cytes have so far been noted in prepara-
tions after 2 months in vitro, but suffi-
ciently thorough examination of the
slides for this stage has not yet been
done. Whether infective gametocytes
can be produced in vitro and what are
the conditions for their formation are
among the many problems now open to
experimental attack.

Of more immediate importance is the
use of the cultures for the preparation of
merozoites, which may be particularly
immunogenic (/4), and for the study of
materials produced by merozoites that
may function in invasion of erythrocytes
(I15) and may have a role in induction of
protective immunity. Of particular inter-
est would be a study of the physiological
condition of the erythrocyte, especially
with regard to adenosine triphosphate
content, in relation to its suitability for
development of the parasites (/6), and
for characterization of the requirements
of malaria parasites for extracellular de-
velopment in vitro (/6).
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Neurons Selective for Orientation and Binocular Disparity
in the Visual Wulst of the Barn Owl (T'yto alba)

Abstract. The visual response properties of single neurons in the owl’s visual
Wulst suggest that this forebrain structure is an analog of the mammalian visual cor-
tex. Features in common with the cat and the monkey visual cortex include a precise
topographic organization, a high degree of binocular interaction, and selectivity for
orientation, direction of movement, and binocular disparity of straight-line contours.

The frontal eyes and prey-catching
skills of the owl suggest that the bird
achieves stereopsis, the highly precise,
binocular depth sense (/). However,
some investigators (2) have argued
against this possibility because owls lack
partial decussation at the optic chiasm;
instead, all the fibers from one eye cross
to the opposite side of the brain (Fig. 1).

Partial decussation allows information
from each eye to be compared by the
brain, as Newton first pointed out (3),
and is a prominent feature of the visual
system of all the binocular mammals in-
cluding man. Since owls lack a partial de-
cussation, it was inferred that they also
lack neurons that can be influenced by
both eyes and, therefore, the disparity-
sensitive binocular neurons thought to
mediate the first stages of stereoscopic
visual processing in the cat and monkey
visual cortex (4).

Neuroanatomical studies on the owl
(5) suggest that such inferences were pre-
mature; despite a totally crossed path-
way from the eye to the thalamic relay
nucleus, the owl has a bilateral projec-
tion from the thalamus to the Wulst, a
prominent bulge on the surface of the
forebrain (Figs. 1 and 2). The finding of a

Fig. 1. Schematic re-
presentation of the or-
ganization of forebrain
visual pathways in the
cat and owl. Both of
these vertebrates dem-
onstrate binocular in-
tegration within lami-
nated forebrain struc-
tures (visual cortex of
the cat and visual Wulst
of owl). In the «cat
(right) binocular con-
vergence occurs at the
thalamic level because
of partial decussation of
fibers from the retina
(r) at the optic chiasm
(oc). In contrast, the
owl (left) has a total op-
tic decussation, and tha-
lamic fibers represent-
ing the temporal retina

must recross in the Owl

representation of each eye within this
structure and other cytoarchitectonic
similarities to the visual cortex of mam-
mals, led Karten and co-workers (5) to
hypothesize that the Wulst might play
the role for the owl of the visual cortex in
the monkey and the cat.

We have studied the visual response
properties of 260 single neurons in the
Waulst of the barn owl (Tyto alba). Our
findings confirm the recent ideas of the
neuroanatomists, for the physiological
similarities of the Wulst to the visual cor-
tex of the cat and monkey are more strik-
ing than the differences. In common with
the mammalian cortex are a precise reti-
notopic organization, a high degree of bi-
nocular interaction, and neurons with re-
quirements for stimulus orientation, di-
rection of movement, and binocular

disparity.
We used tungsten-in-glass micro-
electrodes and conventional extra-

cellular recording techniques from a
closed chamber. Anesthesia was induced
with ketamine (12 mg per kilogram of
body weight, injected intramuscularly)
and maintained by intermittent injections
through a Teflon catheter placed in the
pectoral muscle. As the degree of eye

Cat

supraopic chiasm (soc) for binocular convergence to take place. Consequently the thalamic
relay nucleus (trn) of the owl represents the whole visual field of the contralateral eye while the
corresponding relay nucleus of the cat represents the contralateral hemifield of both eyes. De-
spite these differences, both cat visual cortex (vc) and owl visual Wulst (vw) represent the
contralateral hemifield, and both have binocular neurons with similar functional characteristics.

