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Flying Primates? Megabats Have the Advanced
Pathway from Eye to Midbrain

JoHN D. PETTIGREW

The pattern of connections between the retina and midbrain has been determined with
electrophysiological and neuroanatomical methods in bats representing the two major
subdivisions of the Chérgptera. Megachiropteran fruit bats (megabats), Pteropus spp.,
were found to have an advanced retinotectal pathway with a vertical hemidecussation
of the kind previously found only in primates. In contrast, the microchiropteran bat
Macroderma gigas has the “ancestral” or symplesiomorphous pattern of retinotectal
connections so far found in all vertebrates except primates. In addition to linking
primates and megachiropteran bats, these findings suggest that flight may have evolved

twice among the mammals.

HE PATTERN OF CONNECTIONS BE-

tween the retina and the midbrain

superior colliculus (or tectum) dis-
tinguishes primates from all other mammals
so far studied (I). In strepsirhine and ha-
plorhine primates (2), the pattern of cross-
over of retinotectal fibers is like that of the
retinothalamic fibers, with the result that the
superior colliculus on one side of the brain
subserves both eyes but only the opposite
hemifield of visual space (3). In contrast, in
all other vertebrate groups so far examined,
the crossover pattern of retinotectal fibers
differs from that of the retinothalamic fibers,
with the result that the superior colliculus
subserves the whole visual field of the oppo-
site eye (4-10). Bats have not previously
been studied in this regard, although the
question is of some interest because some
scholars have placed bats together with pri-
mates, dermopterans, and tree shrews in the
superorder Archonta (11). Moreover, there
are two distinct bat assemblages, one of
which has an advanced visual organization
with similarities to that of the primates. The
latter are megabats, suborder Megachirop-
tera, a uniform Old World group of large,
vegetarian bats reliant on their highly devel-
oped vision for foraging and obstacle avoid-
ance (12). The microbats, suborder Micro-
chiroptera, are, by contrast, diverse, world-
wide, small, predominantly insectivorous
bats, all of which use ultrasonic emissions
for echolocation (13). I now report that
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fruit bats of the genus Ptergpus have the
advanced pattern of retinotectal fiber con-
nections like that of primates. In contrast,
the microbat, Macroderma gigas, has the
plesiomorphous pattern of retinotectal pro-
jection found in most vertebrates. The find-
ings lend support to the older classifications
linking primates and bats, with the new
qualification that this applies only to the
Megachivoptera. A corollary of this phyloge-
netic hypothesis is that mammalian flight
has evolved independently more than once
(14).

The megabats used in this study were
three grey-headed flying foxes, Pteropus po-
liocephalus, two black flying foxes, Pteropus
alecto, and one little red flying fox, Pteropus
scapulatus, taken from the wild near Bris-
bane, Australia, and maintained in an out-
door aviary. The microbats were two Aus-
tralian ghost bats, Macroderma gigas, taken
from a colony of 400 breeding females at
Pine Creek, Northern Territory. Macro-
derma was chosen because, in comparison
with most other microchiropterans, it has a
relatively well-developed and experimentally
tractable visual system, with large eyes and a
temporal retinal area of increased ganglion
cell density which “looks” forward like that
found in Pteropus (Fig. 1). Two methods
were used to determine the pattern of reti-
notectal fiber connections: electrophysio-
logical and neuroanatomical. In the first,
microelectrodes were used to record the

visual responses of individual neurons in the
superior colliculus of bats anesthetized with
intramuscular injections of ketamine and
xylazine (15). The locations of visual recep-
tive fields were plotted with respect to the
zero vertical meridian for each eye, the latter
having been established from the projection
of the ophthalmoscopically visible optic
nerve head and data from retinal whole
mounts giving the relation between the area
of increased ganglion cell density and the
nerve head (16). A check on this estimate
was provided by binocular fields recorded in
overlying visual cortex (17). For the neuro-
anatomical studies, injections of horserad-
ish peroxidase (HRP), in some cases conju-
gated to wheat germ agglutinin (WGA-
HRP), were made into the superficial layers
of the superior colliculus receiving retinal
input to enable retrograde labeling of retinal
ganglion cells (18). The previous electro-
physiological determination of the location
of the superior colliculus was used to guide
the placement of the HRP injections in
three cases. In five other cases, the overlying
visual cortex was removed by suction abla-
tion to expose the superior colliculus so that
injections could be directed visually to its
whole retinal projection area. After survival
times of 24 to 72 hours, the animals were
killed with an overdose of anesthetic, per-
fused with fixative, and the brain and eyes
removed. Retinal whole mounts were pre-
pared to show the pattern of labeled retino-
tectal ganglion cells and the brain sectioned
and reacted to verify the injection site (19).

