenosine triphos-
phatase (ATPase) responsible for phagosomal acidification. This suggests either a se-
lective inhibition of fusion with proton-ATPase—containing vesicles or a rapid removal of
the complex from Mycobacterium phagosomes.

Mycobacten’um spp. are the causative agents
of a spectrum of human diseases. Both My-
cobacterium tuberculosis and M. avium have
attracted attention through their increasing
prevalence, particularly among immuno-
compromised individuals, and their resis-
tance to current chemotherapeutic regimens
(1, 2). The key to Mycobacterium’s success
lies in its interaction with the host macro-
phage and its strategies for survival inside
this potentially hostile cell. Much attention
has been directed toward the nature of My-
cobacterium-containing vacuoles, and al-
though the literature concerning the acces-
sibility of these compartments to freshly
endocytosed material is contradictory (3), a
significant number of laboratories have re-
ported failure of electron-dense colloids to
enter previously formed Mycobacterium vac-
uoles (4). In addition, recent analysis of M.
avium—containing vacuoles revealed a corre-
lation between inhibition of lysosomal fu-
sion and survival of bacteria in macrophages
from bcg” and beg® mice (5). The restricted
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fusigenicity of the mycobacterial vacuole
may extend beyond limiting access of lyso-
somal hydrolases to the bacilli, and both
Gordon (6), indirectly through the use of
acridine orange, and Crowle (7), using the
weak base DAMP, had reported that the
bacterial vacuole was relatively less acidic
than neighboring lysosomes.

Phagosome pH

4.5 T T T
0 25 50 75 100

Time (min)

Fig. 1. Measurement of phagosomal pH. Graph
illustrates the pH of phagosomes formed
around human IgG-coated latex beads, L.
mexicanatissue-culture amastigotes, zymosan,
and M. avium (9). The pH of IgG-beads (<),
zymosan (A), and Leishmania phagosomes
(O) rapidly decreased below 5.5 within the first
30 min after uptake. In contrast, the pH of M.
avium phagosomes (O) decreased to about 6.3
before equilibrating to 6.5. The pH of the pha-
gosomes was measured by spectrofluorimetry
of NHS-carboxyfluorescein-labeled particles

9).
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Internalization of Mycobacterium species
by macrophages is mediated by known phago-
cytic receptors (8). To determine the ex-
tent to which the bacterium modulates the
function of the vacuole after internaliza-
tion, we measured the pH of phagosomes
formed around M. avium, Leishmania mexi-
cana, immunoglobulin G (IgG)—coated la-
tex beads, and zymosan. These particles
were fluoresceinated and exhibited a pH-
sensitive fluorescence-emission profile (9).
IgG-beads are inert particles internalized
through a defined receptor, FcyRII, and the
parasitophorous vacuoles formed by the
protozoan pathogen Leishmania are known
to be acidic and fuse directly with the
macrophage’s endocytic network (10, 11).
The IgG-coated beads, zymosan, and Leish-

Fig. 2. Immunoelectron microscopy of M. avium
in bone marrow—-derived murine macrophages.
Phagosomes were labeled for 60 min in situ
with antibodies to LAMP-1 (anti-LAMP-1)
(ID4B-5-nm gold anti-rat IgG) and to the 110-
kD proton-ATPase accessory subunit (anti-110)
(N2-12-nm gold anti-mouse IgG). (A) The M.
avium (labeled M) phagosome binds anti—
LAMP-1 but does not react with anti-110, al-
though anti-110 labels the membranes sur-
rounding dense lysosomal bodies in the vicinity
of the mycobacterial vacuole (arrowed). In con-
trast, the phagosomes containing Leishmania
(labeled L) (B) and IgG-beads (labeled ig) (C)
react with both anti-LAMP-1 and anti-110 (ar-
rowed). Comparable amounts of LAMP-1 label-
ing were observed in all three phagosome
preparations. Material was processed as de-
scribed (10). Bar, 0.1 pm.

mania were internalized into phagosomes
that acidified to pH 5.5 or below (Fig. 1).
In contrast, phagosomes containing M.
avium equilibrated to pH 6.3 to 6.5. The
results confirm and quantify previous pro-
posals (6, 7) that Mycobacterium phago-
somes are unable to fully acidify. The pK of
N-hydroxysuccinimide (NHS)—carboxyflu-
orescein (5.4 to 5.8) is well suited to
determination of vacuolar pH; however,
the limited acidification that we report for
the M. avium—containing phagosomes is
likely a minimum pH value. Some limited
acidification may occur in M. avium phago-
somes as a function of other vesicular trans-
porters, such as the Na*/K*ATPase, the
Na*/H*exchanger, or the chloride chan-
nel, or as a result of the metabolic activity
of Mycobacterium itself. Maintenance of the
phagosomal pH around 6.5 would severely
restrict lysosomal hydrolase activity, en-
hancing the intracellular survival capacity
of the bacilli.

