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INTRODUCTION 

Vision depends on the orderly progression of complex neural events 
which originate in the photoreceptors and are transmitted in several 
successive stages, across several neural cell types enroute to the brain. 
The optic nerve is the bottleneck through which all sensory information 
about vision must pass. The number and size of the retinal ganglion cell 
axons comprising the optic nerve reflects the magnitude of the output of 
the retina and defines the "cables" or channels through which the environ- 
mental information of space, time, intensity, and sometimes, color must be 
transmitted and integrated. For this reason, since the earliest days of 
visual science, the optic nerve has been of particular interest to re- 
searchers. Thorough investigations of the neuroanatomy and electrophysiology 
of the retinal ganglion cell population and the axons of the optic nerve are 
necessary in the characterization of the visual system in any given vertebrate 
species. The purpose of this study is to provide a comparative neuroanatomi- 
cal data base on the optic nerve of the bushbaby, Galago crassicaudatus, 
a nocturnal, prosimian primate and candidate preparation for scotopic or night 
vision research. 

Since the earliest days of research on the vertebrate visual system, 
dozens of different species from amphibia to primates have been studied. 
These studies served two general purposes: that of comparative study to 
characterize the phylogenetic homologies, analogies, and specific differences 
between species, and the exploitation of particular animal preparations for 
having certain properties that allow for greater isolation and experimental 
control over other species. For instance, cold-blooded vertebrates are more 
readily used for intracellular recording from eyecup preparations because 
their retinal cells are larger and more easily penetrated than most verte- 
brates, and the tissue can remain viable for data collection for many hours 
longer than warm-blooded vertebrates. 

The comparative findings on the vertebrate visual system have shown that 
while each species has significant anatomical and physiological differences in 
visual system organization, remarkable similarities in anatomy and in phys- 
iology are found among all vertebrates, particularly in retinal neuroanatomy 
and in the biochemical, biophysical, and neural coding properties of retinal 

ti cells. However, each research study still has limitations on its applicabil- 
ity across all the vertebrate classes and, conversely, much research on 
vision is designed for application to specific vertebrate models, especially 

i humans. 

One important area of human visual system function is that of scotopic 
or night vision. Most research conducted in this area has been done by human 
psychophysics paradigms under normal physiological conditions. Animal prepa- 
rations used to study scotopic vision (dark adaptation, absolute threshold, 
etc.) have included cat (Harding and Enroth-Cugell, 1978), rat (Green, 1973), 
frog (Grusser and Grusser-Cornehls, 1976), and turtle (Granda and Dvorak, 
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1977). The skate, a cartilaginous fish, has been proposed a&a preparation . 
useful for studies of scotopic vision because its retina is nearly cone-free, 
but it is a poikilotherm with a comparatively primitive visual system (Dowling 
and Ripps, 1970; Green, et al., 1975). Ideally, an animal model for the study -- 
of scotopic vision in humans should be as close phylogenetically as possible 
to humans and have a nearly cone-free or rod-only retina. A retina that 
contained only rod photoreceptors would allow evaluation of scotopic mech- 
anisms in complete isolation; however, to date, not one vertebrate has been 
shown to be exclusively cone-free in studies of electron microscopy or histo- 
chemistry, when many earlier research studies using only light microscopy had 
made such claims (Walls, 1942; Dartnall et al., 1965). 

From all of the vertebrates studied thus far, the bushbaby retina appears 
to be one of the best candidates for electrophysiological, neuroanatomical, 
and neuropharmacological studies related to human scotopic vision (Casagrande 
and DeBruyn, 1982). The galago is a nocturnal, prosimian primate with a 
well-developed visual system. In addition, recent studies employing multiple 
neuroanatomical and histochemical techniques still have not been able to 
unequivocally identify cone photoreceptors in the retina, although a very 
small population of photoreceptors (estimated l-4 percent) with many cone- 
like properties (Cohen, 1972; Rodieck, 1973) were identified (Hope and Ul- 
Shafer, 1984; Fulbrook, unpublished data). The primary drawback to the bush- 
baby as a scotopic model is that there is a sparsity of current, published 
research on the organization of its visual system (for reviews, see Casagrande 
and DeBruyn, 1982 and DeBruyn, Wise, and Casagrande, 1980). Here, we present 
a neuroanatomical survey of the optic nerve in the bushbaby to include an 
estimate of the total axon count, axon density and distribution, and an axon 
diameter spectrum determined by two experimenters working independently of 
each other with the same tissue and the same set of micrographs. 

