more distally. During this process, the
nerve cell bodies appear normal.

An attractive hypothesis to explain the
impairment of axonal transport produced
by IDPN is a direct toxic effect on some
element of the slow transport mecha-
nism. Alternatively, IDPN could pro-
duce a postsynthetic alteration in the ax-
onal cytoskeleton, rendering it incapable
of transport. Such an alteration could af-
fect neurofilaments primarily, with sec-
ondary effects on tubulin and actin trans-
port. In this regard it may be instructive
to study the effect of IDPN on slow
transport in neurons containing relative-
ly few neurofilaments, asking if transport
of tubulin and actin is impaired. Our data
can exclude two considerations: first,
since slowly transported constituents
synthesized before (as well as after)
IDPN administration are arrested, the
transport defect cannot be due to in-
trinsic abnormalities of the proteins ac-
quired during their synthesis. Second,
since the impairment of slow transport
can be detected shortly after injection of
IDPN, it cannot be due to preexisting
structural pathology of the axon.

The neurofibrillary pathology in IDPN
intoxication appears to result directly
from the abnormality in neurofilament
transport. Focal accumulation of neuro-
filaments is a prominent pathologic fea-
ture of a number of other clinical and ex-
perimental disorders. Neurofilamentous
swellings in proximal axons, similar to
those induced by IDPN, have been
found in human amyotrophic lateral scle-
rosis (/2) and in hereditary canine spinal
muscular atrophy in Brittany spaniels
(13). Neurofilamentous swellings in the
distal axon are found in a variety of
“*dying back’’ neuropathies, including a
childhood neuropathy in man and the hu-
man and experimental toxic neuropa-
thies induced by hexacarbons, acryla-
mide, and carbon disulfide [for a review,
see (/4)]. While the mechanisms under-
lying these changes may vary, IDPN in-
toxication represents the first model in
which the pathogenesis of neurofibrillary
changes can be reconstructed, and raises
the possibility of abnormalities in slow
axonal transport in other disorders.

Finally, this pathologic process pro-
vides information pertaining to the biol-
ogy of axonal transport. First, the ultra-
structural and biochemical correlation
between the accumulation of neurofila-
ments in the proximal axon and accumu-
lation of the 68,000-, 145,000-, and
200,000-dalton proteins in the same re-
gion strongly supports the identification
of these proteins as components of
neurofilaments. This identification has
been based on inference from previous
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axonal transport studies (3) and (in the
case of the 68,000-dalton protein) by
ultrastructural and immunological ap-
proaches (/0). Second, our observation
that IDPN selectively impairs the trans-
port of the neurofilament proteins, as
well as actin and tubulin, lends support
to the concept that these cytoskeletal
proteins share a common transport sys-
tem that is separate from that of fast and
retrograde axonal transport.
JOHN W. GRIFFIN
Neuromuscular Laboratories,
Department of Neurology,
Johns Hopkins University School of
Medicine, Baltimore, Maryland 21205
PAauL N. HOFFMAN*
ARTHUR W. CLARK
PATRICK T. CARROLL
DoNALD L. PrICE
Neuropathology Laboratory,
Departments of Neurology and
Pathology, Johns Hopkins University
School of Medicine

References and Notes

1. R.J. Lasek and P. N. Hoffman, in Cell Motility,
R. Goldman, T. Pollard, J. Rosenbaum, Eds.
(Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y., 1976), p. 1021; S. Ochs, in Pe-
ripheral Neuropathy, P. J. Dyck, P. K. Thomas,
E. H. Lambert, Eds. (Saunders, Philadelphia,
1972), p. 213; D. L. Price and J. W. Griffin, in
Amyotrophic Lateral Sclerosis, J. M. Andrews,
R. T. Johnson, M. A. Brazier, Eds. (Academic
Press, New York, 1976), p. 1.

. S. Ochs, Ann. N.Y. Acad. Sci. 228, 202 (1974).

. P. N. Hoffman and R. J. Lasek, J. Cell Biol. 66,

351 (1975).

S. M. Chou and H. A. Hartmann, Acta Neu-

ropathol. 3, 428 (1964); ibid. 4, 590 (1965).

. S. M. Chou and R. A. Klein, ibid. 22, 183 (1972).

