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Quantitative Histological Study of
the Optic Nerve in Species of
Minnows (Cyprinidae, Teleostei)
Inhabiting Clear and Turbid Water
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Abstract

Quantitative analysis of the optic nerve of minnows using light- and electron
microscopy demonstrated that anatomical characteristics of the visual system
are closely related to habitat turbidity. Species in the genera Notropis and
Cyprinella inhabiting predominantly clear water had larger eyes and almost
twice as many optic nerve fibers compared to minnows of turbid habitats. No dif-
ferences were detected in the thickness of myelination, the axon diameter pro-
file, or the number of optic nerve fibers per retinal area, indicating that the rela-
tive number of fibers, as well as their anatomical characteristics, are similar in all
species and independent of habitat turbidity. It is therefore hypothesized that
quantitative differences in the number of visual elements available for sampling
and processing in the retina, optic nerve, and optic tectum are sufficient to
account for presumed differences in visual performance.
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Intioduction

The environment may act upon the brain (and hence
behavior) through evolutionary forces as well as epigenetic
changes. Therefore, the comparative study of brain struc-
tures among ecologically distinct species, even when
genetic and environmental influences cannot be isolated,
provides a rich source of hypotheses concerning the way
the nervous system functions under various environmental
conditions and how they have responded to natural selec-
tion. ‘

Minnows, especially species in the genera Notropis and
Cyprinella, are useful subjects for studying the relationship
between the nervous system and the environment. This
family has undergone considerable adaptative radiation,
and the ecological diversity represented in the family is

- reflected in the gross and microscopic structure of a num-

ber of brain parts [Kishida, 1979; Kotrschal and Junger,

1988; Northcutt and Wulliman, 1988; Huber and Rylan-
der, 1991, 1992; Kotrschal and Palzenberger, 1992].

The sensory apparatus appears particularly sensitive to
environmental variation. Recently we showed that the
microscopic structure of the visual part of the optic tectum
is better developed in species of minnows that inhabit clear
water than in those that live in turbid water [Huber and
Rylander, 1991]. However, the optic nerve of minnows has
not been studied in relation to ecology; indeed, even
descriptive accounts of the ultrastructure of the optic nerve
of teleosts in general are surprisingly few [eg.-Gaze, 1970;
Tapp, 1973, 1974; Anders and Hibbard, 1974: Scholes,
1979; Bunt, 1982; Bunt and Horder, 1983; Easter et al.,
19841 -

In transverse-section, the optic nerve of most teleosts is
a long ribbon-like structure that is folded into a roughly
cylindrical shape (fig.1a). Fibers are mostly myelinated,
with estimated numbers ranging from 24,000 in Ameiurus
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Fig. 1. Notropis atherinoides, optic nerve cross section. a Entire cross section. Scale bar represents 50 wm.
b Mosaic of electron micrographs showing a short segment of the optic nerve. Scale bar represents 5 pm.

melas [Bruesch and Arey, 1942] to 200,000 in Eugerres plu-

mieri [Tapp, 1974]. Fibers within the optic nerve are -

arranged in a chronotopic and retinotopic fashion; fibers of
similar age and retinal origin travel alongside each other in
the optic nerve and terminate in adjacent areas of the optic
tectum [Dawnay, 1979a, b; Bunt, 1982; Easter et al., 1981,
1984; Rusoff, 1984; Bernhardt and Easter, 1985, 1986; Eas-
ter, 1985; Springer and Mednick, 1986]. Optic nerve fibers
vary widely in internal diameter and thickness of the myelin
sheath (fig. 1b), which, as in other anamniotic vertebrates,
may correspond closely to functional differences [Matu-
rana et al., 1960; Chung et al., 1974; Griisser and Griisser-
Cornehls, 1976]. In some teleosts, optic nerve fibers of dif-
ferent diameters project to different targets within the cen-
tral nervous system [Ito et al., 1984; Northcutt and Wulli-
mann, 1988). '

The goal of the present study was to determine if the
structure of the optic nerve is related to habitat turbidity, as
was shown to be the case for overall brain morphology
[Huber and Rylander, 1992] and the histology of the optic
tectum [Huber and Rylander, 1991]. Thus we employed
light microscopy and transmission electron micrescopy to
analyze three parameters in six species of Notropis and
Cyprinella that live in either clear or turbid water: (1) the
size and myelination of optic nerve fibers; (2) the overall

numbers of fibers; and (3) the relationship between retinal
surface area and number of optic nerve fibers.