Quantitative and qualitative analyses of vertebrate optic nerves have 
been published on a wide range of vertebrates, especially on some of the 
more commonly used animals in vision research (cat: Stone and Hollander, 
1971; Hughes and Wassle, 1976; Stone, 1978; Stone and Campion, 1978; rabbit: 
Vaney and Hughes, 1976; pigeon: Duff and Scott, 1979; rat: Hughes, 1977; 
turtle: Fulbrook and Granda, 1978; xenopus: Gaze and Peters, 1961; Peters, 
Palay, and Webster, 1970; Dunlap and Beazley, 1984). The techniques for 
conducting these studies are well established and fairly straightforward. 
However, most of the studies in the literature, to date, did 'not have the 
benefit of sophisticated digitized image anlaysis equipment in measuring 
cell areas and equivalent diameters. For example, most studies on size d 

distributions employed circle templates to make subjective estimates of 
equivalent diameters for obliquely-shaped axons, and the tedium greatly E 
limited the sample of axons and total nerve area that could be studied. 
This is one of the first research studies on optic nerves which has employed 
an advanced digitized image analysis system (Carl Zeiss Inc., Videoplan Image 
Analysis System) * to more accurately and rapidly collect, analyze, and col- 
late data from electron and light micrographs of optic nerve tissue in cross 
section. This study contributes information to two areas in visual science: 

*See Appendix A. 
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that of general comparative information on optic nerves in vertebrates and, 
more importantly, adds additional neuroanatomical information specifically 
to the growing body of literature on the bushbaby, Galago crassicaudatue, 
for its usefulness as an animal model of scotopic visual function. 

MATERIALS AND METHODS 

i Tissue Preparation 

One male and two female adult bushbabies, Galago crassicaudatus, 
weighing between 0.8-1.0 kg, were overdosed with 50-60 mg/kg intraper- 
itoneal injections of Nembutal@. Once deep anesthesia was established, the 
animals were decapitated with a guillotine (Edco Scientific, Inc.)* and the 
optic nerves from just behind the optic disks, and including the optic 
chiasm, were gently dissected out of the cranial cavity. All dissection 
was carried out with the tissue bathed in a buffered fixative (3 percent 
glutaraldehyde in O.lM phosphate buffer at pH = 7.4; Hyatt, 1981). The 
eyeballs and retinas of these animals also were dissected out for a dif- 
ferent set of histological experiments that are not described here. The 
optic nerve from disk to chiasm is at least one centimeter long in the 
bushbaby. 

Once removed, the pia mater and connective tissue surrounding the 
optic nerves were dissected away and the nerve was cut into 1 mm cross 
sectional lengths, excluding nearly 2 mm of optic nerve from just behind 
the optic disk and approximately 2 mm of nerve preceding the optic chiasm. 
The samples were then placed in 3 percent buffered glutaraldehyde fixative 
for three hours at 0" C. After a buffer wash, the tissue was postfixed 
with 1 percent osmium tetroxide, in 0.1 M phosphate buffer for three hours 
at 0" C (Hyatt, 1981). The tissue was dehydrated at room temperature using 
a graded series of acetone solutions (30%, 50%, 70%, 95%, 100X), then in- 
filtrated and embedded with Spurr, low-viscosity, epoxy embedding medium 
(Polysciences, Inc.)*. Infiltration took place over two days with poly- 
merization and hardening occurring over an additional 24-hour period in 
an oven at 65" C. 

Jt 
The tissue was embedded in flat-mounted molds for square ultra- 

microtome chucks. Small paper labels were placed with the oriented 
tissue (longitudinal and cross sectional orientations) in each block 

i for identification and reference. Tissue blocks were stored in a 
desiccant, then trimmed or "faced" into trapezoids with edges up to 
1.5 mm long to include the entire nerve. 

Light and Electron Microscopy -- 

Both thick and ultrathin sectioning was accomplished on a Sorvall 
MT-5000 Ultra Microtome*. Thick sections from 0.5-1.0 urn were cut and 
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mounted onto glass slides, then stained for up to five minutes in 0.1 
percent toluidine blue, in 1 percent aqueous sodium borate (Hyatt, 1981). 
These sections were used for checking tissue orientation and light 
microscopy observation of whole nerves. Observations and photomicro- 
graphs were made using a Leitz Orthoplan light microscope*, at low powers 
with 6.3-25X planapo objectives or under oil immersion with a 40X planapo 
objective. 