. J. W. Griffin, D. B. Drachman, D. L. Price, J.

Neurobiol. 7, 355 (1976).

. Electrophoresis was carried out on poly-
acrylamide slabs (1.5 by 150 by 210 mm) of 7.5
percent acrylamide (weight to volume), or gradi-
ent gels of 5 to 17.5 percent. Portions (80 to 100

~ AW R w N

ul) of nerve homogenates containing about 100
ug of protein were applied to each track and 25
tracks were run simultaneously at a total current
of 20 mA. The discontinuous tris-borate buffer
systems were as described by D. J. Neville [J.
Biol. Chem. 246, 6335 (1971)].

8. W. Bonner and R. Laskey, Eur. J. Biochem. 46,
83 (1974); R. Laskey and A. Mills, ibid. 56, 335
(1975).

9. Injection of IDPN produced hyperactivity and
circling movements within 48 hours, as pre-
viously described (¢, 5). Administration in the
drinking water produced no neurologic abnor-
malities in the first several months, and weight
gain was normal. The IDPN was from lots A6A
and B6A. It is clear and colorless; a yellow dis-
coloration develops on storage at room temper-
ature. This change is minimized by storage at
4°C.

10. The association of the 68,000-dalton proteins
with neurofilaments has been confirmed by im-
munologic and electron microscopy studies [W.
W. Schlaepfer, J. Cell Biol. 74, 226 (1977);
_____and R. G. Lynch, ibid., p. 241]. Whether
the higher molecular weight proteins are integral
components of the neurofilament or are neuro-
filament-associated proteins remains to be deter-
mined.

11. Previous studies [D. L. Price, J. W. Griffin, A.
Young, K. Peck, A. Stocks, Science 188, 945
(1975); K. Stockel, M. Schwab, H. Thoenen,
Brain Res. 99, 1 (1975); D. L. Price, J. W. Grif-
fin, K. Peck, ibid. 121, 379 (1977)] have shown
that '?5]-labeled tetanus toxin injected intra-
muscularly binds to motor nerve endings, is
taken up into the axon terminal, and enters ret-
rograde transport. The accumulation of the
transported labeled toxin is convenient for
studying the uptake and retrograde transport of
an exogenous marker. In these studies toxin was
iodinated as described in the first reference
above and an amount having a total activity of
1 x 108 dis/min (specific activity, 4.9 Ci/ug) was
injected into the hind foot interossei and anterior
tibials of control and experimental rats. The sci-
atic nerves were ligated and 18 hours later were
removed. The transported radioactivity distal to
the ligature in the control rats (N = 4) was
1488 + 460 count/min; in the IDPN rats (N = 7)
it was 1607 + 254 count/min.

12. S. Carpenter, Neurology 18, 841 (1968).

13. L. Cork et al., J. Neuropathol. Exp. Neurol.,
in press.

14. P. S. Spencer and H. H. Schaumburg, Prog.
Neuropathol. 3, 253 (1977).

15. Supported by PHS grants NS10920, NS10580,
and NS14784. We thank D. Drachman for help-
ful discussion and B. Talamo for comments on
the manuscript.

* Present address: Wilmer Institute, Johns Hop-
kins Hospital, Baltimore, Md. 21205.

3 May 1978; revised 6 July 1978

Temperature Sensitivity: A Cell Character Determined by

Obligate Endosymbionts in Amoebas

Abstract. A strain of Amoeba proteus has lost its ability to survive at temperatures
above 26°C as a result of becoming dependent on endosymbiotic bacteria that are
psychrophile-like. The observed temperature sensitivity develops in fewer than 200
host cell generations (18 months of culture) after the host cells are experimentally

infected with the symbionts.

We previously reported a case of new-
ly established bacterial endosymbiosis in
amoebas, where initially harmful bacte-
rial parasites changed to stable sym-
bionts that are now required by the hosts
for their survival (/). The establishment
of the mutually dependent symbiosis
took several years during which the
harmful effect of infection gradually di-
minished and the hosts became depen-
dent on the symbionts. The hosts’ de-
pendence was first demonstrated by
transplanting the nuclei of symbiotic
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amoebas into enucleated cytoplasm of
the nonsymbiotic counterparts (/). Such
nucleocytoplasmic hybrids were non-
viable unless live bacteria obtained from
symbiotic amoebas were transferred into
the hybrid cells. Later, the hosts’ depen-
dence was also demonstrated by remov-
ing the symbionts with chloramphenicol
(2) or trimethoprim (3). Symbiotic
amoebas died after losing their sym-
bionts at concentrations of these drugs
which were harmless to nonsymbiotic
amoebas. The strains of symbiotic and
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nonsymbiotic amoebas are referred to as
xD and D, respectively ¢). Stock cul-
tures of these amoebas have been kept at
20°C.

