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ABSTRACT
We examined the internal organization and connections of the primary visual area,

V1, in the South American marsupial Monodelphis domestica. Multiunit electrophysio-
logical recording techniques were used to record from neurons at multiple sites. Receptive
field location, size, progressions, and reversals were systematically examined to deter-
mine the visuotopic organization of V1 and its boundaries with adjacent visual areas. As
in other mammals, a virtually complete representation of the visual hemifield was
observed in V1, which was coextensive with a region of dense myelination. The vertical
meridian was represented at the rostrolateral boundary of the field, the upper visual
quadrant was represented caudolaterally, whereas the lower visual quadrant was repre-
sented rostromedially. Injections of fluorescent tracers into V1 revealed dense connec-
tions with cortex immediately adjacent to the rostrolateral boundary, in peristriate cortex
(PS or V2). Connections were also consistently observed with a caudotemporal area (CT),
entorhinal cortex (EC), and multimodal cortex (auditory/visual, A/V). These results dem-
onstrate that M. domestica possess a highly differentiated neocortex with clear functional
and architectonic cortical field boundaries, as well as discrete patterns of cortical con-
nections. Some connections of V1 are similar to those observed in eutherian mammals,
such as connections with V2 and extrastriate areas (e.g., CT), which suggests that there
are general features of visual system organization that all mammals posses due to
retention from a common ancestor. On the other hand, connections of V1 with EC and
multimodal cortex may be a primitive feature of visual cortex that was lost in some
lineages, may be a derived feature of marsupial neocortex, or may be a feature particular
to mammals with small brains. J. Comp. Neurol. 428:337–354, 2000. © 2000 Wiley-Liss, Inc.
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The visual system is unquestionably the most widely
studied sensory system in mammals, perhaps this is be-
cause we consider ourselves to be highly visual animals,
and, therefore, the visual system to be a focal point around
which higher processes such as cognition, learning, and
memory are built. Work on the nonhuman primate visual
system has validated this belief by demonstrating that the
visual neocortex is very complexly organized and is com-
posed of multiple areas, or fields, involved in processing
various features of the stimulus.

However, the complexity that we seek to understand is
also one of the largest obstacles in understanding basic
elements of processing. Our laboratory’s approach to un-
derstanding how complex systems were generated in evo-
lution is to identify the organization of the forerunner
from which more complex systems evolved. Comparative
analyses of different species are essential for describing a

general plan of organization of the mammalian brain, as
well as for identifying variations to this plan. By observing
similarities and differences across species, one can then
posit how cortical areas were modified, how new areas
were added, and how these modifications were integrated
with general features of organization to generate a com-
plexly organized and interconnected visual system.

Although studies of other mammals have led to a better
understanding of the basic features of organization of the
mammalian visual system, the number of species exam-
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ined to date is limited, and our understanding of the
common ancestral form is at best rudimentary (e.g., Van
Essen, 1979; Kaas, 1980, 1988; Tyler et al., 1998). For
instance, studies on mammals such as cats (e.g., Tusa et
al., 1978; Gilbert and Wiesel, 1979; Montero, 1981), some
species of rodents (e.g., Adams and Forrester, 1968;
Montero et al., 1973a,b; Dräger, 1975; Wagor et al., 1980;
Malach, 1989), and primates (e.g., Allman and Kaas, 1971;
Gattass et al., 1987; Krubitzer and Kaas, 1993; Rosa et al.,
1997) have demonstrated that the visual system of these
animals share common features, in that they possess a
primary visual area (V1) with similar patterns of connec-
tions and retinotopic organization. However, some funda-
mental issues of visual system organization remain unre-
solved. For example, while the second visual area, V2, has
been identified in both cats (Tusa et al., 1979) and pri-
mates (Allman and Kaas, 1971; Gattass et al., 1981), the
differences between these two species in terms of modular
organization (Bonhoeffer and Grinvald, 1993; Roe and
Ts’o, 1995) makes it difficult to infer what the ancestral
state may have been. This issue of V2 becomes more
confusing when one considers the very different proposals
of extrastriate visual cortex organization in rodents (see
Rosa and Krubitzer, 1999).

Studies of mammals whose ancestors diverged early in
evolution can provide insight into features of the cortex
possessed by early ancestors. These features may charac-
terize fundamental building blocks of the mammalian vi-
sual system. Marsupials are an extant lineage of metathe-
rian mammals whose ancestors diverged from the
eutherian line approximately 135 million years ago (Kir-
sch, 1977), and they offer a unique opportunity to study a
visual system that may be representative of the ancestral
mammalian brain.

Previous work on marsupials has shown that they share
some features of visual system organization and patterns
of connections with placental mammals. For example,
electrophysiological studies of V1 in the quoll (Rosa et al.,
1999), wallaby (Vidyasagar et al., 1992), and South Amer-
ican opossum (Sousa et al., 1978) have demonstrated a
topographic representation of the visual field similar to
that described for V1 of eutherian mammals. Cytoarchi-
tectonic studies have shown similarities between marsu-
pial and placental mammals in terms of thickness of cell
layers and distribution of cells, although there seems to be
as much variation among marsupials as there is among
placentals (Tyler et al., 1998). Studies of connections (e.g.,
Benevento and Ebner, 1971; Crewther et al., 1984; Bravo
et al.,1990; Martinich et al., 2000) demonstrate projec-

tions from V1 to a second visual area, V2, as well as other
extrastriate areas. However, it remains to be established
whether these extrastriate areas are homologous in dif-
ferent species.

We examined the topographic organization and connec-
tions of V1 in the short-tailed opossum for three reasons.
The first is to expand our understanding of general fea-
tures of visual processing in mammals. Comparative stud-
ies of a wide variety of species, including marsupials, are
essential to ascertain a general plan of mammalian corti-
cal organization. The second reason we are examining this
species, rather than the more common North American
opossum, is that the short-tailed opossum has a well-
developed visual system, and the amount of cortex devoted
to visual processing is relatively large (Huffman et al.,
1999a). Also, the eye is larger and easier to stabilize for
visual mapping studies. The final reason we have chosen
this species is the growing prominence of these animals in
studies of neural development. Work in our laboratory,
which focuses on the evolution of cortical areas, has led us
to consider the factors involved in cortical development
(Huffman et al., 1999b). For these reasons, we have found
it necessary to establish normal patterns of cortical orga-
nization and connections in the adult opossum.