675



07
Unit 2
CONTRA

Fig. 2. (A) Brain of the barn owl (Tyto alba)
in side (upper) and plan (lower) views. The
prominent bulge on the dorsal surface is the
i visual Wulst, which is bounded laterally by
" the vallecular groove and medially by the
E midline. (B) Coronal section through to
100 Waulst in the plane indicated by (A) with
a reconstruction of an electrode track that
- generated the data of (C), (D), and part
of (E). The midline is to the left and the
vallecular groove (Va) to the right. Circles
along the track indicate lesions made by
passing current from the microelectrode. (C)
N Receptive fields of some of the units record-
ed from the electrode track reconstructed in
20 (B), plotted on a tangent screen at 57
cm. Most units are binocular with separate
fields that can be plotted for each eye (,
ipsilateral; C, contralateral). Units 2 to 6 all
had complex stimulus requirements for
orientation, velocity, and binocular dispar-
ity. Units 9 and 13 had *‘simple”’ receptive fields (/7). Unit 15 was monocular, had a concentric
receptive field organization, and was marked with a lesion (Fig. 1, right) because it occurred at a
transition from cells dominated by the ipsilateral eye to cells dominated by the contralateral eye.
Units 24 and 25 had properties and waveform suggesting that they were afferent fibers from the
thalamic relay nucleus. The projections onto the screen of the left area centralis (LAC) and right
area centralis (RAC) are indicated by broken and solid lines, respectively. Variation in the
relative positions of the pairs of receptive fields for each unit is known as receptive field disparity.
(D) Computer-generated polar histograms of the mean responses of unit 2 to an oriented slit
(0.5° x 10°) moving at 10° per second at 12 different orientations. Full-scale deflection is 36 spikes
per sweep. The best response is to a bar oriented at 135° (moving along axis 45° to 225°). A similar
pattern of response is independently elicited from each eye. (E) Ocular dominance histogram of
260 neurons recorded from six owls. Classification is based on the scheme of Hubel and Wiesel
(11), from exclusively contralateral (group 1), through balanced binocular (group 4) to exclusively
ipsilateral (group 7). Hatched area indicates cells that could not be driven independently by
either eye but only by simultaneous stimulation of both eyes at the appropriate binocular
disparity.
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movement reported for the owl is very
small (6), it was not necessary to resort
to neuromuscular paralysis. However,
since even the smallest movements can
confound studies of the slight receptive
field disparities of binocular neurons, we
monitored and corrected for the pres-
ence of eye movements (7).

The visual axis was determined by
projecting a prominent landmark in the
bird eye, the pecten oculi, onto a tangent
screen. The spatial relationship between
the pecten and area centralis was then de-
termined on retinal whole-mount prepa-
rations (8).

Receptive field properties were stud-
ied with targets displayed on a tangent
screen placed 57 cm from the owl’s eyes.
The position and orientation of the dis-
play could be controlled either by a
hand-held control stick or by a computer
that generated orientation tuning curves
).

Electrode tracks were reconstructed
from small lesions produced by passing
current through the microelectrode. Sec-
tions were stained with cresyl violet or
with the Fink-Schneider technique (/0)
and were compared with sections from
the opposite Wulst of some preparations
that were stained according to the Golgi
Rapid technique.

Retinotopic organization was precise,
with a large overrepresentation of the
area centralis. The anterior, posterior,
medial, and lateral margins of one Wulst
represented, respectively, the inferior,
superior, peripheral, and midline bound-
aries of the contralateral binocular visual
field (Fig. 2, A and C). This pattern of ret-
inotopic organization is identical to that
found in cat primary visual cortex (/1).

Of 260 neurons, 189 could be activated
independently from each eye (Fig. 2, C
and E). An additional 26 neurons could
be driven only by simultaneous presenta-
tion of a target to both eyes (Fig. 2E).
And finally, 23 neurons were driven ex-
clusively by the contralateral eye and 22
exclusively by the ipsilateral eye. All 45
of these monocular units had con-
centrically organized receptive fields
(11). Three units were difficult to isolate
and had concentrically organized recep-
tive fields on both retinas. The remainder
of the binocular neurons (212) responded
optimally to moving edge targets; they
demonstrated different degrees of selec-
tivity for orientation (Fig. 2C), direction
(Fig. 2D), velocity, contrast, and size—
possibly as a function of the depth of the
unit in the Wulst. For example, while
recording from the superficial millimeter
of Wulst, we never encountered cells
with “‘simple” fields that could be
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mapped into oN and OFF areas (/7). In-
stead, we commonly encountered neu-
rons that were silent unless we presented
the end of an appropriately oriented dark
bar to both eyes simultaneously with an
appropriate setting on the rotary biprism
set before one eye to enable control of bi-
nocular disparity.