To study the relationship between the
growth rate of the amoebas and that of
the symbionts, we grew xD amoebas
at 13°, 20°, and 27°C. We knew that
amoebas multiplied faster at higher tem-
peratures. We grew individual amoebas
singly in Syracuse watch glasses to de-
termine their mean generation time, and
groups of cells in 60 by 15 mm plastic
petri dishes. The amoebas were fed
every other day with axenically grown
and washed Tetrahymena (5). To deter-
mine the average number of symbionts
per amoeba, we lysed 20 amoebas taken
from petri dish cultures in 20 ul of 2N
NaOH after washing the amoebas five
times to rid them of any adhering bac-
teria, and counted the intact bacteria by
using a Petroff-Hausser bacteria counter
@).

The growth rates of amoebas at dif-
ferent temperatures and the average
number of symbionts per amoeba are
shown in Fig. 1, A and B, respectively. It
is seen that amoebas grown at 27°C di-
vided faster than those grown at lower
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Fig. 1. (A) Growth rates of xD amoebas at (O)
13°, (M) 20°, and (x) 27°C. Each point repre-
sents the average (= standard deviation) from
24 cells grown singly in two different experi-
ments. During the 12-day culture period, the
mean generation times of cells grown at 13°
and 20°C were 8.1 and 2.3 days, respectively.
Cells grown at 27°C disappeared completely
by the 12th day. (B) Change in the average
number of endosymbionts per amoeba grown
at three different temperatures (the symbols
are the same as in A). Each point represents
the average from two different experiments.
The average number of endosymbionts per
amoeba at 20°C remained 42,500 + 2,920 dur-
ing the culture period.
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Table 1. Growth pattern of amoebas at 26°C
that have been in symbiosis for varying peri-
ods of time.

Time  MGT  Cells failing
Amoe- n at  to form clones
bas sym- 6°C*
biosis (days) % No.*t
D  Nonsym- 2.08 5.3 4/76
biotic
xD; 1week 2.03 4.2 1/24
xD, 6 months 1.82 18.2 6/33
xD; 12 months 1.86 34.2  13/38
xD, 18 months 2.22 90.4 47/52
xD; > 10years 247 100 116/116

*Mean generation time (MGT) during the first 10-day
culture period. +The numbers represent cells
cultured in two to five separate experiments at dif-
ferent times.

temperatures during the first 2 days, but
they ceased to divide after an average of
two divisions and all cytolyzed by the
12th day. At 27°C, the average number of
symbionts per amoeba declined rapidly,
and the symbionts disappeared com-
pletely from all amoebas by the 7th day.
The depletion of symbionts appeared to
be the cause of death of the amoebas,
which closely followed the disappear-
ance of the symbionts. The death of
amoebas could not be attributed to the
elevated culture temperature alone,
since nonsymbiotic amoebas (D strain)
kept increasing in number until 2 weeks
of culture at 27°C, having divided more
than four times on the average (not
shown in Fig. 1.)

To determine the critical temperature
at which the symbiotic amoebas lost via-
bility, we grew both D and xD amoebas
at several different temperatures be-
tween 20° and 27°C. We found 25°C to be
the highest temperature at which xD
amoebas grew normally. At 26°C, the
symbiotic amoebas died out within 2
weeks after having divided more than
four times (Fig. 2). All the symbionts dis-
appeared from the amoebas by the 7th
day of culture at 26°C, as determined by
the usual method. The nonsymbiotic D
amoebas continued to multiply at 26°C
indefinitely.