Ultrathin sections from 60 - 90 nm (gold to silver interference 
colors) were taken from the ultramicrotome and placed on Pelco, Inc. 
300 mesh grids. Tissue grids were.stained for 10 minutes with saturated 
uranyl acetate in 50 percent ethanol (Epstein and Holt, 1963), then 
stained again for 25 minutes with lead citrate (Reynolds, 1963). After 
washing with distilled water and drying on filter paper, the grids were 
stored in labeled holders or inserted and viewed in the electron microscope. 

A Carl Zeiss, Inc., EMlOC electron microscope* operating at 60 kV 
was used for ultrastructural observation. Observations were made at mag- 
nifications of 2,300X, 3,150X, 5,000X, and 6,300X. Photomicrographs were 
taken using Kodak 4489 electron microscope film (3.25 x 4 inches)*. Electron 
micrographic negatives were enlarged to yield final print magnifications of 
7,500X. 9,450X, 15,000X, and 18,900X for data collection and analysis. 

Tissue in the electron microscope was observed, identified, and photo- 
graphed from two easily recognized optic nerve regions: central and peri- 
pheral. Once an area of optic nerve was defined, a montage strip of electron 
micrographs was taken from within a grid area by quasirandomly moving the 
grid stage of the electron microscope in one direction. No attempt was made 
to avoid nonneural areas from within the montage strips of optic nerve. 
Avoiding nonneural areas would bias the whole nerve density estimates of 
fibers to the high side. A sample of up to 30 micrographs could be col- 
lected from within one grid area. From these samples, over 100 electron 
micrographs of optic nerve in cross section were assembled into two identical 
sets for sampling and analysis by two independent experimenters. 

Axon Identification and Analysis -- 

Our criteria for the identification of nerve fibers in cross section were 
the same as those established and used in previous studies (Peters, 1966; 
Hughes and Wassle, 1976; Ehoades, Hsu, and Parfett, 1979). Myelinated axons 
are rather easily discriminated because of the encirclement of the axon by 
the myelin sheath. Within any axon it is possible to further recognize such 
characteristic organelles as neurofilaments, microtubules, mitochondria, and 
smooth endoplasmic reticula. Shrinkage and preservation of axoplasm ultra- 
structure was variable in quality and parts of the sheath showed some break- 
down or unraveling of lamellae in some myelinated cells; but, these factors 
did little to interfere with the tracing of axon areas from just within the 
dark edge or internal mesaxon ring of the myelin sheath. This study did not 
make any measurements of the myelin sheath thickness, count the number of 
lamellae, or include the myelin sheath in fiber diameter estimates as have 
some other studies (Ogden and Miller, 1966: Tiao and Blakemore, 1976; 

i 

.a 

i 
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Rhoades, Hsu, and Parfett, 1979). This study describes measurements, densi- 
ties, and counts of only the clearly recognizable axons and axon areas. 

The presence of axons with diameters as small as 0.2 microns is well 
established in the literature. Identification of fibers this small required 
a minimum print magnification of 7,500X, although magnifications between 
10,000-15,000X made identification easier and more reliable. 

8' 

1,' 

The myelin sheath provides a single high-confidence criterion in 
identifying these fibers, but unmyelinated axons can be very difficult to 
discriminate. The identification of unmyelinated axons was based primarily 
on the shape of the axon, its membrane thickness, and the axoplasmic contents 
(Maturana, 1959, 1960). The differentiation of unmyelinated axons from 
myelinated axons sectioned at a node of Ranvier was based on the presence of 
electron densities and granular substance around the axolemma of the axon in 
the paranodal region of myelinated cells (Peters, 1966). 

Fibrous astrocytes characteristically have long-ranging processes in the 
form of membrane-bound fascicles or bundles of neurofilaments about the size 
of an unmyelinated axon. When cut in cross section these processes could 
easily be mistaken for unmyelinated axons. Astrocytic neurofilament processes 
and "end-feet" are highly concentrated in the periphery of the optic nerve 
which makes discrimination of unmyelinated axons even more difficult in that 
region. Whenever there was difficulty in distinguishing an unmyelinated axon 
from a neuroglial process or node of Ranvier, the feature was not counted. 
Unmyelinated axons were counted and measured by only one of the experimenters 
in this study. While a small population of unmyelinated fibers can be clearly 
and reliably identified in the bushbaby, the representation and, especially, 
the distribution in the optic nerve has a much lower subjective confidence 
interval compared to the myelinated fiber data in this study. 