In a number of cases, by recording
from both right and left Wulsts with sepa-
rate microelectrodes, we could record si-
multaneously from two different dis-
parity-selective neurons. The responses
of three such neurons (two pairs with a
reference cell common to each pair) (Fig.
3) show that small changes in prism set-
ting produce large changes in the re-
sponse elicited by binocular stimulation.
In addition, the peak binocular response
does not occur at the same prism setting
for all three neurons. This is of interest
because of disagreement in the literature
concerning disparity-selective neurons.
While the existence of sharply tuned dis-
parity-selective binocular neurons is well
established for the cat ¢), there is dis-
pute about the magnitude of the neuron-
to-neuron variation in preferred disparity
(12). In our experiment, the neuron-to-
neuron variation is significant and inde-
pendent of any eye movement because
the simultaneous measurements made on
two neurons show that one may be maxi-
mally excited while another is maximally
inhibited by the same binocular stimulus
[compare units A10 and B8 at 4.5° (Fig.
3)]. Since the prism variations were
made in the horizontal plane, these two
cells would also be differentially affected
by the same target as a function of dis-
tance in the natural situation.

In contrast to the more superficial
cells, those recorded in the granular lay-
ers [IHA externa (ex) and interna (in)
(Fig. 2B)] receiving thalamic input had
very simple properties. Their receptive
fields could be mapped into separate an-
tagonistic regions that were often sepa-
rated by straight-line boundaries (Fig.
2C), particularly when the cell was bi-
nocular (monocular neurons always had
concentric boundaries). In a number of
penetrations that passed through the
granular layers, reconstruction revealed
that exclusively ipsilateral units tended
to be recorded first, in the IHA externa,
whereas exclusively contralateral units
were usually recorded in the IHA interna
(Fig. 2).

In addition to recording from the
Wulst, we also penetrated the main body
of the thalamic visual relay nuclei, or op-
ticus principalis thalami (OPT) (5, 13), to
check the properties of the Wulst’s in-
put. Neurons in the OPT were in-
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distinguishable from the neurons of the
lateral geniculate nucleus (LGN), which
provide the input to the visual cortex of
the cat. We found both sustained and
transient OPT neurons with either oN
center or OFF center, concentrically orga-
nized fields; the fields could be plotted
only for the contralateral eye. There was
precise retinotopic order, but, in con-
trast to the LGN of the cat, which has a
representation of both eyes and a single
hemifield, the owl OPT appears to repre-
sent both hemifields of the contralateral
eye only (Fig. 1). Since thalamic neurons
could be excited only from one eye, the
Waulst, like the visual cortex of mam-
mals, appears to be the first site of in-
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Fig. 3. Disparity-tuning curves for three bi-
nocular neurons recorded with the reference
cell technique (7). Unit B8, the reference cell,
was recorded (from the right visual Wulst)
simultaneously with unit A4 (from the left
visual Wulst). The right electrode was then
advanced so that B8 and A10 could be record-
ed simultaneously. Each point gives the unit’s
response to a 10° X 0.5° vertical slit swept
from left to right (amplitude 10°) at 20° per
second onascreen at 57 cm. The points at right
show the response of each unit to monocular
presentation of the stimulus (R, right eye
alone; L, left eye alone). The connected points
show the response to binocular presentation of
the stimulus at each of a number of settings on
the prism which changes the horizontal align-
ment of the left eye (and therefore changes the
relative retinal alignment, or retinal disparity,
between the left and right images of the bi-
nocular target). Because the visual axes are
divergent (Fig. 2C), binocular response is best
when there is a convergent setting on the
prism (that is, in which the base of the prism is
toward the midline), but each cell has a dis-
tinct preference for a different disparity. For
example, at a prism setting of 4.5°, A10 is
maximally active while simultaneously record-
ed B8 is inhibited below the monocular level.
Successively recorded A4 and A10 have virtu-
ally nonoverlapping curves which can be com-
pared directly by means of the reference cell
B8. Preferences for stimulus disparity were
sharply defined since misalignments of a frac-
tion of the receptive field size resulted in
marked changes of responsiveness. Receptive
field size measured at right angles to the pre-
ferred orientation was around 6° for units B8
and A4 and 4° for unit A10.

tegration of information from both eyes
(14).

We conclude that, despite its different
evolutionary history and its totally
crossed primary optic pathway, the owl
has a neural basis for binocular depth dis-
crimination directly comparable to that
found in cat ¢), monkey (4, 12), and
probably man (/5). It is not yet known
whether the binocular neurons of the owl
are also like those of cat (/6), monkey
(17), and man (/8) in their sensitivity to
early visual experience.

