
culation used to produce the simulations is 
little more than a rearrangement of a 
simple quantum mechanical formula. It 
gives the distance (in angstroms) at which 
a tunneling reaction may occur within time 
t (in seconds) (2, 3, 6) as: 

a = ao + 2.26(15 + log t) B-1/2 (2) 

where B is the binding energy (in electron 
volts) required to remove the electron from 
the electron donor ~2-, and a, corrects for 
the finite radii of 02- and O3Et (a0 is taken 
tobe5 A). 

Because the tunneling rate changes by a 
factor of 10 for each 1.8-A change in dis- 
tance, the electron will be transferred from 
02- to the nearest 03Et (3). If 02- is ran- 
domly distributed relative to O3Et, then the 
fraction of the 02- which survives reaction 
is (3) 

P = exp(- 2.51 x 10-3 a3 M) (3) 

where M is the molar concentration, and a 
increases with time according to Eq. 2. For 
the calculated curves given in Fig. 1, B was 
taken to be 1.6 ev, which is the photon en- 

ergy necessary to photodetach electrons 
from 02- in a hydrocarbon matrix (3). 

An efficiency factor was introduced as 
an adjustable parameter since the observed 
reactions were slightly slower than the cal- 
culation. This factor could be considered 
to represent the slowing of the reaction as 
a result of Franck-Condon restrictions. 
This efficiency factor, taken to be 10-'5, af- 
fected the calculated curves by simply 
translating them 1.5 units along the log t 
axis in Fig. 1. This efficiency factor, the 

only adjustable parameter in the calcu- 
lation, could have been omitted and a sim- 
ilar fit to the data obtained, if the binding 
energy were treated as an adjustable pa- 
rameter. 

The kinetics of the observed reactions 
are very unusual but are in accord with the 

predictions of a simple model of electron 

tunneling. The frozen ethanol matrix is 
known to trap reactive species such as sol- 
vated electrons indefinitely (for days at 

least). This and the unusual kinetics tend 
to rule out any diffusion mechanism. At 
the 03Et concentrations of O.lOM, 0.03M, 
and 0.01M, the average distances from a 

,02 to the nearest 43Et are 14, 21, and 30 
A, respectively, on the assumption of a 
random distribution. These and other re- 
sults (1-3, 5, 6) point strongly toward a re- 
action mechanism in which electrons tun- 
nel through tens of angstroms of inert ma- 
trix. 

The simple model applied here works 
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reasonably well, but why it works is not 
known. An appropriate theory must treat 
not only the electronic and nuclear states 
of the electron donor and acceptor mole- 
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cules but also those of the intervening sol- 
vent. Approaches to at least part of this 
problem are being worked out in theories 
which describe electron transfer reactions 
in solution as tunneling processes by the 
use of modern radiationless transition the- 

ory (10). 
JOHN R. MILLER 

Chemistry Division, Argonne National 
Laboratory, Argonne, Illinois 60439 
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We isolated an organism from a cat 

(CR-4) which showed similarities to both 
Toxoplasma and Sarcocystis, but which 
was significantly different from either. Oo- 
cysts resembling those of Toxoplasma ap- 
peared in the feces of an adult feral cat that 
had been injected with an immuno- 

suppressive corticosteroid. Mice injected 
with oocysts developed low titers of Tox- 

oplasma antibody without evidence of 
lesions in viscera and brain, but with cysts 
in skeletal muscle. Although the cysts con- 
tained organisms resembling Toxoplasma, 
they were not infectious to other mice. 

Cysts were infectious to cats which, how- 
ever, failed to develop antibody to Tox- 
oplasma. 

We made a systematic comparison with 
the M-7741 strain of Toxoplasma, using 
techniques in mice and cats as described 

(1). 
Oocysts shed by cats were subspherical 

to spherical, measuring 10.6 by 11.4 gm 
(10.5 to 12.5 by 11.2 to 13.2 um). The oo- 

cyst wall was colorless, about 0.5 gm in 
thickness, and consisted of two layers. A 

micropyle and polar granules were absent. 
The sporont was uniformly granular and 
filled about 90 percent of the optical cross 
section of the oocyst. 