All three Pteropus spp. examined electro-
physiologically had the primate pattern of
retinotopic organization in the superior col-
liculus. At the caudal edge of the superior
colliculus, neurons had receptive fields in
the far contralateral field, whereas at the
rostral edge receptive fields were located
close to the zero vertical meridian. No re-
ceptive fields were found more than 5° (the
accuracy inherent in the method of plotting
landmarks) into the ipsilateral hemifield. A
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majority of neurons could be driven inde-
pendently by both eyes. In Macroderma, the
topographical arrangement in the superior
colliculus was with the lateral edge repre-
senting the lower visual field, the medial
edge representing the upper field and the
caudal edge representing the extreme con-
tralateral periphery as in Pteropus, but re-
sponses at the rostral edge could be obtained
from points in visual space which were as far
as 30° across the zero vertical meridian in
the ipsilateral visual field. Moreover, from
none of the 30 sites studied in the rostral
part of the colliculus of Macroderma could
responses be elicited from the ipsilateral eye.

These electrophysiological differences be-
tween the retinotectal organization of the
two groups of bats were graphically illustrat-
ed by the results of the retrograde labeling
experiments. Pteropus showed a vertical de-
cussation line passing through the special-
ized area of both retinas, with labeled reti-
notectal ganglion cells on one side of the line
but not the other. Densities of labeled reti-
notectal ganglion cells were low (2 to
4 x 10> mm™?) compared with the densi-
ties (2 to 4 X 10> mm™?) of the total popu-
lation of neurons in the retinal ganglion cell
layer (20), although both ipsilateral and
contralateral densities were comparable. The
same pattern was observed in all five Ptero-
pus (three species) studied. Macroderma
showed no decussation line, with labeling
across the whole extent of the contralateral
retina and no labeled ganglion cells at all in
the ipsilateral retina. The density of labeled
cells reached 2.5 X 10> mm™? in the contra-
lateral retina, a significant fraction of the
total population of neurons in the retinal
ganglion cell layer, which peaked at
3.5 x10* mm~? (Fig. 1).

These results show that a major, repre-
sentative genus of megabats has the ad-
vanced or synapomorphous pattern of reti-
notectal organization found in primates. In
contrast, one of the most highly visual mi-
crochiropteran bats known does not have
this pattern, but shares the primitive or
plesiomorphous  condition with other
groups of mammals (and all other verte-
brates). Apart from the musculoskeletal ad-
aptations associated with the wing itself,
there are no known synapomorphous char-
acters which unequivocally link megabats
and microbats (21), so a natural question
arises as to the relative weighting to be given
to these two conflicting synapomorphies:
the wing and the hemidecussated retinotec-
tal pathway. Is it more likely that flight
evolved in parallel in two separate lines of
mammals, one of them ancestral primates,
or that megabats have evolved an advanced
mode of retinotectal organization indepen-
dently of primates (22)?
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Separate origins for the wings of mega-
bats and microbats are supported by the
presence of a number of small, but consist-
ent skeletal differences between them (23),
the presence of other synapomorphies link-
ing megabats to primates but not to micro-
bats (24), the appearance of sustained flight
in at least three separate nonmammalian
lines (25), the numerous appearances of
gliding flight with three separate “inven-
tions” in the marsupials alone (26), and a
fossil record indicating an origin for micro-
bats more than 50 million years ago (27)
compared with the recent fossil megachirop-
terans which have even been classified as
primates (28). Separate origins for the ad-
vanced retinotectal organization in fruit bats

and primates are not supported by the close
identity between the complex details of the
pathways involved in each group (29), nor
by their absence in such highly visual and
arboreal mammals as squirrels, cats, tree
shrews, and phalangers (5-10). Serological
evidence linking dermopterans and primates
(30), the homologous structure and innerva-
tion of the patagium in dermopterans and
megachiropterans (11), the present evidence
linking primates and megachiropterans, plus
the previous morphological evidence linking
dermopterans, primates, and megachirop-
terans (23) all taken together, suggest that a
fruitful line of future investigation will be
the evolutionary relations of these three
groups of mammals. In the meantime it