Immunoelectron microscopy of M.
avium— and M. tuberculosis—containing
phagosomes (12) (Fig. 2) revealed the pres-
ence of the lysosomal-endosomal marker
LAMP-1 (13), suggesting that some mixing
with components of the macrophage’s en-
dosomal netwotk had occurred. LAMP-
1-lgp 1 has been used as a correlate of

Fig. 3. Electron micros-
copy of isolated M. avi-
um~containing phago-
somes and vacuoles.
(A and B) Transm:won

phages 60 min after in-
temalization. (€ to G)
Freeze-etch electron mi-
croscopy ofisolated pha-

taining phagosome iso-
lated 60 min after inter-
nalization. The surface of
the phagosome is stud-
ded with “pegs,” or pro-
tein complexes. (D)
Low-magnification view
of an M. avium-contain-
ing vacuole isolated 4
days after infection. This
vacuole is completely
smooth, as were vacu-
oles isolated at 30 min, 2
hours, and 4 days. (E to

lysosomal fusion in studies on Toxoplasma
host-cell invasion (14). The density of
LAMP-1 signal in the mycobacterial vacu-
oles is comparable to that of the IgG-bead
and Leishmania-containing vacuoles (Fig.
2). An antibody to the 116-kD accessory
subunit from the proton-ATPase of Dictyo-
stelium (15), which reacted with its 110-kD
mammalian homolog, labeled the mem-
brane of both the IgG-bead and Leishmania
vacuoles yet failed to label the Mycobacte-
rium phagosomes (Fig. 2), providing pre-
liminary evidence that the lack of acidifi-
cation in these vacuoles could correlate
with an absence of the proton-ATPase.

To determine whether acidification of
Mycobacterium phagosomes is limited by ex-
clusion of the proton-ATPase, we isolated
M. avium—containing vacuoles for analysis
(16). Platinum replicas were made of the
cytoplasmic faces of Leishmania- and Myco-
bacterium-containing phagosomes (Fig. 3).
There was a marked difference in the protein
complexes associated with the cytoplasmic
membrane surface. This face of the Leish-
mania vacuoles was studded with 15-nm
“pegs,” whereas Mycobacterium vacuoles
were smooth. These “pegs” bear a marked
resemblance to the proton-ATPase com-
plexes on the contractile vacuoles of the
slime mold Dictyostelium (17), also shown in

G) High-magnification micrographs of smooth M. avium phagosome surface (E) as compared to the
"pegs” on the Leishmania phagosome (F) and the proton-ATPases on the contractile vacuole of
Dictyostelium (G) (17). Phagocytic vacuoles were isolated as described (16, 25). Bar, 1 pm (A to D) or

0.1 pm (E to G).
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Fig. 3. To confirm the identity of the “peg”
structures as proton-ATPase molecules and
to determine which proton-ATPase subunits
were absent from Mycobacterium vacuoles,
we immunoblotted equivalent amounts of
proteins from isolated phagosomes and
probed the proteins with antibodies to lyso-
somal constituents (Fig. 4). The antibodies
were specific for LAMP-1 (13), the E (31
kD) and B (56 kD) subunits of the mamma-
lian vesicular proton-ATPase, and the 110-
kD accessory protein (18). LAMP-1 was
present in comparable amounts on all types
of vacuoles, including M. avium—containing
vacuoles. In contrast, the E subunit was
present in the Leishmania vacuoles and the
IgG-bead phagosomes, which also contained
the B subunit. Both these subunits were
absent from M. avium vacuoles. As neither
the E nor B subunits are intrinsic membrane
proteins, their absence from the M. avium
vacuoles could be due to dissociation of the
hydrophilic “heads” of the proton-ATPase
complex or failure of proton-ATPase—con-
taining vesicles to fuse with, or be retained
by, the Mycobacterium vacuoles. However,
absence of the 110-kD accessory protein,
which is an integral membrane protein (19,

20), from the M. avium vacuoles indicates
that the bacterium inhibits incorporation or
retention of intact proton-ATPases by the
phagosome, rather than dissociating the cy-
toplasmic proton-ATPase subunits. These
data do not differentiate inhibition of fusion
with proton-ATPase—carrying vesicles from
the rapid removal of proton-ATPase com-
plexes from the phagosomes.