Sporulation of oocysts was complete at 
72 hours at 200 to 230C, with two sporo- 
cysts containing four sporozoites each. The 
sporulated oocyst was subspherical to el- 
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lipsoidal, measuring 10.6 by 13.2 um (10.0 
to 10.7 by 12.6 to 13.8 im). There was no 
oocyst residuum (Fig. 1A). 

Sporocysts measured 6.5 by 9.8 Mm (6.0 
to 7.5 by 8.0 to 10.7 mrn). There was no 
Stieda body. The sporocyst residuum con- 
sisted of granules, either dispersed or com- 

pact, near the center of the sporocyst. The 

sporozoites were elongate and slightly 
curved, measuring approximately 2 by 7 
um; the nucleus was centrally placed. 

In mice infected with sporulated oo- 

cysts, organisms multiplied initially in the 

gut wall and mesenteric lymph nodes. Af- 
ter 11 to 16 days, cysts were seen in sec- 
tions of skeletal muscle and cardiac 
muscle; after 20 to 48 days in fresh spreads 
of abdominal wall and diaphragm (Fig. 1, 
B and C). This was accompanied by necro- 
sis, myositis, and myocarditis. 

Cysts gradually increased in size to 
about 90 by 340 Am and persisted for at 
least 500 days in the skeletal muscle of 
mice. Cysts in heart muscle were few and 

rarely exceeded 30 ALm in length. Cysts in 
brain tissue were rare, spherical in configu- 
ration, and measured up to 70 Lm in diam- 
eter. 

Bradyzoites, slowly multiplying orga- 
nisms within the cysts, were slender, mea- 

suring about 2 by 7 um, and resembled 

Toxoplasma. They differed from the broad 
and stubby bradyzoites of Sarcocystis. 

In cats infected with skeletal muscle of 

SCIENCE, VOL. 189 

lipsoidal, measuring 10.6 by 13.2 um (10.0 
to 10.7 by 12.6 to 13.8 im). There was no 
oocyst residuum (Fig. 1A). 

Sporocysts measured 6.5 by 9.8 Mm (6.0 
to 7.5 by 8.0 to 10.7 mrn). There was no 
Stieda body. The sporocyst residuum con- 
sisted of granules, either dispersed or com- 

pact, near the center of the sporocyst. The 

sporozoites were elongate and slightly 
curved, measuring approximately 2 by 7 
um; the nucleus was centrally placed. 

In mice infected with sporulated oo- 

cysts, organisms multiplied initially in the 

gut wall and mesenteric lymph nodes. Af- 
ter 11 to 16 days, cysts were seen in sec- 
tions of skeletal muscle and cardiac 
muscle; after 20 to 48 days in fresh spreads 
of abdominal wall and diaphragm (Fig. 1, 
B and C). This was accompanied by necro- 
sis, myositis, and myocarditis. 

Cysts gradually increased in size to 
about 90 by 340 Am and persisted for at 
least 500 days in the skeletal muscle of 
mice. Cysts in heart muscle were few and 

rarely exceeded 30 ALm in length. Cysts in 
brain tissue were rare, spherical in configu- 
ration, and measured up to 70 Lm in diam- 
eter. 

Bradyzoites, slowly multiplying orga- 
nisms within the cysts, were slender, mea- 

suring about 2 by 7 um, and resembled 

Toxoplasma. They differed from the broad 
and stubby bradyzoites of Sarcocystis. 

In cats infected with skeletal muscle of 

SCIENCE, VOL. 189 

Hammondia hammondi: A New Coccidium of Cats 

Producing Cysts in Muscle of Other Mammals 

Abstract. Predominant muscle parasitism, and an obligatory two-host cycle (cat- 
mouse-cat), distinguishes an otherwise similar organism from Toxoplasma. The presence 
of multiplicative stages in the cat gut separate it from Sarcocystis. Antibody that cross 
reacts with Toxoplasma antigen is developed in mice and other experimental inter- 

mediary hosts, but not in cats, thefinal host. Recognition of the two-host cycle is essential 

for the experimental isolation and transmission of the parasite, and for prevention of the 
infection. 
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Fig. 1. Hammondia hammondi. (A) Sporulated oocyst from cat. The sporocyst residual granules are not sharp due to Brownian movement (x 1000). (B) 
Unstained cyst in skeletal muscle of mouse (x275). (C) Cyst stained with PASH (x400). (D) Multiplicative stages and young gametocytes in the in- 
testinal epithelium of a cat (x 1000); s, schizont; g, gametocyte. 