Compression of tissue from thin sectioning has been shown to occur and 
has been corrected for in some studies (Vaney and Hughes, 1976; Rhoades, 
Hsu, and Parfett, 1979). Estimates and measurements of compression in tissue, 
which would lead to underestimates in axon size, ranged from 2-9 percent in 
the studies cited. Tissue compression was not calculated in this study, al- 
though it is easy to recognize in micrographs whenever most of the axons ap- 
pear elongated in the same direction. Micrographs with tissue regions like 
the above were discarded from the data set. No corrections for potential 

L- 
shrinkage from histological processing were made in this study. 

It is well established from the earliest studies of the optic nerve that 

5 axons are not rigid, circular tubes (Maturana, 1959). They do not traverse .I 
the length of the optic nerve in register with each other but, rather, take 
a sinuous path enroute to their destinations (Bunt and Horder, 1983). Hence, 
many axons seen in cross sectional micrographs actually are cut in transverse 
section, which would yield an overestimate of their actual size. It is not 
possible to tell which elongated axons were cut in cross or transverse 
section, so corrections could not be made. Oblique fibers adjacent to 
circular fibers or other oblique fibers with long axes orthogonal to each 
other were evidence for occasional transverse sectioning rather than compres- 
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sion. However, it is fortuitous that the overestimation of axon size that 
occurs from transverse-sectioned axons is, to some degree, compensated by 
the under-estimates that would occur from tissue shrinkage and compression. 

Even with defined criteria for identifying and measuring axons, sub- 
jective differences in data collection between experimenters would not be 
surprising. Hence, two experimenters analyzed most of the same micrographs 
without the benefit of any interaction or comparison of measurement criteria 
on partial results. 

Computer Image Analysis 

All of the micrographs were analyzed by being measured over a digitized 
tablet field of a Zeiss Videoplan Image Analysis System. The initial analysis 
process involved entering the micrograph identification and setting the ap- 
propriate magnification scale. Different identification parameters allowed 
for the separation of data files taken from the central and peripheral nerve 
areas. Figure 1 shows an example of an electron micrograph and the data 
acquired from tracing each axon with a cross-hair cursor. The axons in the 
photograph are numbered for ease of explanation. The data acquisition para- 
meters in this study included measurements of axon area and calculation of 
an equivalent diameter, called DCIRCLE. Separate channels (O-3) were selected 
for data collection and storage. The entire area of the photomicrograph was 
measured and stored in channel 0 (46.535 square microns in Figure 1B). 
Measurements of each of the complete myelinated axons then were taken and 
stored in Channel 1 (axons numbered 1-21 in the photograph). 

Channel 2 was used to count and store incomplete myelinated axons. 
In Figure 1, all of the incomplete axons were counted (22-40); but, in 
actual data collection, only those axons along 50 percent of the photo- 
graphic edge of neural tissue would be counted (cells numbered 22-33 in 
the figure). Whenever a grid bar or outside nerve border was visible 
in a micrograph, that area was not counted in any area estimates or in 
making incomplete axon counts. Since each micrograph region was quasi- 
randomly selected, the probability was 50 percent that each incomplete 
cell represented half or less of its total area and half of the total 
edge count. To account for the area of the uncounted cells, the counted 
axons had its area doubled by the image analysis program for later cell 
density analyses. Unmyelinated axons were measured and stored in Channel 
3. No examples are shown in Figure 1. Figure 1B shows the selected 
channel, raw count, and area and equivalent diameter measurements the 
image analysis system printed out after each of the axons were traced. 
Figure 1C shows a printout of the tracing of each cell and the photograph 
border. While the.printed display of the traced axons shown in Figure 
1C is not in scale with the actual data, the video monitor image dis- 
played during data acquisition was in approximate scale. The video 
monitor and printed displays both had far less resolution than the 
active field of the digitizer tablet on which tracings were made. 
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Once all of the electron micrographs were analyzed, the data could 
be collated and displayed with considerable user control. In this study, 
most of the statistics and all of the data graphs and tables were generated 
by the evaluation programs of the image analysis system. Data have been 
rounded off to three decimal places. Data graphs in the RESULTS show the 
separate and combined experimenter results of the myelinated and unmyeli- 
nated axon size distributions for central and peripheral optic nerve regions. 

a 

RESULTS 
c' 

