endings, along with observed increases
in spine density and the appearance of
newly formed dendritic branches, sug-
gests that neurons are responding to ab-
normal cues from the internal or external
milieu of the cell. A metabolic distur-
bance in the neuron, perhaps under the
control of the HD gene, may lead to
dendritic hyperplasia. Such a condition
is thought to account for the appearance
of ‘‘meganeurites’’ in cortical pyramidal
cells in variants of Tay-Sachs disease in
which there is an abnormal accumulation
of gangliosides (7). Alternatively, neu-
rons in HD may be influenced by trophic
factors in the local environment because
of the loss of intrastriatal or extrinsic
afferent inputs. Studies in rats have
shown that reorientation and growth of
dendrites and spines can occur after de-
nervation of the dentate gyrus (20).

The loss of spines in HD is a more
variable feature than the recurving of
dendrites and may be secondary to other
pathological events in the brain. Spine
loss in the neostriatum in HD may be
dependent on the degree of atrophy or
cell loss in the cerebral cortex (2). Corti-
cal neurons provide a major source of
afferents to the neostriatum, where they
synapse primarily with dendritic spines
(21), and experiments have shown that
the density of spines in neostriatal neu-
rons is markedly reduced after corti-
cal deafferentation (22). Moreover, a
marked loss of spines in neostriatal spiny
neurons was observed in one of our
diseased controls in which there was
extensive damage to the cortex.

In summary, Golgi impregnations of
the neostriatum provide morphological
evidence that a specific type of neostria-
tal neuron, the spiny cell, may be selec-
tively altered in HD. Our findings sug-
gest that the dendrites of spiny neurons
exhibit a variety of changes in HD which
have regenerative and degenerative
characteristics. The relative frequency
of affected neurons and the types of
changes observed can be correlated with
their location in the neostriatum.
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Computer Graphics Representation of Levels of

Organization in Tobacco Mosaic Virus Structure

Abstract. Methods for simplifying computer graphics images of atomic models of
complex macromolecular assemblies have been applied to the tobacco mosaic virus
structure to display different levels of its organization. By constructing sharply
outlined pictures of the parts of the virus particle with the image resolution reduced
or with obscuring detail eliminated, aspects of the subunit packing and chain folding

are distinctly illustrated.

Structures of increasingly complex
macromolecular assemblies are being
solved to the atomic level by x-ray dif-
fraction analysis. Computer graphics
methods have been applied to macromo-
lecular structures to produce high-reso-
lution color pictures of the molecular
surfaces (/) and to display details of

surface interactions and the underlying
skeletal structure (2). Regardless of
whether the atomic arrangements are
represented by space-filling or by skele-
tal models, only relatively small portions
of complex molecules can be effectively
visualized at one time. The foldings of
protein backbones into a-helical and B-
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sheet conformations have been illustrat-
ed by schematic ribbon drawings (3), and
stereo-pair schematic diagrams have
been generated by computer graphics
(4). Proceeding to higher levels of macro-
molecular organization requires the con-
struction of even simpler images to rep-
resent subunit packing arrangements.

We have developed computer graphics
methods for simplifying images of molec-
ular models of complex structures to
focus on different levels of organization.
Starting with an atomic model of the
tobacco mosaic virus (TMV) coat pro-
tein and the RNA in the helical virus
particle (5), we show how the informa-
tion contained in the molecular model
can be reduced to display the chain fold-
ing and subunit packing. Application of
these procedures to images of TMV will
facilitate the correlation of the informa-
tion on the virus particle assembly and
stability (6, 7) with its molecular struc-
ture, which has been determined at 3.6-A
resolution (5). Furthermore, these meth-
ods should be generally applicable to
other macromolecular assemblies for il-
lustrating the ways in which complex
biological structures are built.

The simplest type of picture is a black-
and-white outline. Line drawings, which
may contain only minimal information,
can convey profound impressions, as is
evident in the work of master artists.
Adding depth-cueing and shading to the
outline can assist in perception of three-
dimensional shapes, but too much detail
may obscure basic forms. Color may be
used to code for additional information—
for example, to distinguish chemical
composition or sequence position—but
again excessive information may be con-
fusing. We have sought to generate sim-
ple, stereo-pair outline drawings of basic
molecular shapes at different levels of
resolution that can be selectively embel-
lished by depth cueing, surface shading,
and color coding (8).