mice containing cysts, schizonts resem- 
bling those of Toxoplasma types D-ii and 
E (1) were seen in epithelial cells of villi 
and glands of the jejunum after 4 to 6 days 
(Fig. ID). Gametocytes were present be- 
tween days 5 and 10; oocyst shedding nor- 
mally started after 5 and 6 days, and con- 
tinued for 12 to 28 days. 

Cats are the final host since they support 
the sexual cycle, and mice are intermediate 
hosts since they do not. An obligatory host 
change between final and intermediate 
hosts was necessary for transmission to 
take place (Fig. 2). Cats could be regularly 
infected with muscle cysts from mice, as 
shown by oocyst shedding in 29 of 30 cats. 
However, none of 16 cats shed oocysts 
when fed 104 to 106 oocysts. Mice could be 
regularly infected with 10 to 100 oocysts, 
as shown by the development of cysts in 
muscle. However, mice could not be in- 
fected with cysts or tachyzoites from other 
mice; the carcasses of six cyst-inoculated 
mice were fed to three cats, which failed to 
shed oocysts during a 20-day observation 
period and proved nonimmune when chal- 
lenged directly with cysts. 

Immunity in cats to the homologous in- 
fection was pronounced, with 13 of 14 cats 
failing to again shed oocysts. However, 
cats immune to the new parasite could be 
reinfected with Toxoplasma and vice versa. 

Cross-immunity was seen in mice be- 
tween Toxoplasma and the new parasite. 
Of groups of mice immunized with 105 oo- 
cysts of the new parasite, six out of six re- 
sisted challenge with 103 Toxoplasma, five 
of six resisted challenge with 104, and four 
of six resisted 105 Toxoplasma oocysts; in 
comparison, a dose of 102 was fatal to six 
of six normal mice. In 13 mice immune to 
Toxoplasma and challenged with the new 
parasite, one muscle cyst was found, 
18 JULY 1975 

whereas 22 muscle cysts were found in a 
comparable number of nonimmune mice. 

Antibody to Toxoplasma developed in 
mice infected with the new organism when 
fed 103 or more oocysts. After 3 months, 
dye test titers of 1:16 to 1:48 were ob- 
served. By contrast, Toxoplasma-infected 
mice had titers of 1:1024 or higher. How- 
ever, no Toxoplasma antibody was found 
in 14 cats that had shed the new oocysts af- 
ter being fed muscle cysts from mice. 

Rats, hamsters, guinea pigs, white- 
footed mice (Peromyscus), and multi- 

Fig. 2. Obligatory two-host cycle of Ham- 
mondia hammondi. Unlike Isospora and Tox- 
oplasma, the oocysts are not infectious to final 
hosts. Unlike Toxoplasma, the bradyzoites are 
not infectious to the intermediate hosts. Unlike 
the known Sarcocystis species, multiplicative 
stages precede the development of gametocytes 
in the intestinal epithelium, and oocysts are shed 
unsporulated. 

mammate rats (Mastomys) could be in- 
fected with oocysts as judged by an anti- 

body response. The first three species, 
when fed to cats, initiated oocyst shedding. 
Pigeons could not be so infected. 

We designated the new organism Ham- 
mondia hammondi, in memory and in 
honor of the late Professor Datus M. 
Hammond, who by his research, training 
of others, and editorial efforts contrib- 
uted much to our knowledge of the coc- 
cidia (2). 