MATERIALS AND METHODS

Multiunit electrophysiological recording methods and
anatomical tracing techniques were used to investigate
the visuotopic organization and connections of the pri-
mary visual area, V1, in 9 South American short-tailed
opossums (Monodelphis domestica). Maps of the visual
hemifield were obtained for V1 in five animals. In an
additional four animals, the corticocortical connections
were determined by injecting neuroanatomical tracers
into V1 and plotting retrogradely labeled cells. Both data
sets were related to cortical myeloarchitecture obtained
from tissue sectioned in the tangential plane, or from
cytoarchitecture of coronally sectioned brains.

Surgical preparation and anesthetics

Anesthesia was induced with a cocktail of ketamine
hydrochloride (40 mg/kg) and xylazine hydrochloride (5
mg/kg) administered intramuscularly. A total of 0.2 ml of
1% lidocaine, a local anesthetic, was injected at the scalp
and into the temporal muscle. Maintenance doses of pen-
tobarbital sodium (20 mg/kg) were administered subcuta-
neously at roughly 30-minute intervals to maintain a sur-
gical level of anesthesia. For the acute electrophysiological
experiments, subcutaneous injections of lidocaine were
administered into the skin surrounding the eye, and the
pupil was dilated with atropine. Subcutaneous injections
of lactated Ringer’s solution were administered every 3 to
4 hours to maintain hydration. For all experiments, body
temperature was maintained by placing the animal on a
heating pad, and body temperature, heart rate, and res-
piration were monitored throughout the experiment. Once
a surgical level of anesthesia was reached, the skin was
cut at the midline of the scalp, and a craniotomy was
performed to expose the entire primary visual area and
much of the surrounding cortex.

For the electrophysiological recording experiments, the
dura was retracted and the exposed cortex was covered
with dimethylsiloxane to prevent desiccation and to main-
tain cortical temperature. A small screw was inserted into

Abbreviations

A auditory area
A/V multimodal auditory & visual region
CT caudotemporal area
EC entorhinal cortex
HM horizontal meridian
OB olfactory bulb
PS peristriate cortex
PYR pyriform cortex
RS rhinal sulcus
S somatosensory area
S1 primary somatosensory area
V1 primary visual area
V2 second visual area
VM vertical meridian
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the skull of the contralateral hemisphere, and the head
was stabilized by using dental acrylic, which cemented the
skull screw to a metal bar attached to a magnetic base.
The exposed cortex was imaged by using a CCD camera
(Optronics Engineering, Zeiss, Thornwood, NY), and this
image was used as a reference map to relate the electrode
penetrations to cortical vasculature. To stabilize the eye,
an eye ring was sutured to the sclera of the eye contralat-
eral to the exposed cortex, and then secured in place with
surgical glue. The eye ring was cemented to a metal bar
attached to the magnetic base, which stabilized the head.
A thin clear layer of dimethylsiloxane was applied to the
eye to prevent desiccation of the cornea. All experimental
protocols were approved by the Animal Use and Care
Administrative Advisory Committee of the University of
California, Davis.

Electrophysiological recordings

Five animals underwent electrophysiological recording.
Each animal was placed within an opaque plastic globe,
and the eye contralateral to the exposed cortex of the
animal was positioned so that it was at the center of the
sphere. The entire visual field of one eye was determined
by reflecting a beam of light from its tapetum onto the
globe. Although visual inspection of the eye with an oph-
thalmoscope allowed us to view the vasculature and the
optic disc with clarity, we were unable to project retinal
landmarks on to the globe. These procedures are similar to
those described in previous studies in owl monkeys (e.g.,
Allman and Kaas, 1971). Multiunit electrophysiological
recordings of the visual cortex were done by using tung-
sten microelectrodes (0.020 inches, 5 MV). The electrode
was manually advanced to a depth of 200–400 mm from
the pial surface, approximately in layer IV. Although neu-
ral responses to visual stimulation could be obtained in
other layers, those in layer IV were most robust and al-
lowed us to determine receptive field boundaries with
greater accuracy. To obtain the receptive fields for neu-
rons in a given penetration, the contralateral retina was
stimulated with full field flashes of light, and moving or
flashing circles and bars of light presented through the
globe. Receptive fields were drawn directly onto the globe,
and the retinotopic organization of a region of the cortex
was determined from receptive fields for groups of neurons
at several recording sites spaced approximately 300–500
mm apart. Stability of the eye was tested by returning the
electrode to a known cortical position over the course of
the experiment, and determining the visual field repre-
sented at that point. Upon completion of the recording,
two probes were placed in the cortex to aid with recon-
struction of the tissue.

Tracer injections and histology

Four adult short-tailed opossums were used to deter-
mine the cortical connections of V1. All procedures were
conducted under sterile surgical conditions. In each case,
the animal was anesthetized with ketamine hydrochlo-
ride, xylazine, and pentobarbital sodium as described
above. A craniotomy was performed over the caudal por-
tion of the left cerebral hemisphere. A Hamilton syringe
was lowered through the dura, approximately 300 mm into
the cortex, and 0.3–0.5 ml of either 7% fluoroemerald (FE),
fluororuby (FR), or both (in separate injections) were in-
jected into the cortex. An acrylic skull cap was then placed
over the opening, and the temporal muscle and skin were

sutured. The animal was allowed to recover for a survival
time of 4–7 days to allow for transport of the tracer.

At the end of all experiments, the animals were killed
with a lethal dose of pentobarbital sodium (250 mg/kg)
and transcardially perfused with 0.9% saline (and 0.1%
heparin for electrophysiological cases), followed by 4%
paraformaldehyde in phosphate buffer (PB; pH 7.4), and
then 4% paraformaldehyde with 10% sucrose in PB. The
brain was removed, and the cortex was removed from the
brainstem and diencephalon. The cortices were flattened
between two glass slides and immersed in 30% sucrose
overnight. The flattened tissue was sectioned on a freezing
microtome at 35–40 mm in a plane parallel to the cortical
surface. For the electrophysiological recording cases, all
cortical sections were stained for myelin (Gallyas, 1979).
For anatomical tracing cases, one series of sections was
stained for myelin, and one series of sections was mounted
for fluorescent microscopy. In one case (99-53), the whole
brain was cut in the coronal plane at 40 mm, and alternate
sections were stained for Nissl, myelin, or mounted for
fluorescent microscopy.