Construction of the computer graphics
drawings starts with a three-dimensional
electron-density map calculated from the
atomic coordinates of all or any part of
the molecular model. Atoms are repre-
sented as gaussian spheres of half-width
corresponding to the resolution chosen
for the display; alternatively, the atoms
can be represented as hard spheres. Den-
sities are sampled on a three-dimensional
grid, with the z axis taken as the direc-
tion of view, and are stored in the core
memory of a VAX 11/780 computer.
Two-dimensional images are produced
by scanning along the z axis and storing
the z coordinate of the first sampled
density that is greater than a threshold
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chosen to. represent the molecular sur-
face. The atom type for chemical coding
or residue number for sequence coding is
also stored for each two-dimensional
sampling point. Lines are generated to
represent two types of edge: external
edge lines (defined by the sampled points
that are adjacent in x or y directions to
nonsampled points) are drawn thicker
than internal edge lines (defined by the
sampled points whose z coordinate is
two or more grid units greater than that
of an adjacent sampled point). Bright-
ness is used to indicate both depth and
shape. Brightness used for depth cueing
is determined by the z coordinate of the
sampled points within the boundary
lines. Brightness indicating shape (by
simulating the effect of directional illumi-
nation) is added to that cueing depth.
The shading for shape is determined by
the angle between the surface normal
vector at each point and a reference
vector corresponding to a direction of
illumination. No shadows, however, are
cast by one part of the structure on
another, because this would confuse the
image. The total brightness number can
be combined with a color code number
for chemical composition or sequence
position. The final image is displayed in a
512 by 512 picture element array on an
AED raster graphics terminal in black
and white or in color (9).

The stereo-pair atomic model of the
TMYV protein subunit viewed from the
direction taken to be the top of the virus
helix (Fig. 1a) was constructed by repre-
senting the atoms as hard spheres 2 A in
diameter; the use of undersized atoms
allows some interior portions of the
structure to be seen. Atoms are color-
coded to distinguish carboxyl oxygens,
cationic nitrogens, nonionic side-chain
oxygens and nitrogens, aromatic groups,
aliphatic side chains, and the peptide
backbone. Depth is indicated by shading
from light to dark colors. No matter what
scheme is used to represent the atomic
structure, there is a confusion of detail
that obscures the backbone folding and
side-chain interactions.

The stereo-pair model of the backbone
of the TMV subunit with the same orien-
tation as the whole molecule (Fig. 1b)
was constructed with only the o carbon
and the peptide nitrogen and carbon at-
oms represented as gaussian spheres 3 A
in half-width. A density level for the
surface contour was selected by trial and
error so that the backbone was repre-
sented as a smooth filament about 2.5 A
in diameter. The choice of an oversized
gaussian sphere for the backbone atoms
and a high-density contour level for the

surface produces a tube of uniform den-
sity that is easier to follow than vectors
connecting o carbons. This image was
colored according to sequence position,
starting with the amino terminal end in
yellow and progressing through orange
to red at the carboxyl terminus. The
sequence color coding assists the eye in
following chain continuity where more
than two segments overlap. To accentu-
ate the coiling and bending of the back-
bone, the intensities of the colors have
been gradated to indicate depth and sur-
face shape. Equal ranges of brightness
were used for the depth cueing and sur-
face illumination. An orthogonal projec-
tion of the backbone trace of the subunit,
viewed from the right side (Fig. 1c), was
constructed with the same display
scheme as for Fig. 1b. These two stereo
pairs contain sufficient information to
reconstruct a three-dimensional model of
the backbone.

Contacts between pairs of subunits
could be illustrated by adding the inter-
acting side chains to the backbone trace.
However, such a representation is too
complicated to show clearly the subunit
packing in the virus helix. For distinct
representation of the structure of assem-
blies, the amount of information in the
subunit image needs to be reduced.

A simple, low-resolution image of the
subunit was generated by making the
atoms gaussian spheres about 6 A in
diameter and choosing a density level for
the surface contour that gives an approx-
imately correct molecular volume (Fig.
1, d and e). The color range from light
yellow to dark brown is used only to
present information about the depth and
slope of the surface. Black and white
could also have been used for this dis-
play, but the nearly monochrome yellow
scale enhances perception of nuances in
the shading. An image of the virus parti-
cle without excessive detail can be built
up from this simplified subunit model.

Methods used in constructing the early
drawing of TMV (6) (Fig. 2a) provided a
guide in developing the computer graph-
ics procedures used to represent the vi-
rus morphology (Fig. 2b). In 1959, when
the drawing in Fig. 2a was made, little
was known about the subunit structure;
an arbitrary, compact, asymmetric shape
was devised for the subunit with as little
detail as possible and this model was
projected with the helical symmetry of
the virus particle, conserving only the
outline of the hypothetical subunit. In
1984, with the determination of an atom-
ic model of the subunit, the graphics
problem was to reduce this detailed in-
formation to a simple outline, with some
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Fig. 1. Stereo-pair views of the TMV protein
subunit structure showing different levels of
detail. The overall length of the molecule in
these projections is 70 A. (a) Atomic model (5)
viewed from the top of the virus helix (see
Fig. 2). The outside end of the subunit (corre-
sponding to a radius of about 90 A in the virus
helix) is at the left of the figure, and the
subunit’s right side (/1) is facing down. The
color coding of the atoms is as follows: red,
carboxyl oxygens; blue, cationic nitrogens;
pink, nonionic oxygens; light blue, amide
nitrogens; purple, aromatic groups; brown,
aliphatic side chains; and white, peptide back-
bone. The colors are shaded from light to dark
(for example, white to gray) to indicate depth
from the top surface. (b and c) Backbone
trace viewed from the top (b) and from the
right side (c). The amino terminal end is
colored yellow, the carboxyl terminal end is
red, and the color changes smoothly from one
end to the other. Starting from the amino
terminus, the chain passes through part of a B
sheet, then into the left-slewed and back to
the right-slewed a-helical segments (1), then
folds under to the right-radial a helix and
around in the inner loop to the left-radial
helix and out to the carboxyl terminus. The
inner loop segment, which is disordered in the
disk aggregate (12), is shown here in its or-
dered conformation in the virus. (d and e)
Surface views from top (d) and right side (e) of
low-resolution model. The orientation in (d) is
identical to that in (a) and (b), and the orthog-
onal view in (e) is identical to that in (c). The
folding of the chain is not obvious from the
low-resolution surface views, but the chain
continuity can be identified by comparison
with the backbone traces.