All cells

1 mm
—_—

Contralateral
retinotectal

Ipsilateral
retinotectal

Fig. 1. Differing patterns of retinotectal organization in a megachiropteran bat, Pteropus poliocephalus (a,
¢, and ) and a microchiropteran bat, Macroderma gigas (b, d, and f). Retinal whole mounts are shown
with contours of isodensity for cells in the retinal ganglion cell layer (x10* mm™2in a, b, d, and f;
x10*mm™2 in ¢ and e), either stained with cresyl violet (A4 cells, a and b), or reacted to show the
presence of HRP in ganglion cells contralateral (c and d) and ipsilateral (e and f) to the injection site in
the right superior colliculus. Abbreviations: N, nasal; T, temporal. The ipsilateral retinas (from right
eyes, ¢ and f) have been mirror-reversed to facilitate comparison with the others. Stippling schematic
indicates only the extent of the labeled retinal area. Both kinds of bats have a similar topography in the
retinal ganglion cell layer (a and b) with a horizontal “streak” and a clearly defined area centralis in
temporal retina subserving the region of frontal visual space. Despite the similarities in overall
topography in the ganglion cell layer, there are dramatic differences in the topography of the retinotectal
ganglion cells. In Pteropus retinotectal ganglion cells are found in relatively low density compared with
the total in the ganglion cell layer, but both ipsilateral and contralateral retinas have comparable
densities. There is a sharp decussation line, close to the vertical meridian of both ipsi- and contralateral
retinas. No labeled ganglion cells could be detected (despite a long search at high power for any weakly
labeled ones) temporal to the dotted line marked (0) in the contralateral retina (c) or nasal to the dotted
line marked (0) in the ipsilateral retina (¢). In Macroderma, retinotectal ganglion cells were found only
contralateral to the injection site, with no indication of a decussation at the zero vertical meridian.
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seems appropriate to propose that an early
branch of the primate tree may have devel-
oped the power of flight long before the
hominid branch even dreamed of it.
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Structure of Ribosomal Subunits of M. vannielii:
Ribosomal Morphology as a Phylogenetic Marker

MARINA STOFFLER-MEILICKE, CLAUDIA BOHME, OLAF STROBEL,

AuagusTt BOCK, GEORG STOFFLER

On the basis of ribosomal morphology, it has been proposed that the sulfur-
metabolizing archaebacteria constitute a group (the eocytes) with a phylogenetic
importance equal to that of the eubacteria, archaebacteria, and eukaryotes. It has been
further proposed that eocytes should be given kingdom status. Ribosomal subunits
from the methanogenic archaebacterium Methanococcus vannielii were examined by
electron microscopy, and their structures were compared to those of other archaebac-
terial, eubacterial, and eukaryotic ribosomes. 308 subunits from M. vannielii showed
the elongated contour and the one-third to two-thirds partition characteristic of such
subunits. In addition, the angled asymmetric projections of those subunits showed a
squarish base and a beak on the head. 508 subunits from M. vannielii were seen in both
crown and kidney views. In crown views, the L1 protuberance was frequently
pronounced and split; an incision below this protuberance and a protrusion at the base
of the particle were also observed. Although previous studies suggested that certain of
these structural features were found exclusively in ribosomes from sulfur-metabolizing
archaebacteria, these new results indicate that such features also occur in ribosomes
from a typical methanogenic archaebacterium and thus may not be reliable phylogenet-

ic markers.

T HAS BEEN PROPOSED THAT ANALYSIS

of the structure of ribosomal subunits

by electron microscopy is a rapid and
accurate method for the classification of
organisms (I1). Five different ribosome
structures have been described and have
been assigned to four independent evolu-
tionary lineages (2-4). We present here
electron micrographs of ribosomal subunits
from Methanococcus vannielis that are incon-
sistent with the assignment of one of these
lineages (2).

The ribosomes used for this study were
prepared as described (5, 6), and their activi-
ties in poly(U)-dependent polyphenylala-
nine synthesis were assessed (6). The sub-
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