Data analysis

For each electrophysiological recording case, camera lu-
cida drawings of individual myelin-stained sections were
made by using a stereomicroscope. Each drawing con-
tained the outline of the section, blood vessels, tissue
artifacts, probes, and architectonic borders determined
from these sections. All drawn sections were aligned by
using these landmarks and compiled into one reconstruc-
tion of the architectonic boundaries. By matching blood
vessel patterns obtained from the digital image of the
exposed cortex with blood vessels, probes, and other arti-
facts in the histologically processed tissue, the electrode
penetrations were plotted onto reconstructed myelin
drawings to produce one comprehensive reconstruction of
both architectonic boundaries and electrophysiological re-
cordings. By correlating receptive field progressions for
neurons with electrode penetrations, maps of V1 were
generated.

For cases in which anatomical tracers were injected, the
injection sites and retrogradely labeled cell bodies were
plotted by using an X/Y stage encoding system (MD Plot,
Minnesota Datametrics, MN) that was mounted to a flu-
orescent microscope and connected to a PC. Each case was
reconstructed by aligning myelin-stained sections with
drawings of fluorescent sections, using probes and other
tissue artifacts as landmarks. Drawings were then com-
piled into one comprehensive reconstruction as described
above. In this way, the myeloarchitectonic features of the
neocortex, including cortical field boundaries were related
to areal patterns of connections.

RESULTS

In the following results, we first describe the visuotopic
organization of V1, as determined by multiunit electro-
physiological recording techniques, and we then relate
functional maps of visual cortex to cortical architecture.
The final section details the cortical connections of V1, as
revealed by analysis of retrograde transport of the fluoro-
chromes injected into V1.
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Visuotopic organization of V1

Multiunit electrophysiological recording techniques
were used to explore the dorsolateral surface of the occip-
ital lobe, and maps of the visual hemifield were obtained
in V1 (Fig. 1). Detailed maps were obtained in three cases,
and partial maps were obtained from two cases. Record-
ings from neurons on the dorsolateral surface of V1, which
comprised approximately 90% of the entire field as defined
architectonically, revealed that most of V1 was devoted to
representing the central 50 degrees of vision (Fig. 1). The
region of cortex inaccessible to our electrode (on the curve
of the midsagittal sulcus), comprised only a small portion
of V1, yet presumably contained the representation of
most of the peripheral hemifield.

The visuotopy of V1 was similar to that described in
other marsupials (Sousa et al., 1978; Vidyasagar et al.,
1992; Rosa, et al., 1999; see Rowe, 1990 for review). The
vertical meridian formed the rostrolateral border of the
field, the upper quadrant was represented caudally, and
the lower quadrant was represented rostrally. Neurons in
the most medial sites represented a more peripheral loca-
tion in the visual hemifield (30–60 degrees azimuth),
whereas neurons located laterally in V1 represented more
central portions of the visual field (20–0 degrees azi-
muth), including the vertical meridian (Figs. 2, 3). Thus,
as recording sites progressed from medial to lateral in V1,
receptive fields for neurons at those sites moved from the
peripheral visual field to the vertical meridian (e.g., Fig. 2,
RFs 7-10, 15-17; Fig. 3, RFs 1-4, 12-16). Although we were
unable to determine the exact location of the representa-
tion of the horizontal meridian, because we could not
project retinal landmarks onto the globe, we could approx-
imate its location based on the physiologically defined
location of the blind spot (Fig. 1). Furthermore, a clear
rostrocaudal progression of representation from lower to
upper visual quadrant could be identified in V1 (Fig. 4). As
recording sites moved from caudal to rostral in V1, recep-
tive fields for neurons at those sites moved from the upper
visual quadrant to the lower visual quadrant (e.g., Fig. 4,
RFs 1-6, 7-11).

Differences in receptive field size for different portions
of the visual hemifield were not systematically studied;
however, one general pattern emerged. Receptive fields for
neurons located lateral in V1, at the representation of the
vertical meridian, tended to be smaller than receptive
fields for neurons closer to the medial wall, which repre-
sented more peripheral locations of the visual hemifield.
This can be seen in Figures 3, 4, and is demonstrated more
dramatically in Figure 5. However, given that we were
recording from multiple, rather than single units, inter-
pretation of these results is difficult. Changes in receptive
field sizes of multiple units do not necessarily reflect
changes in receptive field sizes of individual neurons.

The data obtained for cortex outside of V1 were too
sparse to come to any firm conclusions regarding the
visuotopic organization of extrastriate areas. However, in
several instances, reversals in receptive field progression
were observed at the V1/V2 border (Figs. 2, 3). As record-
ing sites moved medial to lateral in V1, corresponding
receptive fields for neurons at those sites moved from the
peripheral visual hemifield to the vertical meridian. As
the lateral border of V1 was crossed, a reversal in recep-
tive field progression was observed (e.g., Fig. 3, RFs 5, 11,
17, 22).

Myeloarchitectonic subdivisions
of visual cortex

In all cases, the maps generated in V1 by using electro-
physiological recording techniques corresponded closely
with myelo- and cytoarchitectonic boundaries. Architec-
tonic boundaries of V1 were consistently identified in cor-
tex that was sectioned tangentially and stained for myelin
(Fig. 6). V1 was a densely myelinated area located at the
caudomedial pole of the occipital cortex. In myelin-stained
sections cut in the coronal plane, V1 was characterized by
dark myelination in layers III–VI (Fig. 7C).

Located along the lateral border of V1 was a very
lightly myelinated peristriate area (PS, the presump-
tive V2). Although the V1/V2 boundary was readily
determined in all planes of section, the rostral boundary
of V2 was difficult to discern. Cortex immediately lat-
eral to V2 was lightly to moderately myelinated and
termed A/V (multimodal auditory/visual area) in a pre-
vious investigation (Huffman et al., 1999a), because
neurons in this region responded to both auditory and
visual stimulation.