Light Microscopy 

Observations of thick sections of the bushbaby optic nerve revealed 
an oval-shaped whole nerve of densely packed myelinated nerve fibers 
(Figure 2). Blood vessels can be seen within the optic nerve, but 
most are found along the outer edge of the nerve associated with prominent 
invaginations of connective tissue into the nerve proper. A prominent 
blood vessel and invagination can be seen in the ventral portion of the 
optic nerve, likely representing the central branch of the ophthalmic 
artery (Figure 3). The connective tissue invaginations and septa divide 
the optic nerve into many fascicles, but not as discretely as in many 
vertebrates (cat: Stone and Campion, 1978; turtle: Fulbrook and Granda, 
1978). The cross-sectioned optic nerves ranged in length from 1.25 to 
1.3 mm along the longest (horizontal) axis. The average cross sectional 
area of optic nerve was 1,022,200 um2 (*35,000 nm2). Light microscopy 
also revealed a significant population of light- and dark-staining neur- 
oglial cells, 
(Figure 4). 

usually associated with connective tissue invaginations 
Myelinated axons, readily seen throughout the central and 

peripheral optic nerve regions, are commonly oblique and circular, have a 
considerable size range, and appear to be uniformly distributed. 

Electron Microscopy 

General survey electron micrographs of the bushbaby optic nerve are 
shown in Figures 5-7. The edge of the optic nerve is composed mainly 

. of longitudinal and orthogonal collagen arrays, melanin pigment granules, 
blood vessels, and other connective tissue cells. A border of astrocytic 
foot processes separates all connective tissue from other neural tissue 

; throughout the nerve (cf, Figure 5). A typical astrocyte nucleus and 
neurofilament process can be seen interdigitating the densely packed 
myelinated fibers in Figure 6. Oligodendrocytes, recognized mainly by 
dark-staining nuclear chromatin, also are found throughout the optic 
nerve, although astrocytes appear to outnumber the oligodendrocytes, 
especially in the central region of the optic nerve. The larger myeli- 
nated axons usually were more oblique than the smaller axons and there 
was a tendency for the larger fibers to have thicker myelin sheaths. 
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FIGURE 1. A: Electron micrograph of optic nerve in cross section. 
Tissue stained in uranyl acetate and lead citrate, magnification 
= 25,200X. Calibration bar is 1 m. Axons are numbered for ease 
of explanation. B: Sample of data measured by tracing each axon 
in "A" along the inside of the myelin sheath. Identification, para- 
meter selection, and information extensions initially are chosen by the 
experimenter and appear in the first row of text. The storage channel, 
count, measured area, and calculated equivalent diameter (DCIRCLE) are 
given for each traced axon. C: Data print of the traced axons from 
"A" and the photograph border. See Methods text for additional details. 
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FIGURE 2. Light micrograph of whole optic nerve in cross section. Section 
stained in toluidine blue. Calibration bar is 100 microns, magnificatidn 
= 100x. A prominent blood vessel is seen in the ventral portion of the optic 
nerve and many canal-like invaginations and processes are visible throughout 
the tissue section. 
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FLGUKE 3. Light micrograph of a prominent blood vessel and connective tissue 
. invagination in the ventral portion of optic nerve. Several dark-staining 

nuclei (oligodendrocytes) are visible among the densely packed myelinated 
fibers. Cross section stained in toluidine blue, magnification = 800X. Cali- 
bration bar is 10 m. 

15 



V 

FIGURE 4. Two light micrographs of optic nerve in cross section. Tissue 
stained in toluidine blue, magnifiction = 800X. Calibration bars are 10 
m. A: General survey micrograph of peripheral optic nerve. B: General 

survey micrograph of central optic nerve. Densely packed myelinated fibers, 
dark- and light-staining nuclei, and canals or channels of connective tissue 
and astrocyte processes are visible in both micrographs. 
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Axoplasmic organelles to include neurofilaments, microtubules, and 
mitochondria are readily visible within the axons. Figure 7 shows a 
grouping of four unmyelinated axons. These axons usually were found 
proximal to astrocyte nuclei as shown here and usually were found singly 
rather than in bundles or fascicles as in most vertebrates (turtle: 
Fulbrook and Granda, 1978; pigeon: Binggelli and Paule, 1969; frog: 
Maturana, 1959). 

Nerve Fiber Total Counts and Density Distribution -- 

* A Pearson product-moment correlation coefficient test was performed 
on the myelinated fiber totals found by each experimenter on the individual 
photomicrographs done in common (n=60). This yielded an r-0.998 which 
demonstrated considerable agreement between experimenters on axon identi- 
fication and counting. The total number of fibers in the bushbaby optic 
nerve was obtained by dividing the total nerve area (1,022,OOO um2) by the 
total sample area (79,888 um2), then multiplying the quotient by the total 
cell count (30,046). This yielded a pooled estimate of 384,500 (*19,200) 
total fibers calculated from a sample of 7.8 percent of a total nerve. The 
pooled data from both experimenters yielded an average axon density of 376 
fibers per 1000 um2. Unmyelinated axons comprised 2.8 percent of the axon 
population. The fiber density between the peripheral and central optic 
nerve samples was found to be statistically homogeneous allowing the total 
number of nerve fibers to be pooled. See Table 1 for a summary of experi- 
mental results on fiber counts, area, and density. 