Fig. 2. Old and new images of the TMV helix. The diameter of the particle is 180 A and the pitch of the helix is 23 A. (a) Drawing made before the
protein structure was known, designed to illustrate the helical packing arrangement (6). (b) Computer graphics, stereo-pair drawing constructed
from the low-resolution model of the protein subunit shown in Fig. 1, d and e. The RNA is represented by the dark chain exposed at the top of the
virus helix. This simplified image, representing the subunit shape and packing arrangement with the RNA in the virus particle, has been produced
by reducing the information from the atomic model.
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shading indicative of the underlying mo-
lecular substructure. The stereo-pair,
black-and-white image of the virus (Fig.
2b) was generated in the computer, tak-
ing the same direction of view as in Fig.
2a, by adding together separate projec-
tions of the low-resolution subunit model
related by the screw symmetry of the
virus helix (10). The RNA chain coiling
over the top turn of the helix of protein
subunits (Fig. 2b) was imaged at about a
4-A resolution. Bumps on this chain,
oriented sequentially (one extending out
radially and two extending up), represent
the three nucleotides associated with
each protein subunit. The interlocked
arrangement of the protein subunits and
RNA chain (Fig. 2b) can be related to
more detailed images of the parts to
explain the higher levels of organization
in terms of the specific molecular inter-
actions.

We have aimed for a display that
keeps the scale of detail in proportion to
the overall dimensions of the image: in
the distant view, only essential outlines
of the parts are conserved; by zooming
into the structure, the molecular detail
can be augmented as the scale is magni-
fied. This goal could not be realized by
constructing an atomic model of the en-
tire virus assembly and then displaying it
at low resolution, since this would blur
the subunit boundaries. Controlled re-
duction of image information will facili-
tate the display and interpretation of the
structures of complex macromolecular
assemblies.
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Two Gustatory Systems: Facial and Vagal Gustatory Nuclei
Have Different Brainstem Connections

Abstract. The gustatory sense in catfish consists of two dissociable components, a
facial nerve system used for food selection and a vagal nerve system involved in
swallowing. Neural tracing experiments demonstrate that the primary sensory
nucleus for the facial gustatory system is connected to the reticular formation and
trigeminal nuclei. In contrast, the primary sensory nucleus for the vagal gustatory
system is connected to the motoneurons that mediate swallowing. These results
provide anatomical evidence for parallel gustatory systems within the vertebrate

central nervous system.

Of all the sensory systems, the gusta-
tory sense occupies a unique position at
the portal to the alimentary canal. The
sense of taste, however, is not limited to
reflexive control of swallowing (1, 2), but
plays an important role in food selection
and determination of palatability. The
location of taste buds within the oral
cavity appears related to their function;
taste buds located most externally are
implicated in food selection and appreci-
ation, while taste buds lying closest to
the alimentary canal are concerned with
ingestive and protective reflexes (2, 3).
This dichotomy of function parallels the
pattern of innervation of the different
groups of taste buds. Taste buds lying
closest to the esophagus—for example,
on the palate and larynx—are innervated
by branches of the vagus nerve; those
lying most externally—for example, on
the anterior part of the tongue or across
the lips and barbels of certain fishes—are
innervated by the facial nerve (¢4, 5). The
glossopharyngeal nerve innervates taste
buds lying between these extremes.

In catfish, the distinction between the
facial and vagal gustatory systems is
especially clear. Each nerve terminates

in a separate lobe protruding from the
dorsal surface of the rostral medulla.
Electrophysiological experiments show
that the facial and vagal gustatory lobes
receive similar chemosensory input from
their respective gustatory fields (6).
Nonetheless, selective lesion experi-
ments demonstrate a behavioral disso-
ciation of function for the facial and
vagal gustatory lobes (2). A bilateral
lesion of the facial lobe results in an
animal that is unable to locate food pel-
lets in the surrounding water but that will
swallow food placed in its mouth. In
contrast, a bilateral lesion of the vagal
lobe produces an animal that can locate
food in its environment and take it into
its mouth, but appears unable to initiate
swallowing and spits out any food that
has accumulated in its mouth. The glos-
sopharyngeal nerve seems to play a less-
er role in gustatory-mediated behaviors
in catfish. We have attempted to delin-
eate the anatomical bases for the differ-
ences in behavior mediated by the facial
and vagal gustatory subsystems.
Horseradish peroxidase (HRP) was
used as an anterograde and retrograde
tracer of neuronal connectivity in bull-
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