A darkly myelinated wedge-shaped region in caudotem-
poral cortex, located lateral to V2 and immediately supe-
rior to the rhinal fissure, was distinct in each case (Figs. 6,
7D). This caudal temporal area, CT, has been described in
a previous study of the Virginia opossum (Beck et al.,
1996) and the short-tailed opossum (Huffman et al.,
1999a), and contained neurons responsive to visual stim-
ulation. CT has not yet been systematically mapped in any
marsupial.

Auditory cortex (A) was located lateral to A/V, and in-
cluded a darkly myelinated region, the putative primary
auditory area, A1. The primary somatosensory area (S1)
was also darkly myelinated, and was located lateral to V2
and immediately rostral to A1. Cortex immediately lateral
to S1 was moderately to lightly myelinated and contained
neurons responsive to somatosensory stimulation (see
Huffman et al., 1999a).

Cytoarchitecture

In cortex that was sectioned coronally and stained for
Nissl substance, V1 was characterized by six well-
developed layers with a wide granular cell layer IV, and
a relatively thicker layer I, compared with peristriate
regions (Fig. 7A). The most salient feature of V1 com-
pared with other visual areas was its clear stratification
and the lack of large pyramidal cells. Layer I in all areas
consisted of fibers and was nearly devoid of cell bodies.
In V1, layer II appeared as a thin stripe of very densely
packed medium-sized cells. Layer III contained small
cells that were less densely packed than in layer II.
Layer IV contained small, densely packed cells. Layer V
consisted of large, moderately packed cells, whereas
layer VI was sparsely populated with comparatively
smaller cells. In myelin-stained sections, layers II
through VI stained darkly for myelin. The V1/V2 border
was readily distinguished as the point in which the
stratification of layers was difficult to discern, where
large pyramidal cells in layer V were abundant, and
where the density of myelin diminished significantly
(Fig. 7C).

Lamination in area CT appeared markedly different
than in V1 or V2 in both Nissl and myelin-stained sections
(Fig. 7B,D). In CT, only layers I, II, and VI could be
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Fig. 1. A: A summary of visuotopic organization and extent of the
visual field viewed through the right eye of the opossum. B: The
dorsolateral view of a flattened section of the left hemisphere shows
the overall organization of the neocortex. The top figure is a magnified
view of the inset and depicts the visuotopic organization of V1. Solid
lines represent isoazimuths; dashed lines represent isoelevations. The
location of the horizontal meridian was estimated based on the posi-
tion of the blind spot (black oval). We projected all receptive fields

recorded for all cases onto an equatorial-azimuthal chart to determine
the extent of the visual hemifield represented on the dorsolateral
surface of the neocortex. Receptive fields are represented by circles,
each square represents 10 degrees of azimuth and elevation. The
peripheral and upper peripheral visual field were not mapped and
were likely represented by neurons along the medial and caudomedial
wall of the neocortex. R, rostral; M, medial. For abbreviations, see list.
Scale bar 5 1 mm in B.



Fig. 2. Recording sites in V1 in the left hemisphere (A) and recep-
tive fields for neurons at those sites drawn onto a globe (B) in case
99-52. As recording sites moved from medial to lateral in V1, receptive
fields for neurons at those sites moved from the peripheral hemifield
toward the vertical meridian. Note the smaller receptive field sizes
along the vertical meridian. Recording sites are indicated by dots, and
recording sites where no visual evoked activity was observed are

denoted by small “x”s. For the purposes of illustration, rows of se-
quential progressions are indicated by sequences of numbers (e.g.,
1-5). Solid lines mark the architectonic and electrophysiological
boundary of V1, and dashed lines indicate the physiological border
only. Other conventions are the same as in the previous figure. R,
rostral; M, medial. For abbreviations, see list. Scale bar 5 1 mm in A.



Fig. 3. Recording sites in V1 in the left hemisphere (A) and recep-
tive fields for neurons at those sites drawn onto a globe (B) in case
99-28. As recording sites progressed from medial to lateral in V1,
receptive fields for neurons at those sites progressed from the periph-
eral hemifield toward the vertical meridian. In this case, a few neu-
rons were recorded outside of V1, along the rostrolateral border of the
field. As recording sites progressed across the border, receptive fields
for neurons at those sites reversed away from the vertical meridian

and became larger. Receptive field reversals, indicated by arrows,
were used to determine the physiological border of V1 and location of
the vertical meridian. The locations of receptive field reversal sites
correspond to recording sites in a region just lateral to the V1 border,
in PS (V2). For illustration purposes, the enlarged map does not
contain the entire array of electrode penetrations. Conventions are
the same as in previous figures. R, rostral; M, medial. For abbrevia-
tions, see list. Scale bar 5 1 mm in A.



Fig. 4. Recording sites in V1 in the left hemisphere (A) and recep-
tive fields for neurons at those sites drawn onto a globe (B) in case
99-28. This illustration depicts a progression of receptive fields from
the upper to the lower visual hemifield representation. As recording
sites moved from caudal to rostral in V1, receptive fields for neurons
at those sites moved from the upper to the lower hemifield. For

illustration purposes, the enlarged map does not contain the entire
array of the electrode penetrations. Rows of sequential progressions
are indicated by sequential numbers. Conventions are the same as in
previous figures. R, rostral; M, medial. For abbreviations, see list.
Scale bar 5 1 mm in A.



Fig. 5. Recording sites in V1 in the left hemisphere (A) and recep-
tive fields for neurons at those sites drawn onto a globe (B) in case
99-52. This illustration demonstrates the tendency for neurons to
have smaller receptive fields at the vertical meridian, compared with
almost identical elevation location in the peripheral visual field. Re-

cording sites a–e (indicated by black dots in A), are located medially
in the cortex, RFs a1 to e1 were located near the lateral border of V1.
RFs a–e and a1 to e1 corresponded to recording sites in A. Conventions
are the same as in previous figures. R, rostral; M, medial. For abbre-
viations, see list. Scale bar 5 1 mm in A.



identified, and all other layers were virtually indistin-
guishable. In Nissl-stained sections, layer II was a thin
stripe of darkly labeled, densely packed cells, and layer VI
appeared as a cell sparse lightly stained layer. In myelin-
stained sections, a thick stripe of darkly labeled fibers in
the middle layers allowed CT to be distinguished from
surrounding regions of cortex.