Axon Size Distributions and Experimenter Comparisons -- 

The series of results on equivalent diameter distributions of central, 
peripheral, and combined optic nerve areas for both experimenters are shown 
in Figures 8 through 17. Each of the figures gives the absolute frequency 
histograms, and the classification listing for the data. Data are displayed 
with a bin-width interval of 0.2 microns over the range of 0.0-4.0 or 4.4 
microns. The count, mean, standard deviation, median, and mode are given 
in the histogram for each of the figures. The diameter distributions and 
counts for myelinated fibers (Figures 8-14) are collated only from the 
population in which the complete axon could be traced (Channel 1 data). 

; Myelinated axons ranged in size from 0.17 microns to 4.3 microns 
in diameter, but the great majority fell between 0.4-1.6 microns. The 
mean myelinated fiber size for the pooled data was 1.07 microns with a 

i modal value of 0.708 (Figure 8). All of the data samples were unimodal 
and positively skewed toward the larger fiber sizes. 

Two-sample or matched-pair t-tests were performed on the peripheral 
and central optic nerve samples, and between experimenters on the pooled 
results. In general, all of the sample pairs tested were statistically 
the same (p .05). Only two statistically significant (p 0.05) differences 
were found: between the mean myelinated fiber size results of experimenter 
1 and experimenter 2, and between the population sizes of unmyelinated 
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FIGURE 5. Electron micrograph of outside border of optic nerve and connective 
tissue sheath. Cross section stained in uranyl acetate and lead citrate, mag- 
nification = 10,250X. Calibration bar is 1 m. A blood vessel nucleus and 
lumen (L) are visible in the upper left-hand corner. Longitudinal collagen 
(C) arrays and melanin are seen proximal to the neural border. The neural 
border is composed of astrocyte foot-processes (A). Myelinated axons were 
never seen to abut any connective tissue without an astrocyte process in 
between. 
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FIGURE 6. Electron micrograph of central optic nerve in cross section. 
Tissue stained in uranyl acetate and lead citrate, magnification = 10,250X. 
Calibration bar is 1 m. Myelinated fibers of various shapes, orientations, 
and sizes easily are discriminated. An astrocyte nucleus is seen in the 
lower left-hand corner of micrograph. Several astrocyte neurofilament 
processes can be seen, especially an enlarged region of neurofilaments in 
the lower right-hand corner. 
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FIGURE 7. Electron micrograph of optic nerve in cross section. Tissue 
stained in uranyl acetate and lead citrate, magnification is 10,250X. 
Calibration bar is 1 m. Four unmyelinated axons are shown in the para- 
nuclear region of an astrocyte. Neurofilament processes are numerous around 
astrocyte nuclei. Note the difference in shrinkage and unraveling of myelin 

T 

between myelinated fibers in the upper right-hand corner of micrograph. 
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Factor 

Sample Area (um2): 

TABLE 1 

SUMMARY OF EXPERIMENTAL RESULTS 

Total: 35,294 44,594 
Central Optic Nerve: 18,540 23,453 
Peripheral Optic Nerve: 16,754 21,141 

Myelinated Fiber Counts: 

Total: 13,479 16,567 
Central Optic Nerve: 7,456 9,080 
Peripheral Optic Nerve 6,023 7,487 

Experimenter 1 Experimenter 2 

Unmyelinated Fiber Counts: 

Total: 382 (2.8% of pop.) --- 
Central Optic Nerve: 239 (3.1% of pop.) --- 
Peripheral Optic Nerve: 143 (2.3% of pop.) --- 

Percent of Whole Nerve Sampled:* 

Total: 3.45 4.36 
Central Optic Nerve 1.81 2.29 
Peripheral Optic Nerve 1.64 2.07 

Total Fiber Count:* 390,385 379,755 

Fiber Density:* 382/1000 urn2 372/1000 urn2 

*Based on an average whole nerve area of 1,022,2OO um2. 
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axons in the peripheral and central optic nerve regions. Results of exper- 
imenter 1 (cf, Figure 9) showed a mean equivalent diameter of myelinated 
fibers equal to 1.05 microns (mode = 0.70 microns); experimenter 2 (cf, 
Figure 12) had a mean axon diameter size of 1.10 microns (mode = 0.716). 
Even though the differences are statistically significant, the actual 
difference in axon size estimates of only 0.05 microns between experi- 
menters is trivial. 