Much of the current knowledge on the
maturation of phagosomes is inferred from
studies on endosomes rather than from di-
rect experimentation. During endocytosis,
vacuoles acidify rapidly, indicating that the
proton-ATPase is either delivered early to
the endosome (21) or is internalized with
the plasmalemma (22). Our observations
with phagosomes indicate that the proton-
ATPase accumulates shortly after internal-
ization, yet its delivery or retention in
mycobacterial vacuoles is independent of
the accumulation of LAMP-1. The simplest
explanation for our results is that Mycobac-

Fig. 4. Protein immunoblot analysis of isolated M.
avium—, Leishmania-, and 1gG-bead—containing vacu-

terium selectively inhibits fusion of its vac-
uole with proton-ATPase—positive vesicles,
while actively fusing with LAMP-1—carry-
ing vesicles. The ability of Mycobacterium
species to inhibit fusion of their vacuoles
with lysosomal compartments may reflect a
related mechanism. This interpretation re-
quires that the vesicles responsible for de-
livery of endosomal constituents are heter-
ogeneous, facilitating their differential ac-
cumulation. The vehicle for delivery of
proton-ATPase complexes to the phago-
some is still not defined, and Mycobacterium
may prove useful in helping to analyze this
aspect of phagosomal maturation.

In an established mycobacterial infec-
tion, the mycobacterial lipidoglycan, li-
poarabinomannan (LAM) (23), is secreted
into both M. avium— and M. tuberculosis—
containing vacuoles and subsequently
transferred into dense lysosome-like vesicles
(12). Even in 14-day infections the immu-
nocytochemical density of LAMP-1, as well
as the integrity of the vacuolar membrane,
is maintained around the Mycobacterium.
So, despite the loss of membrane through
the pinching-off of LAM-containing vesi-
cles and the formation of fresh, discrete
vacuoles as the bacilli divide, both the
vacuolar membrane and LAMP-1 density
are sustained. These data indicate that the
mycobacterial vacuole cannot be discon-
nected from all intracellular trafficking
pathways and must be replenished by fusion
with intracellular vesicles. Nevertheless,
the absence of proton-ATPases is main-
tained, and therefore stable incorporation
of membrane proteins into the Mycobacte-
rium vacuole must retain selectivity. Be-
cause the compartments show limited fu-
sion with plasmalemma-derived endosomal
membrane (12), the Mycobacterium vacu-
oles must acquire LAMP-1 through fusion
with vesicles originating elsewhere in the
cell. We suggest that the freshly synthesized
components budding from the trans-Golgi
network could provide an alternative source
of host membrane and proteins.

Mycobacterium species are persistent in-
fective agents that are highly refractory
both to chemotherapy and the microbicidal

106-

oles revealing the absence of proton-ATPase subunits 89— A

from M. avium vacuoles. Gel panels were probed with
(A) rat monoclonal antibody (mAb) to LAMP-1, (B) a
mouse mAb to the 31-kD E subunit, (C) an affinity-
purified rabbit polycional antibody to the 56-kD B sub-

unit, and (D) mouse mAb to the 110-kD

49.5-
32.5-

5% 3

protein. SDS—polyacrylamide gel electrophoresis (PAGE) gels (10%) were run thh IgG-bead
phagosomes (60 min, lane 1), Leishmania phagosomes (60 min, lane 2), and M. avium phagosomes
(60 min, lane 3). Leishmania phagosomes were omitted from (C) and (D) because of antibody
reactivity with Leishmania proton-ATPases. Total homogenates of M. avium-infected macrophages
reacted with all antibodies. Phagosomes were prepared as described (76, 25). Molecular size

markers are indicated on the left (in kilodaltons).
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responses of activated macrophages. The
ability of these bacilli to modulate their
intracellular compartments is essential to
the organism’s success. Preliminary evi-
dence that the relatively high pH of the
mycobacterial vacuole is important in re-
ducing the potency of cytokine-induced
bacteriostatic responses in host macro-
phages has recently been reported (24).
The data described here have implications
for our understanding of both the pathogen-
esis of Mycobacterium infections and the
phagosome-maturation pathway.
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Magnetic Resonance Microscopy of Embryonic
Cell Lineages and Movements

Russell E. Jacobs* and Scott E. Fraser

Key events in vertebrate embryogenesis are difficult to observe in many species. High-
resolution magnetic resonance imaging was used to follow cell movements and lineages
in developing frog embryos. A single cell was injected at the 16-cell stage with a contrast
agent, based on the gadolinium chelate gadolinium-diethylenetriamine pentaacetic acid—
dextran. The labeled progeny cells could be followed uniquely in three-dimensional mag-
netic resonance images, acquired from the embryo over several days. The results show
that external ectodermal and internal mesodermal tissues extend at different rates during

amphibian gastrulation and neurulation.