Cortical connections

A total of six injections of the neuroanatomical tracers
flouroemerald (FE), fluororuby (FR), or both, were placed
in V1, and retrogradely labeled cell bodies were plotted in
the ipsilateral hemisphere (Figs. 8–12). In two cases, both
FE and FR were injected (97-5 and 97-7, Figs. 9, 10), and
in two cases (96-18 and 99-53, Figs 11, 12), only one tracer
was injected into V1. In all, a total of five injections were
made into three brains that were sectioned tangentially,
and one tracer injected into one brain that was sectioned
coronally. Examination of retrogradely labeled cell bodies
revealed intrinsic connections within V1, as well as con-
nections with other visual and multimodal areas of the
cortex.

Intrinsic connections of V1. In all cases, the injection
sites were confined to the neocortex, and in most cases
spanned all cortical layers (e.g., Fig. 12B,C). All injections
were placed in the caudal portion of V1, in the represen-
tation of the upper visual quadrant (Fig. 8). Three injec-
tions were placed at the caudal pole of V1 (Figs. 9, 10A).
This location corresponds to the peripheral upper visual
field representation (see Figs. 1, 9–11). Three injections
were placed further rostral, in a location closer to the
representation of the upper visual field near the vertical
meridian (Figs. 10B, 11).

A dense halo of labeled cells was observed in all cases
approximately 200 mm around the injection site, which we
included as part of our injection site (Figs. 9–11). In all
cases, intrinsic connections were observed immediately
around the injection site, as well as further removed from
the injection site. Labeled cells immediately around the
injection site (approximately 500 mm to 1 mm) spread in
all directions and formed patches (Fig. 8). In some cases
(97-5FE, 97-7FR, and 97-7FE on Figs. 9B, 10A,B, respec-
tively), labeled cells at more distant locations were ob-
served. For instance, in case 97-5FE (Fig. 9B), a small
injection near the caudal pole of V1 resulted in labeled cell
bodies more than 4 mm rostral to the injection site, in the
expected location of the lower visual quadrant. This pat-
tern was also observed for two other injections (Fig. 10).

Extrastriate connections. Although labeled cells in
V2 were sparse, there was some evidence of topography of
connections of V2 projections to V1. In two cases in which
small injections were made in the caudal region of V1, in
the peripheral upper quadrant representation of the vi-
sual field, retrogradely labeled cells were located in the
caudal region of V2 (Figs. 9A, 10A). Injections placed more
rostrally (e.g., Figs. 9B, 10B) resulted in labeled cells
slightly more rostral in V2. With the exception of 96-18
(Fig. 11), these labeling patterns provided some evidence
for topographic organization of connections between V1
and V2.

The caudotemporal visual area (CT) contained labeled
cells from all injections (Figs. 9–12). For three injections,
CT was the most densely labeled extrastriate area (Figs.
9, 11). For these three injections, retrogradely labeled cells
were concentrated predominantly in the rostromedial half
of CT. For the other three injections, sparse label was
found throughout CT (Figs. 10, 12). Labeled cells were also
observed in entorhinal cortex (EC), along the rhinal sul-
cus, immediately lateral and rostral to area CT for five
injections (Figs. 9, 10A, 11, 12). For two of these injections,
label in EC was extremely sparse (Figs. 10A, 12). Exami-
nation of the tissue indicates that the injection site was

Fig. 6. Cortical myeloarchitecture and functional organization of
the opossum neocortex, which was flattened and cut parallel to the
cortical surface. Top is a digital image of a section stained for myelin.
Sensory areas V1, CT, A, and S1 were darkly myelinated, with V1
located at the caudomedial pole, whereas CT was lateral to V1 and V2.
A was located rostral to CT, and S1 on the rostral pole of the neocor-
tex. PS (V2) appeared as a lightly myelinated region along the lateral
border of V1 (after Huffman et al., 1999a). The bottom drawing is a
reconstruction of the functional boundaries, which were defined by
using multiunit electrophysiological recording techniques. Black dots
represent electrode penetrations in case 99-41. By matching probes
placed during electrophysiological recording experiments, the record-
ing results can be superimposed on the cortical myeloarchitecture. In
all cases, myeloarchitectonic boundaries of primary sensory areas
could be clearly discerned, and the V1 and V2 borders matched almost
perfectly with electrophysiologically identified boundaries. Thin lines
indicate architectonic boundaries determined from the entire series of
sections stained for myelin. The dashed line represents electrophysi-
ological border only. X’s indicate recording sites that did not respond
to visual stimulation. Other conventions are the same as in previous
figures. R, rostral; M, medial. For abbreviations, see list. Scale bar 5
1mm.
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confined to the neocortex, and did not extend to the un-
derlying hippocampus. Therefore labeled cell bodies in EC
were the direct result of our V1 injections.

For two injections (Figs. 9B, 10B), labeled cells were
observed in the auditory area A and for three injections, in
the multimodal area A/V (Figs. 9B, 10B). The label in A in
both cases was very sparse and was composed of only a few
cells, whereas the label in A/V was sparse but widely
distributed.