A small percentage of features recognized as unmyelinated axons by 
having met all recognized identification criteria were clearly and reliably 
encountered. These axons represented 2.76 percent of the axon population 
counted by experimenter 1. The axon size distributions for the unmyelinated 
fibers are shown in Figures 15, 16, and 17. Unmyelinated fibers ranged in 
size from 0.17-1.24 microns with a mean fiber size of 0.50 microns (mode = 
0.41). The statistically significant difference found between the unmyel- 
inated fiber populations counted in the peripheral (n = 239) and central 
(n = 143) optic nerve regions may reflect a sampling error to some degree. 
Unmyelinated axons are more easily and reliably identified in the central 
region of the optic nerve because of the higher density of astrocyte 
processes and nuclei. The dense orthogonal arrays of astrocyte foot 
processes in the peripheral region of the optic nerve makes distinguishing 
unmyelinated fibers from other processes very difficult. If the unmyelinated 
axons do, in fact, have an anatomical affinity for astrocyte paranuclear 
regions, then the population difference between central and peripheral 
optic nerve is reasonable since astrocyte nuclei do appear to be more 
numerous in the central region. 
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FIGURE 8. Myelinated axons - combined data. 
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FIGURE 9. Myelinated axons experimenter 1 total sample. 
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FIGURE 10. Myelinated axons - experimenter 1 central optic nerve. 

25 



UNDERFLOW - 0 OVERFLOW = 3 FREQUENCIES 

CLASS FROM 

1 0.0 
;2 0.2 

3 0.4 

; 
0.6 
0.8 

6 1.0 
7 1.2 
8 1.4 
9 1.6 

10 1.8 
11 2.0 
12 2.2 
13 2.4 
r4 2.6 
15 
16 ::: 
17 
18 ;:: 

19 3.6 
20 3.8 

TO ABS REL % CUM. ABS. CUM. REL.% 

0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 
2.8 
3.0 

;:i 

318 
4.0 

0 

9:; 
1210 
853 
771 
678 
341 
229 
123 
126 
81 
45 
19 
19 
11 

5 
3 
3 
4 

0.00 
1.44 

16.39 
21.98 
15.50 
14.01 
12.32 

6.19 
4.16 
2.23 
2.29 
1.47 

.82 
-35 
935 
.20 
-09 
005 
l 05 
l 07 

0 

92 
2191 
3044 
3815 
4493 
4834 
5063 
5186 
5312 
5393 
5438 
5457 
5476 
5487 
5492 
5495 
5498 
5502 

Count = 5505 

Mean = 1.04 

Std. Dev. = 0.502 

Median = 0.931 

Mode = 0.697 

Equivalent Diameter I v ml 

CLASSIFICATION LIST 

FIGURE 11. Myelinated axons 
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FIGURE 12. Myelinated axons - experimenter 2 total sample. 
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FIGURE 14. Myelinated axons - experimenter 2 peripheral optic nerve. 
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FIGURE 16. Unmyelinated axons - experimenter 1 central optic nerve. 
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FIGURE 17. Unmyelinated axons - experimenter 1 peripheral optic nerve. 
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DISCUSSION 

The results of this study are consistent with previous optic nerve 
studies on other vertebrates in the expected high percentage of myelinated 
fibers, the equivalent diameter size distributions, and axon density. All 

z of the studies that have reported axon size distributions generally have 
found axons to fall within the range of 0.2-4.0 microns in diameter. This 
study has a considerable advantage over most previous studies due to the use 

e of a highly sophisticated computer image analysis system to collect and 
analyze data. In particular, equivalent diameters were calculated directly 
from traced axon areas rather than having to subjectively match the obliquely- 
shaped axons with circle templates as most previous studies on optic nerve 
have done. 

Since a comprehensive comparative study or review of optic nerve studies 
across vertebrates has not been undertaken, a summary of previous findings on 
fiber counts and axon size distributions is given in Table 2. Many earlier 
optic nerve studies used only light microscopy (Bruesch and Arey, 1942; Dono- 
van, 1967). However, only those optic nerve studies employing electron micro- 
scopy have been discussed in this paper and are included in the table. Not 
all of the studies gave complete information on axon size distributions. 
Hence, some figures in the table are extrapolated from data provided in the 
results section of the reference. Myelinated axon size distributions do not 
compare well because some studies made their measurements from the outside 
of the myelin sheath while most measured size from inside the myelin sheath. 