Hammondia genus is a member of the 
family Sarcocystidae [Apicomplexa: Coc- 
cidiasina: Eimeriorina, according to Le- 
vine (3)], which is described as obligatorily 
heteroxenous, forming intracellular cysts 
in striated muscle (2). The genus typically 
forms elongate cysts in skeletal muscle, 
with rare subspherical cysts in brain and 
perhaps elsewhere. Cysts are without septa 
or radial spines (as found in the genus Sar- 
cocystis). Bradyzoites are slender as in 
Toxoplasma. Multiplicative stages precede 
sexual stages in the intestine of carnivores. 
The oocysts are shed unsporulated, with 
sporogony outside of the host resulting in 
two sporocysts, each with four sporozoites. 

Hammondia hammondi, as shed in feces 
of cats, the final host, has oocysts averag- 
ing 10 by 13 Am. The prepatent period to 
oocyst shedding is 5 to 8 days. Experimen- 
tal intermediary hosts are laboratory mice, 
rats, hamsters, guinea pigs, and white- 
footed mice, in which muscle cysts are 
formed. The type isolate, CR-4, came from 
a chronically infected feral cat from 
Weldon, southern Iowa. A similar orga- 
nism, WC- 170, A-cyst, was identified 
from a cat in Oahu, Hawaii (4), based on 
reciprocal cross-immunity tests in cats. 

Hammondia hammondi differs from 
Toxoplasma gondii by noninfectivity of 
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tachyzoites and bradyzoites to other inter- 
mediate hosts, and by noninfectivity of 
oocysts to nonimmune final hosts. While 

parasitism of skeletal muscle is a pro- 
nounced feature of the new genus Ham- 
mondia, it differs from Sarcocystis, the 
classical muscle parasite, by slender brady- 
zoites, thin-walled cysts, absent radial 

spines, septa, or metrocytes, by a multi- 
plicative cycle in the gut of the final host 
(which is lacking in all Sarcocystis so far 
studied), and by shedding of unsporulated 
oocysts (whereas all known Sarcocystis 
shed sporulated sporocysts or oocysts). 

The new genus differs from the common 

Isospora of cats, which are typically one- 
host parasites, with the oocyst infectious to 
the final host. However, an isosporan of 

dogs studied by Heydorn (5) is probably a 

species of Hammondia, since the oocysts 
were not infectious to dogs, whereas mus- 
cles of infected calves did infect dogs. 

Hammondia hammondi is the first orga- 
nism described which produces cross-re- 

acting antibody to Toxoplasma gondii in 
the dye test. This could lead to a mistaken 

diagnosis of Toxoplasma infection in ani- 
mals. It is not known whether humans be- 
come infected with Hammondia; however, 
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The nature of the profound visual defi- 
cits appearing after superior colliculus de- 
struction in the cat has led to suggestions 
that it is involved in visually guided (ori- 
enting and following) behavior (1, 2). Al- 

though relatively little is known about the 

properties of nonvisual cells in the superior 
colliculus, the colliculus is known to re- 
ceive somatic and acoustic afferents in ad- 
dition to visual projections (3). The devel- 

opmental chronology of sensory represen- 
tation in the cat superior colliculus has 
been shown to parallel the animal's use of 

modality-specific cues for tracking behav- 
ior (4, 5). Somatic stimuli are effective in 

activating superior colliculus cells at birth, 
when orientation is accomplished by 
means of somatic cues, while acoustic fol- 
lowed by visual activation develops many 
days later (4) along with auditory and vi- 
sual orientation behavior. These observa- 
tions, coupled with evidence that colliculus 
lesions induce somatic and auditory local- 
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morphologically compatible cysts have 
been observed by one of us (J.K.F.). 

Recognition of an isolate of Ham- 
mondia could be delayed by misinterpret- 
ing the Toxoplasma antibody titer in the 
intermediate host. The isolate could be lost 
if tissue cysts were subinoculated from one 
to another intermediate host instead of to a 
final host which may be unknown. Pre- 
vention of the infection depends also on 
knowledge of the two-host cycle. 
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ing the Toxoplasma antibody titer in the 
intermediate host. The isolate could be lost 
if tissue cysts were subinoculated from one 
to another intermediate host instead of to a 
final host which may be unknown. Pre- 
vention of the infection depends also on 
knowledge of the two-host cycle. 