Laminar connections. The injection in the coronally
sectioned cortex was in the caudal portion of V1, close to
the medial wall, in the upper quadrant of the peripheral
visual field representation. The distribution of retro-
gradely labeled cells, shown in Figure 12A, was relatively
sparse. Cells labeled with FR were observed in cortical
layers II–VI near the injection site. Immediately adjacent
to the injection site, labeled cells were mostly in the more
superficial layers, II and III. Groups of labeled cells in V1

Fig. 7. Lightfield photomicrographs revealing cytoarchitecture of
visual cortex that has been sectioned coronally and stained for Nissl
(A,B) and myelin (C,D). The V1/V2 border (arrows in A and C) was
characterized by a marked reduction in the width of layers I and IV
and a decrease in density of cells in layer IV (A). In CT, the layers
were less distinct, and there was a narrowing of all layers toward the

rhinal sulcus (B). Myelin-stained sections in V1 were patchy through
layers IV and V and less dense in layers II/III (C). In CT, the middle
cortical layers stained densely compared with surrounding regions of
the cortex (D). Other conventions are the same as in previous figures.
For abbreviations, see list. Scale bar 5 500 mm in A (applies to A–D).
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Fig. 8. Reconstruction of fluororuby (FR) and fluoroemerald (FE)
labeled cells in V1 and V2. Drawings depict dorsal views of flattened
left hemispheres in three animals (97-5, 97-7, and 96-18). Patches of
retrogradely labeled cells (small dots) could clearly be seen near the
injection sites (large dots) in 97-5 FE and 97-7 FE. Labeled cells were
also observed in the far rostral pole of V1 in cases 97-7 FR and 97-7
FE. In these two cases, the injection sites were placed caudally in V1

close to the medial wall, in the cortical representation of the periphery
of the upper quadrant of the visual field. The FE injections in cases
97-5 and 97-7 resulted in sparse labeling throughout the caudal to
rostral extent of V2, whereas an injection site placed more medially in
V1 resulted in labeled cells solely in the far caudal region of V2 in case
96-18 FR. R, rostral; M, medial. For abbreviations, see list. Scale
bar 5 1 mm.
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were also observed further from the injection site, in lay-
ers II–VI. However, most labeled cells were predomi-
nantly located in layer IV (Fig. 12D,F). In V2, labeled cells
appeared sparsely distributed throughout layers II–IV
(Fig. 12E,G). A few large pyramidal cells were labeled in
layers V and VI. In area CT, retrogradely labeled cells
could be clearly seen in layers II–IV.

DISCUSSION

In the present study, we used electrophysiological re-
cording techniques and architectonic analysis to examine
the functional organization of the primary visual cortex in

the short-tailed opossum. In addition, we placed anatom-
ical tracers into V1 to reveal patterns of corticocortical
connections and correlated these results with electrophys-
iological recording results and architecture of visual cor-
tex.

In the current study, V1 was architectonically distinct
in both Nissl- and myelin-stained tissue and had a clear
visuotopic organization. Discrete patterns of connections
were observed with two extrastriate areas, multimodal
cortex and entorhinal cortex. These results are in contrast
with earlier speculations that marsupials possess brains
that are more generalized, with cortical areas that are less
distinct than in placental mammals (e.g., Ebner, 1969;
Walsh and Ebner, 1970; Jerison, 1973; see Rowe, 1990).
Here, we compare our findings with those in other mar-
supials and discuss these findings in the context of brain
evolution.

Fig. 9. A reconstruction of fluororuby (FR; A) and fluoroemerald
(FE; B) injection sites in V1 and the location of retrogradely labeled
cell bodies (dots) relative to myeloarchitectonic boundaries in case
97-5. Intrinsic connections within V1 were identified near the injec-
tion site, and distant from the injection site. CT, V2, A, A/V, and EC
provided input to V1. Labeling was dense along the rostral border of
CT, and in EC, along the caudal region of the rhinal sulcus. This
cortex was flattened and cut parallel to the cortical surface so that the
total patterns of connections could be readily appreciated. Inset on
bottom left shows relative locations of FE (open dot) and FR (black
dot) injections. Solid lines mark architectonic boundaries. Conven-
tions are the same as in previous figures. R, rostral; M, medial. For
abbreviations, see list. Scale bar 5 1 mm in A (applies to A,B).

Fig. 10. A reconstruction of fluororuby (FR; A) and flouroemerald
(FE; B) injection sites in V1, and the location of labeled cell bodies
relative to myeloarchitectonic boundaries in case 97–7. The FR injec-
tion (black dot) was placed slightly more caudal than the FE injection
(open dot), and FR labeled cells are located more caudally in V2.
Conventions are the same as in previous figures. R, rostral; M, medial.
For abbreviations, see list. Scale bar 5 1 mm in A (applies to A,B).
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Visuotopic organization

V1. Most definitions of the primary visual cortex in
marsupials are based on studies of cortical architecture or
connections, and information on the functional organiza-
tion of the marsupial visual cortex is limited. The topo-
graphic organization of V1 has been described in a few
species of marsupial including the quoll (Rosa et al., 1999),
wallaby (Vidyasagar et al., 1992), and opossum (Sousa et
al., 1978; Volchan et al., 1988). In each of these species,
the periphery of the visual field was represented in medial
portions of V1, the upper quadrant was represented cau-
dally, and the lower quadrant was represented rostrally.
The vertical meridian was represented along the rostro-
lateral border of V1. This finding is similar to the current
description of V1 in the short-tailed opossum. As in pre-
vious investigations, the receptive field sizes tended to be
smaller for neurons at the vertical meridian than at the
peripheral field representation (Christensen and Hill,
1970; Crewther et al., 1984). Likewise, most of V1 was
devoted to representing the central 30–50 degrees of the
contralateral visual hemifield. This cortical magnification
of central vision is consistent with studies in the marsu-
pial retina, which demonstrated a higher density of gan-
glion cells in the central retina (Hokoç and Oswaldo-Cruz,
1979; Tancred, 1981).

Similar retinotopic maps of V1 have been described in
several eutherian mammals with well-developed visual
systems, including squirrels (Kaas et al., 1972, 1989), cats
(Tusa et al., 1978), ferrets (Law et al., 1988), tree shrews
(Humphrey and Norton, 1980), megachiropteran bats
(Rosa et al., 1993), and primates (e.g., Allman and Kaas,
1971; Gattass et al., 1987). Even in species that are not
considered to be highly visual, such as mice, V1 contains a
retinotopic map, although the amount of cortex it assumes
is relatively small and the receptive field size of neurons
therein is large (Wagor et al., 1980).