JoHN D. PETTIGREW
MasakAazU KONISHI
Division of Biology,
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Multiplication of a Human Parasite (Leishmania donovani)

in Phagolysosomes of Hamster Macrophages in vitro

Abstract. Leishmania donovani, the etiological agent of human visceral leishma-
niasis, was grown in hamster peritoneal macrophages in vitro. By electron microsco-
py, using a lysosomal marker, these parasitic protozoa were seen to multiply within
host cell phagolysosomes. The survival mechanism of this intracellular parasite is
based apparently upon resistance to macrophage lysosomal enzymic digestion.

Most refractory to host immunity and
chemotherapy are perhaps some intra-
cellular parasites whose survival often
depends on a delicate balance of host-
parasite interplay (/). These parasites fre-
quently live in different ecological niches
within the host. For instance, nowhere
else but in a living red blood cell can
the erythrocytic stage of malaria grow
well (1), whereas Microsporidia (2) and
Trichinella (3) often invade muscle cells.
Still others even parasitize the mono-
nuclear cell series of the host reticuloen-
dothelial system, phagocytic cells that
constitute the first line of host cellular de-
fense against invading microorganisms.
The success of this type of intracellular
parasitism hinges on subtle mechanisms
whereby the parasites plainly resist lyso-
somal enzymes (4) or avoid exposure to
lysosomes by residing in separate vacu-
oles (5, 6). One typical example of such a
parasite is Leishmania donovani, a try-
panosomatid protozoan that is the
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causative agent of kala azar, a debilitat-
ing and often fatal disease of man. Al-
though it has long been recognized that
the amastigote stage of this parasite in-
fects host macrophages, the mechanism
of its survival within these cells remains
open to speculation (/). This mechanism
undoubtedly bears directly on the patho-
genicity of this parasite and the failure of

Table 1. Infectivity and multiplication of
Leishmania donovani amastigotes in in vitro
cultured hamster peritoneal macrophages.

Days Infected Numbgr of
after cells parasites
infection (%) per cell
1/6 50%* 1.91
1 45 1.7
3 50 33
7 52 7.7

*Obtained from examining at least 200 cells per
sample. tObtained by counting the number of
parasites in at least 100 infected macrophages per
sample.

susceptible hosts to develop effective im-
munity against it. In this report, we pre-
sent evidence indicating that, despite the
fusion of lysosomes with parasite-con-
taining or parasitophorous vacuoles, the
L. donovani amastigotes not only persist
but multiply within the phagolysosomes
of cultured macrophages.

We used an in vitro system consisting
of hamster peritoneal macrophages and
amastigotes of L. donovani (7). Amasti-
gotes of L. donovani were isolated from
infected hamster spleen by differential
centrifugation. Macrophages were col-
lected from Syrian golden hamsters and
cultured with 5 percent CO, in air, at
37°C, in an enriched medium 199 with the
flying cover slip method. Details of the
culture technique will be described else-
where (8). It suffices to mention here that
relatively homogeneous populations of
macrophages can be maintained under
satisfactory conditions regarding their
adhesion, spreading, and survival on a
long-term basis, by coating cover slips
with polylysine and the use of lactobu-
min hydrolysate.

To study the Leishmania-macrophage
interactions, 1- to 3-day-old cell mono-
layers on cover slips were covered with
0.2 t0 0.3 ml of medium containing appro-
priate numbers of parasites to make a
parasite to cell ratio of 2 to 1. Infection
was allowed to occur for 4 hours, after
which time samples were washed thor-
oughly to remove free parasites and then
incubated for up to 7 days; experimental
conditions were as those for the mainte-
nance of macrophages. At different inter-
vals, samples were removed and Giemsa
stained for light microscopy to evaluate
the infectivity and multiplication of the
parasites within the macrophages. Infec-
tivity and multiplication were assessed
by counting the numbers of parasitized
cells per 200 macrophages, and the num-
ber of parasites per 100 infected cells, re-
spectively. The results from more than
ten experiments clearly showed that the
parasites attained a severalfold increase
in number in 1 week. A typical example
is presented in Table 1. Using an identi-
cal parasite-host cell system but handled
in a different way, Herman (9) obtained
somewhat similar, but much less consist-
ent results. During the entire period of
our study, no extensive cell detachment
from cover slips and no cell lysis due to
infection were apparent. Moreover, the
increase in parasite numbers was well
correlated with the frequency of dividing
amastigotes observed, while the per-
centage of infected cells remained con-
stant (Table 1). These results thus pro-
vide clear evidence indicating intra-
cellular growth of L. donovani amas-
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