The anatomical observations in this study yielded some interesting onto- 
genetic or developmental trends among vertebrates, from amphibia to primates, 
as they proceed up the phylogenetic scale. In general, some of the following 
comparative observations on the anatomical organization of the optic nerve can 
be made. Amphibia have very few myelinated axons (Maturana, 1959; Fulbrook, 
personal observations); primates have few or no unmyelinated axons. Amphibia 
have few oligodendrocytes and many astrocytes; primates have approximately 
equal numbers of oligodendrocytes and astrocytes. The larger the optic nerve 
and greater the number of myelinated axons, the greater the amount of con- 
nective tissue and blood vessel invaginations into the nerve. Amphibia gen- 
erally have blood vessels around their optic nerves, not within. These 

> 
factors are interrelated when the following facts are considered: the dif- 
fusion limit of metabolites from blood vessels is estimated to be a maximum 
of 200 microns (Prosser, 1973), oligodendrocytes give rise to and maintain 

? myelin sheaths, and astrocytes are well-known for having structural, storage, 
and metabolite-exchange functions (Blunt, Wendell-Smith, and Baldwin, 1965). 
Astrocytes appear to function as the blood-brain barrier in the optic nerve. 

In this study, the number of axons in the bushbaby optic nerve is esti- 
mated to be 384,500. This is in sharp distinction to the total fiber counts 
found in humans (1.2-1.3 million: Potts, et al., 1972a,b) or rhesus monkey -- 
(1.4-1.8 million: Potts, et al., 1972a,b; Ogden and Miller, 1966). Extra- -- 
polating data on total counts and total area from the Potts, et al. (1972a,b) 
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study, however, yields comparable fiber densities with the bushbaby. The 
optic nerve in a human, for instance, is approximately 2.7 mm in diameter 
compared to approximately 1.3 mm for the bushbaby. This result compares 
better than the extrapolated data from a cat which would have a fiber den- 
sity of approximately 206 fibers per 100 um2(Stone and Campion, 1978), com- 
pared to 376 fibers per 1000 um2found here. 

These results contribute additional information on the anatomical organi- 
zation of the visual system in the bushbaby, Galago crassicaudatus. Re- 
cently, DeBruyn, Wise, and Casagrande (1980) published a study on the size 
and topographic arrangement of retinal ganglion cells in the galago. A dif- 
ferential density distribution was found ranging from a high in the area 
centralis (12,000 cells/mm2) to a low in the periphery (300 cells/mm2). Un- 
fortunately, estimates of the total retinal area or total cell counts were 
not made and their results cannot be directly compared to ours. Significant 
correlations have been found between the physiological properties of retinal 
ganglion cells with their size, morphology, density, and distribution (Rowe 
and Stone, 1976; Nelson, Famiglietti, and Kolb, 1977; Hsiao, Watanabe, and 
Fukuda, 1984). In addition, vertebrates with regions of retinal speciali- 
zation and high ganglion cell densities have been found to possess greater 
acuity (Rolls and Cowey, 1970). The density and total count of optic nerve 
fibers found here, along with the comparatively wide range of fiber sizes 
indicates that the galago possesses a highly developed visual system at the 
retinal level regardless of its probable weakness in photopic vision. 

The DeBruyn, Wise and Casagrande (1980) study is one of the first to 
explore the retinal cells of the bushbaby. In addition, Stone and Johnston 
(1981) published a comparative study on retinal topography which included 
the bushbaby. More recent studies on the photoreceptor population also have 
been undertaken (Hope and Ulshafer, 1984; Fulbrook, unpublished data). Much 
information already is available on the central visual pathways and their 
physiological properties (Casagrande and DeBruyn, 1982). This area of re- 
search has continued with published articles on the laminar organization of 
receptive field properties in the lateral geniculate nucleus of bushbaby 
(Norton and Casagrande, 1982), the organization of cortical visual areas 
(Allman and McGuinness, 1983), and on the interhemisphere connections of 
visual cortex in galagos (Cusick, Gould, and Kaas, 1984). Much study on 
the visual system of galago still needs to be done, even though the amount 
of information known about this animal likely never will equal that of other 
established vertebrates (e.g., cat and turtle). For this field of research, 
however, the bushbaby does appear to be highly suitable for additional study 
for its usefulness in comparative research and as a scotopic model of human 
visual system function. 
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