Extrastriate visual areas. In marsupials, complete
electrophysiological maps of extrastriate cortex have been

obtained only in the quoll (Rosa et al., 1999). Therefore,
descriptions of extrastriate cortex have relied mainly on
connectional and architectural data. Multiunit electro-
physiological mapping of the quoll demonstrated that the
peristriate belt immediately lateral to the V1 border con-
tained a single, complete representation of the visual
hemifield, similar to the topographic organization of V2
that has been described in placental mammals (see Kaas,
1980 for review). In the present study, complete electro-
physiological maps could not be obtained; however, several
recordings were made in V2. Neurons in V2 had relatively
large receptive fields, and receptive field progression re-
versed at the V1/V2 boundary. Although previous investi-
gations in short-tailed opossum revealed that cortex ros-
tral and lateral to V2 contains neurons responsive to
visual stimulation (Huffman et al., 1999a), this area has
not been systematically examined in any marsupial.

Cortical architecture

When electrophysiological recording results were coreg-
istered with cortical architecture in both tangentially and
coronally sectioned tissue, it was found that the electro-
physiologically defined V1 was coextensive with a myelin
dark region and the classically defined striate cortex (Figs.
6, 7). V1 has been described as a darkly myelinated region
with a clear rostral border in marsupials (e.g., Beck et al.,
1996; Rosa et al., 1999), and a variety of placental mam-
mals (e.g., Kaas et al., 1989; Krubitzer and Kaas, 1990;
Rosa et al., 1993; Krubitzer et al., 1997). Likewise, the
cytoarchitecture of striate cortex in the short-tailed opos-
sum is similar to what has been observed in other marsu-
pials and in placental mammals. For example, V1 in all
marsupials and placental mammals examined consists of
six layers, with a cell dense layer IV, large cells in layer V,
and a cell sparse layer I (see Rowe, 1990 for review).
Unlike V1, the rostral boundary of V2 of the opossum is
more difficult to discern in our preparations. This is also
true for a variety of eutherian mammals, particularly
those with small brains, such as insectivores (Kaas et al.,
1970; Krubitzer et al., 1997). In studies of the South Amer-
ican opossum (Martinich et al., 1990, 2000), the bound-
aries of V2 were determined by using combined neuroana-
tomical and histochemical techniques. The authors
reported that V2 appeared to be modularly organized and
was segregated into CO dense and light regions, and com-
missural rings. We have not observed modular types of
patterns in CO-stained sections of V2 in the short-tailed
opossum.

Another extrastriate area of opossum that was intercon-
nected with V1 was the myelin-dense region located on the
caudolateral pole of the neocortex, termed CT. Although a
previous study did report visual responses from this re-
gion, the area was not systematically mapped (Huffman et
al, 1999a). The location and appearance of CT was similar
to area CT in the Virginia opossum (Beck et al., 1996) and
to the medial temporal region described in the Australian
brush-tailed possum (Crewther et al., 1984).

Cortical connections

The present study consistently revealed direct ipsilat-
eral connections of V1 with three cortical areas: V2, CT,
and EC. Investigations of connections in other marsupials
have shown a similar pattern of connections. Anatomical
tracing studies in the brush-tailed possum (Crewther et
al., 1984) and mouse opossum (Bravo et al., 1990) revealed

Fig. 11. A reconstruction of a fluororuby (FR) injection site in V1,
and the location of labeled cell bodies relative to myeloarchitectonic
boundaries in case 96-18. Backlabeled cells appear to be confined close
the injection site in V1. Dense regions of FR labeled cells were also
observed in CT and EC. Conventions are the same as in previous
figures. R, rostral; M, medial. For abbreviations, see list. Scale bar 5
1 mm.
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Fig. 12. Patterns of labeling in coronally sectioned tissue. A: Cam-
era lucida drawings of retrogradely labeled fluororuby (FR) cells (red
dots) resulting from an injection in V1 (arrows). Drawings of sections
are in sequential order from caudal (left) to rostral (right). The injec-
tion spanned all cortical layers, as can be seen in digital images of the
FR injection site (B) and in the adjacent Nissl-stained section (C). La-
beled cells in V1 were observed in layers II–VI but were predomi-

nantly in layer IV (D,F). In V2, labeled cells were observed in layers
II–V (E,G). D and E are digital images of FR-labeled cells in V1 (D)
and V2 (E), next to the adjacent Nissl-stained section (F,G). Digital
images were printed with Adobe Photoshop 4.0 software. Conventions
are the same as in previous figures. R, rostral; M, medial. For abbre-
viations, see list. Scale bars 5 100 mm (applies to B–G).



connections between V1 and the adjacent peristriate belt,
the presumptive V2. Similarly, Benevento and Ebner
(1971) reported degenerated fibers in a similar location
after lesions to V1 in the Virginia opossum. In a recent
study by Martinich et al. (2000), connections were ob-
served between V1 and an area immediately rostrolateral
to V1, termed the anterolateral peristriate cortex. Thus,
accumulating evidence from both electrophysiological re-
cording studies (Rosa et al., 1999; present investigation)
and studies of connections indicate that marsupials pos-
sess a single visual area immediately rostrolateral to V1
that appears to be homologous to V2 described in other
mammals.

V1 also received direct projections from CT. Investiga-
tions of cortical organization in different marsupials re-
vealed connections with an architectonically similar cor-
tical region. Lesion studies in the Virginia opossum
(Benevento and Ebner, 1971) showed connections between
V1 and a cytoarchitectonically distinct region located dor-
sal to the rhinal sulcus and posterior to the temporal
cortex, which the authors termed the posterolateral peris-
triate cortex (PSpl). Other studies that used neuroana-
tomical tracing techniques in the South American opos-
sum Didelphis aurita, showed V1 projections from the
same area (Martinich, 2000). Similarly, Crewther et al.
(1984) reported connections between V1 and a region of
cortex just lateral to PS (V2) in the caudal pole of the
cortex in the brush-tailed possum. Although the authors
termed this region of cortex MT and LT (medial and lat-
eral temporal regions), it appears to be in the same loca-
tion as CT in the present investigation. An earlier inves-
tigation of the mouse opossum (Bravo et al., 1990) yielded
similar results after horseradish peroxidase injections
into V1. Although the authors did not assign a name to
that cortical field, it corresponds to the location of CT,
PSpl, and MT/LT described in other marsupials.