J. K. FRENKEL 
J. P. DUBEY* 

Department of Pathology and Oncology, 
University of Kansas Medical Center, 
Kansas City 66103 
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ization deficits (although less profound 
than visual consequences) (1), make it 
seem reasonable to suppose that just as the 
visual cells of the colliculus are involved in 
visual tracking behavior, somatic and 
acoustic cells are involved in somatic and 

auditory tracking behavior. In the present 
experiments we studied the location, orga- 
nization, and specificity of tactile cells in 
the colliculus to determine whether the 

properties of these cells are consistent with 
this hypothesis. An abstract of this work 
has been presented (6). 

Experiments were performed on 30 im- 
mobilized (7) and artificially respired cats. 
Animals were surgically prepared for 

recording with halothane anesthesia, and 
mixtures of 70 to 75 percent nitrous oxide 
and 25 to 30 percent oxygen were given 
during recording sessions. Visual receptive 
fields of superior colliculus cells were used 
as referents to which tactile receptive fields 
could be related. The pupils were dilated 
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with I percent atropine, and the locations 
of the optic discs were determined with an 
ophthalmoscope and projected onto a 

transparent hemisphere used for mapping 
visual fields. Contact lenses focused the 
eyes on the hemisphere, and body temper- 
ature was maintained at 36 + 2oC by a cir- 
culating hot water pad. When each experi- 
ment was terminated, intravenous pen- 
tobarbital sodium (40 mg per kilogram of 
body weight) was administered and the an- 
imal was perfused through the heart with 
saline followed by 10 percent formalin. 
The brain was sectioned at 15-um thick- 
ness and stained with cresyl violet for his- 

tological reconstruction of electrode tracks. 
Electrodes were vertically oriented. As 

an electrode was advanced through the 
laminae of the superior colliculus, natural 
visual, tactile, and acoustic stimuli (8) were 
delivered continuously. The upper layers of 
the colliculus proved to be exclusively vi- 
sual (9); cells activated by tactile stimu- 
lation (N = 220) as well as acoustic cells 
were not encountered until the electrode 
reached the stratum griseum intermediale, 
where multimodal cells, which have been 
previously described (10-12), were also 
encountered. As the electrode advanced 
into the stratum profundum, the incidence 
of visually activated cells diminished 

markedly. A basic pattern emerged, with 
the upper layers strictly visual, the lower 

layers primarily nonvisual, and the inter- 
mediate layers representing a zone of "mo- 

dality overlap." 
Although tactile receptive fields ranged 

from a few millimeters in extent (primarily 
on the contralateral forepaw and face) to 
more than half the contralateral cutaneous 
surface, the organization was distinctly 
somatotopic. The presence of a well-or- 
dered visuotopy in upper layer cells (11, 13, 
14) enabled us to compare the spatial orga- 
nization of the two modalities. This was 

accomplished by first mapping the con- 
tralateral visual fields of one to four single 
cells, or a multiunit group, in each of 85 
electrode penetrations. The center of the 

group of receptive fields of each pene- 
tration was then used as the visual "refer- 
ence point" to which the lower layer tactile 
receptive fields of that penetration were re- 
ferred (Fig. 1). 

In those penetrations in which the visual 
reference points were near the area cen- 
tralis, tactile receptive fields were centered 
toward the midline of the face, near the 
nose. This is illustrated in the example of a 
reconstructed electrode penetration in Fig. 
1. As the visual fields moved away from 
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reconstructed electrode penetration in Fig. 
1. As the visual fields moved away from 
the area centralis, tactile fields also moved 

away from the nose in corresponding di- 
rections; for instance, penetrations in 
which visual reference points were immedi- 
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Superior Colliculus: Visuotopic-Somatotopic Overlap 

Abstract. A laminar organization was present in the superior colliculus of the cat, with 

upper layer cells exclusively visual, lower layer cells primarily somatic (or acoustic), and 
intermediate layers showing significant modality overlap. The close topographic corre- 

spondence between the visual and somatic representations observed within this laminar 

pattern and the similarities in visual and somatic response specificity may be consistent 
with the hypothesis that the colliculus combines several sensory modalities to facilitate 
tracking of a given stimulus. 
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