The analysis of cell lineages and cell move-
ments is central to an understanding of the
processes by which an adult vertebrate de-
velops. The opacity and large number of
indistinguishable cells in the vertebrate em-
bryo prohibit analysis by direct observation
(I1). The tracing of cell movements and
lineages requires some means to render a
cell and its progeny unique. Individual pre-
cursor cells have been labeled with mem-
brane-impermeable enzymes (2) or fluores-
cent dyes (3), or infected with a retroviral
agent (4). With few exceptions (5), subse-
quent observation of the progeny requires
fixed, sectioned, and stained specimens.
This processing prohibits the direct obser-
vation of ongoing developmental events;
instead, they must be inferred by compari-
son of results obtained from different em-
bryos fixed at different stages.

This limitation is especially critical in stud-
ies of early morphogenetic events in the ver-
tebrate embryo, such as gastrulation in am-
phibians. Although Xenopus laevis has served
as the central system for analyses of vertebrate
gastrulation movements and the cell interac-
tions that they bring about, most of the
movements of cells cannot be followed in the
intact embryo because they take place largely

Division of Biology, Beckman Institute (139-74), Cali-
fornia Institute of Technology, Pasadena, CA 91125. .
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within its interior. Thus, analyses of these
processes in'X. laevis have relied on time-lapse
cinemicroscopy of surface cell movements,
histological examination of fixed specimens,
and explantation techniques (6). The results
of these studies have demonstrated the cou-
pling of the convergence of cells toward the
dorsal midline with the extension of the
embryonic axis (convergent extension)
brought about by changes in cell shape and
relative positioning (radial and mediolateral
intercalation). Short-range intercalary move-
ments can bring about large-scale tissue move-
ments. For example, a simple mediolateral
intercalation of each cell moving between its
neighbors toward the midline results in a
doubling of the tissue length (extension) and
halving of the tissue width (convergence).
Explant cultures show such convergence-ex-
tension movements during gastrulation, both
in the cells that remain on the surface of the
embryo (noninvoluting marginal zone) and in
those that involute to form the expanding
archenteron (involuting marginal zone).

To observe ongoing developmental
events in living frog embryos, we used
high-resolution magnetic resonance imag-
ing (MRI). With MRI, three-dimensional
(3D) images of the developing embryo may
be obtained on a time scale faster than the
cell division time and analyzed forward or
backward in time to reconstruct fully cell
divisions and cell movements. The MRI
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phages in homogenization buffer by passage
through narrow-gauge tubing (76) and washed
(four times) after magnetic selection in a Dynal
MPC apparatus. SDS-PAGE gels were run with
phagosome preparations normalized to equiva-
lent amounts of LAMP-1 protein. Nitrocellulose
blots were probed with primary antibodies and
species-specific, horseradish peroxidase—conju-
gated secondary antibodies (Jackson ImmunoR-
esearch Laboratories). The blots were developed
by enhanced chemiluminescence (Amersham).
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technique is a qualitatively different meth-
od of visualization than the light microsco-
py used in previous lineage studies. In this
method, the recorded signal arises from the
hydrogen nuclear spin of water molecules.
Spatial localization of the nuclear magnetic
resonance (NMR) signal is made possible
by superimposing various magnetic field
gradients on the usual static magnetic field
(7). The use of a set of three orthogonal
gradients allows the NMR signal to be
parsed into a matrix of intensities, one for’
each volume element (voxel), yielding the
3D magnetic resonance image. Contrast in
the magnetic resonance image arises from
voxel-to-voxel variations in the water con-
centration and local environment. Varia-
tions in the local environment (for exam-
ple, proximity to a paramagnetic center)
and state (for example, mobile versus im-
mobile) of the water modulate the NMR
relaxation times T, and T, (8). We use an
imaging protocol that yields an image in
which the intensity is a monotonic function
of the relaxation rate (1/T,) (9).

To perform cell lineage analyses with
MRI, an MRI lineage tracer is required that
must (i) induce a local signal that is char-
acteristically different from that of the rest
of the sample, (ii) be physiologically inert,
and (iii) remain within the originally la-
beled cell and its progeny. MRI contrast
enhancement agents based on gadolinium
have the needed effect on the MRI water
signal, increasing the relaxation rates of
nearby nuclear spins to provide contrast not
naturally found in the specimen (10). We
used an MRI contrast agent that is a cova-
lent conjugate of dextran with diethylene-
triamine pentaacetic acid (DTPA) to
which Gd?* has been chelated (I11). The
high-affinity chelator DTPA protects living
systems from the toxic effects of Gd** (12).
We used twice as much chelator as Gd** to
ensure that a minimal amount of free Gd*>*
was present. The dextran is -membrane-
impermeant and too large to pass from cell
to cell through gap junctions, thereby lim-
iting the contrast agent to the injected cells
and their descendents. Because this tracer is
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