The connections with multimodal cortex and auditory
cortex that were inconsistently observed in the present
investigation have not been directly reported in other
studies of marsupials. However, examination of the pat-
terns of connections in all of the marsupials examined
indicate that connections with cortex rostral and lateral to
V2 (PS) can be observed and are in the approximate loca-
tion of A/V and A in the present investigation (Benevento
and Ebner, 1971; Crewther et al., 1984; Bravo et al., 1990;
Martinich et al., 2000).

Extrastriate cortex in eutherian mammals has been
subdivided differently for different mammals (see Kaas
and Krubitzer, 1991 for review), and even in the same
mammal investigators have varied in how they subdivide
the neocortex (see Kaas, 1997 for review). Although con-
nections of V1 have been reported with extrastriate areas
other than V2, such as MT in primates (e.g., Weller and
Kaas, 1983; Krubitzer and Kaas, 1993; Preuss et al.,
1993), OTr and OTc in squirrels (Kaas et al., 1989), lateral
parastriate cortex in hedgehogs (Gould and Ebner, 1978),
or the Clare-Bishop area in cats (Sherk, 1990), data are
too sparse to draw any reliable conclusions regarding ho-
mologies of these extrastriate areas.

Connections between the caudal region of the entorhi-
nal cortex (EC) and V1 were also observed. This result was
consistent across different animals, and in most cases,
labeling in EC was extremely robust. This result is sur-
prising because other studies of marsupial neocortex us-
ing similar techniques have not reported these connec-

tions. A recent study of connections of V1 in the South
American opossum (Martinich et al., 2000) showed trans-
ported tracer in a band of cortex along the rhinal sulcus,
but the location was rostral to that observed in the present
investigations. Direct projections from EC to V1 have been
demonstrated in the rat (Swanson and Köhler, 1986; In-
sausti et al., 1997), although these projections were not as
robust as in the opossum. Given the paucity of data on
connections between entorhinal cortex in V1 in marsupi-
als and in other mammals, it is not clear whether such
connections reflect a primitive feature of mammals that
was lost in most eutherian lineages, or a feature of mam-
mals with small neocortices and few cortical areas.

Implications for the evolution
of visual cortex

The results of the present investigation, when compared
with previous investigations of visual cortex in marsupials
indicate that there are at least three common visual cor-
tical areas: V1, V2, and CT. These areas were likely to be
present in the common ancestor of all marsupials, and,
thus, a universal feature of marsupial brains. In
monotremes, mammals that in some respects are thought
to reflect an even more primitive state than marsupials,
there seem to be at least two visual areas (Vc & Vr;
Krubitzer, 1998). As in other mammals, each of these two
regions contains a complete representation of the visual
hemifield. Although there is some evidence of retinotopy,
the internal organization of these areas is not as precise as
in marsupials and other mammals. Based on anatomical
and functional organization of this area, it has been pro-
posed that Vc in monotremes is a homologue of V1 (Kru-
bitzer, 1998). Although monotremes contain a second field
(Vr), it is not clear whether this field is homologous to V2
described in other mammals.

Thus, comparative studies in monotremes and marsu-
pials indicate that their common ancestor possessed at
least a primary visual area (V1) and possibly another
visual area (Vr/V2). The imprecision of the organization,
compared with animals with well-developed visual sys-
tems, and the large receptive fields of neurons in
monotremes suggests that the ancestral visual system
was rudimentary and that the earliest mammals may
have performed poorly at making fine visual discrimina-
tions necessary for prey capture, predator avoidance, and
more diverse foraging. Another possibility is that the ap-
parent lack of a well-developed visual system in
monotremes is a derived feature. The organization of the
visual system observed in extant marsupials suggests that
it was refined in evolution as species became more depen-
dent on visual processing for survival. Such changes in-
clude an increase in the number of visual areas and an
expansion of the amount of cortex devoted to visual pro-
cessing, at least in those marsupials in which the visual
system is well developed. In some eutherian lineages, such
as insectivores (e.g., Kaas et al., 1970; Krubitzer et al.,
1997) and some rodents (see Rosa and Krubitzer, 1999 for
review), the status of the visual system is much like that
proposed for the common ancestor of marsupials (i.e., con-
taining only two or three visual areas). In other euther-
ians, such as cats, some rodents, and primates, there
seems to be an independent expansion of the visual sys-
tem like that observed in marsupials with well developed
visual systems. This expansion includes an extraordinary
increase in the amount of cortex devoted to visual process-
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ing and an increase in the number of areas added to visual
processing networks (see Krubitzer, 2000, for review).

Differences in cortical connections of V1 have also been
observed in various mammals, but they may be a reflec-
tion of total brain size rather than a feature of primitive
brains. For instance, in most mammals, connections of V1
are limited to V2 and one or two other extrastriate visual
areas (Kaas, 1980; Kaas and Krubitzer, 1991). However,
in mammals with smaller brains, such as rats (e.g., Swan-
son and Köhler, 1986; Insausti et al., 1997), and in this
instance the opossum, connections are observed not only
with extrastriate visual cortex but also with multimodal
areas of the brain and with entorhinal cortex. Multimodal
areas of cortex are often considered to be “higher order”
areas in mammals with large brains, and represent ends
of complex processing hierarchies. It has been proposed
that animals with large brains have reduced long-range
connections and increased local connections (Ringo, 1991;
Ringo et al., 1994; Krubitzer et al., 1997; Manger et al.,
1998). Thus, information is processed locally by closely
related areas before being transmitted to more distant
areas, such as multimodal areas in posterior parietal and
insular cortex. This reduction in long-range connections
allows for potentially increased processing capacity within
any given sensory system, and hence, increased discrimi-
natory and perceptual abilities, at the cost of global inter-
actions between sensory systems and sensory and motor
areas. Connections between V1 and multimodal areas in
mammals with smaller brains, like the opossum, indicate
that primary areas have access to higher order areas by
means of monosynaptic connections. This reduced connec-
tivity would result in decreased conduction time for pro-
cessing potentially relevant stimuli but may be at the cost
of discriminatory abilities of the animal. Thus, smaller
brains with fewer cortical areas may have fundamental
differences in processing strategies due, in part, to selec-
tion for optimal connection length. These differences in
connectional layouts in large vs. small brains, impacts the
types of discrete vs. global processing strategies that are
generated in different-sized brains.
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