It was evident that the inability of the
xD amoebas to grow at or above 26°C
was due to the loss of their symbionts,
whatever the actual mechanism for the
disappearance of the symbionts was. Us-
ing the loss of viability at 26°C as a crite-
rion for the amoebas’ dependence on the
symbionts, we attempted to determine
how long it took for newly infected
amoebas to become dependent on their
symbionts. We chose five groups of xD
amoebas with different lengths of sym-
biotic history (Table 1); one group con-
sisted of the progeny of the original xD
amoebas cultured continually for more

than 10 years, and the other four groups
had been experimentally infected at dif-
ferent times by methods described else-
where (6). For each experiment, 12 to 24
amoebas from different groups were cul-
tured singly for up to 3 weeks. The prog-
eny of any amoeba that continued to di-
vide during this period was considered to
be forming a viable clone.

It is seen from Table 1 that more than
90 percent of amoebas that had been in
symbiosis for 18 months or longer had
developed dependence on their newly
acquired endosymbionts. Many of the
xD amoebas that had been in symbiosis-
for shorter periods of time (1 week to 12
months) were able to grow even when
their symbionts were lost during growth
at 26°C.

The reason for the disappearance of
the endosymbionts from amoebas at
26°C or higher is not known. Meanwhile,
our preliminary electron microscopic
studies show that the endosymbionts
that are not usually digested by the host
amoebas (/, 6) become enclosed in diges-
tive vacuoles and are destroyed when
amoebas are grown at 26°C. Their in-
ability to remain viable at the high tem-
peratures suggests that the symbiotic
bacteria are like psychrophiles, whose
optimum and maximum growth temper-
atures are below 25°C (7). Although the
biological basis of psychrophily is not
fully known (7), it is interesting to note
that a prokaryote is more sensitive to
elevated temperatures than its eu-
karyotic partner in the present case of
symbiosis.
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Fig. 2. Growth curves of (M) D and (x) xD
amoebas at 26°C. Each point represents the
average of 44 and 87 singly grown cells for D
and xD amoebas, respectively, in four dif-
ferent experiments. No intact xD amoebas
were found at 26°C on the 13th day.
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We do not know if the dependence of
the symbiotic amoebas on their sym-
bionts involves any genetic interactions
between the genomes of the hosts and
symbionts. We have attempted to detect
plasmid DNA’s, which, if present in the
symbionts, might play a role in the estab-
lishment of stable symbiosis, as by con-
ferring resistance against the amoebas’
digestive enzymes to the symbionts. Our
recent results obtained by CsCl density-
gradient centrifugation and gel elec-
trophoresis have shown the presence of
one plasmid group that migrates slower
than the bands representing the chromo-
somal DNA'’s in 0.7 percent agarose gel
8). The molecular weights of these plas-
mids have not yet been determined.

There are other examples in which in-
tracellular infective agents or symbionts
are known to cause changes in cellular
phenotypic characters in free-living cells
©9) as well as in multicellular organisms
(10). However, the change in a pheno-
typic trait reported here, the acquisition
of temperature sensitivity, is unique in
that it is brought about by newly ac-
quired endosymbionts that are indis-
pensable to the host’s survival. Further-
more, an apparent integration of the
symbionts into the cell has occurred
within a relatively short period of time;
that is, in fewer than 200 host cell gener-
ations. This contrasts with the conven-
tional belief that the establishment of
stable symbiosis and the possible in-
tegration of symbiotic partners occurs
over a very long period of time (/1).
Once they are integrated into the cell as
obligate components, such as the re-
quired endosymbionts in the dependent
amoebas, it is difficult to decide whether
such components should be regarded as
cell organelies or foreign bodies. A fur-
ther study of the amoeba-bacteria sym-
biosis might provide insight into the ori-
gin of eukaryotic cell organelles and con-
tribute to our understanding of the
mechanism for nonchromosomal inher-
itance.

K. W. JEON
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of Tennessee, Knoxville 37916

References and Notes

1. K. W. Jeon, Science 176, 1122 (1972);
and M. S. Jeon, J. Cell. Physiol. 89, 337 (1976).

2. K. W. Jeon and J. C. Hah, J. Protozool. 24,
289 (1977).

3. K. W. Jeon, Proc. 4th Int. Congr. Protozool.
(1977), p. 45.

4. and I. J. Lorch, in The Biology of
Amoeba, K. W. Jeon, Ed. (Academic Press,
New York, 1973), p. 549.

5. L. Goldstein and C. Ko, Methods Cell Biol. 13,
239 (1976).

6. T. I. Ahn and K. W. Jeon, J. Cell. Physiol., in
press.

7. R. Y. Morita, Bacteriol. Rev. 39, 144 (1975).

8. J. H. Han and K. W. Jeon, in preparation.

9. J.R. Preer, Jr., Annu. Rev. Genet. 5,361 (1971);

SCIENCE, VOL. 202, 10 NOVEMBER 1978

., L. B. Preer, A. Jurand, Bacteriol. Rev.
38, 113 (1974); K.-P. Chang and W. Trager, Sci-
ence 183, 531 (1974).

10. L. Muscatine and H. M. Lenhoff, Biol. Bull.
(Woods Hole, Mass.) 129, 316 (1965); P.
L’Heritier, in Evolutionary Biology, Th. Dob-
zhansky, Ed. (Appleton-Century-Crofts, New
York, 1970), vol. 4, p. 185.

11. F. J. R. Taylor, Taxon 23, 229 (1974); L. Mar-
gulis, Exp. Parasitol. 39, 277 (1976).

12. We thank R. C. Fraser, R. M. Bagby, and R. V.
Miller for their critical reading of the manu-
script. Supported by a grant from the National
Science Foundation.

23 June 1978; revised 8 August 1978

Origin of the Retina from Both Sides of the Embryonic Brain:

A Contribution to the Problem of Crossing at the Optic Chiasma

Abstract. Cells originating from one of the first two blastomeres of the frog embryo
were labeled either by injecting them with horseradish peroxidase or by changing the
ploidy of one blastomere. Both methods show the labeled cells confined to the same
side of the brain as the labeled blastomere except for cells that have moved from the
opposite side into the ventral diencephalon and ventral part of the retina. Reciprocal
movement of cells from each side of the prospective forebrain into the prospective
retina on the opposite side starts before the neural tube closes and results in the
formation of an incipient optic chiasma which may provide the pathway for optic
axons to grow from the retina to the opposite side of the brain.

The origin of the optic vesicles as a
pair of outgrowths from the sides of the
embryonic forebrain has been described
in all vertebrate species that have been
examined (/). Fate maps of the prospec-

Fig. 1. Coronal section through Xenopus at
stage 37 showing the localization of the dark
reaction product for horseradish peroxidase,
a label which was injected into the right
blastomere at the two-cell stage. The label is
seen in the right side of the brain (RB), right
retina (RR), and ventral half of the left retina
(LR), while the dorsal half of the left retina is
unlabeled. Note the absence of label from the
left side of the brain (LB), and the reduced la-
beling of the ventral half of the right retina.
The bar is 100 um.
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tive eye region in the neural plate of am-
phibian embryos also show a bilaterally
symmetrical pair of prospective eye-
forming zones (2), although the two pro-
spective eye-forming zones appear to be
connected across the midline in the newt
(3). Experiments in which cyclopia re-
sulted from the action of various agents
on the embryos, apparently because of
failure of segregation of a single median
eye rudiment, have provided indirect
evidence that eyes may arise from a
single median anlage from which cells
segregate to form the two optic pri-
mordia during the closure of the neural
tube ). We now provide what we be-
lieve to be the first direct evidence show-
ing that each neural retina originates
from both sides of the prospective fore-
brain in the frog.

Two methods of marking cells were
used: by inducing a change in ploidy as a
result of temperature shock to the ferti-
lized egg, and by injecting horseradish
peroxidase (HRP) into one blastomere at
the two-cell stage.

Eggs were expressed from mature fe-
male Xenopus laevis and immediately
fertilized in vitro with fresh macerated
testes. Twenty minutes after fertiliza-
tion, the eggs were heated to a temper-
ature of 35.5°C for 6 minutes and then
quickly cooled to 20°C. Similar treat-
ment has been shown to result in hetero-
ploidy and, in a small percentage of
cases, to produce chromosome mosaics
in which different parts of the animal are
composed of cells with different chromo-
some numbers (5, 6). Eggs were placed
in individual petri dishes in a 5 percent
Steinberg solution. The cleavage pattern
was observed and recorded for each em-
bryo to the 16-cell stage. At the neurula
stage, embryos were selected in which
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