" Materials and Methods

Five adult female specimens each of three turbid water species
(Cyprinella lurrensis, Notropis bairdi, N. atherinoides) and three clear
water species (C. venusta, N. amabilis, N. boops) were collected from
streams in Texas and Oklahoma [cf. Huber and Rylander, 1992}
according to guidelines established by the NIH, Nomenclature follows
the recent revision of related genera by Mayden {1989). Primary fixa-
tion was in 10% phosphate-buffered formalin.

The brain, eyes, and optic nerves were removed from the skull,
and a 0.5 mm section of the optic nerve, halfway between the eye and
the optic chiasm, was postfixed in 0.1% OsO, in 0.1 M phosphate buf-
fer. This section was later dehydrated in a graded series of ethanols,
embedded in EmBed 812, and sectioned using glass knives.

Semithin sections (0.1 pm) were mounted on glass microscope
slides, stained with toluidine/methylene blue. photographed using
a compound microscope, and printed at a final magnification of
182 X {fig.1a). The outline of the transverse-section was entered into
an Apple Macintosh with a digitizing pad, and the area of the ribbon-
shaped cross-section [Scholes, 1979] was calculated using morphomet-
ric software [R. Huber, unpubl. obser.].

Ultrathin sections (90~130 nm) were collected on Formvar-coated,
mesh-100 grids and stained with 2% aqueous uranyl acetate and lead
citrate [Reynolds, 1963]. One transverse-section from cach individual
was examined by transmission electron microscopy (Hitachi HS-8 at
50kV and Hitachi HU-11E at 75k V), and nine sample areas were cho-
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Table 1. Mean lengths, weights, and

estimated optic nerve fiber number in six Species N Length (mm) Weight (g) ~  Fiber number
species of minnows (mean 1 standard ] . ‘ ' R
deviation) Turbid water species:
C. lutrensis 5 69.60+£4.72 3.90%1.15 60,800+ 8,115
N. bairdi 5 52.00%£2.65 1.50+£0.27 45,000+ 3,907
N. atherinoides 5 56.80:+7.98 1.39+0.75 53,500+ 14,989
Clear water species:
C. venusta 5 70.20+5.89 3.07+0.98 106,6004:17,689
N. amabilis 5 55.604£2.97 1.53%0.15 87,000+ 4,947
N. boops 5 60.40£4.72

1.70£0.21

sen that contained fibers originating in central, intermediate and
peripheral areas of the ventral, lateral and dorsal retinal sector.

Electron micrographs of these nine sample areas in each of five
individuals of the six species studied (a total of 270 micrographs) were
taken at magnifications of 4,000 and 4.500 X and printed at a final
magnification of 11,200 X, All subsequent measurements were per-
formed without knowledge of the respective species or retinal area. A
coordinate grid was randomly placed onto these micrographs and, in
the 20-100 fibers closest to the origin of this grid, the maximum inter-
nal diameter (MD), the internal diameter at a right angle to MD
(RD), and the thickness of the myelin sheath (MY), were measured to
the nearest 0.01 um (total N of 10,900 fibers). Mean fiber diameter was
calculated as the average of MD and RD. The fiber density in each
micrograph was quantified by counting the number of axons within
100 um?,

Nested multivariate analysis of variance (MANOVA) with MD,
RD, and MY as dependent variables was used to evaluate differences
in anatomical fiber characteristics between individuals, species and
turbidity groups. All variables were sine-transformed to achieve
homogeneity of variances.

The number of fibers per wm” in each individual was averaged
across the nine sample azeas. The total sumber of fibers for each indi-
vidual was estimated as the product of the average number of fibers
per pm’ and the area of the cross-section. Analysis of variance
(ANOVA) was performed to test for differences in the number of
optic nerve fibers. For this analysis, species were nested thhm turbi-
dity groups.

To test for a possible relationship between optic nerve fiber num-
ber and retinal area (RA), the latter was calculated from the measured
eye diameter (d) using the formula RA =2(d/2)’n. To evaluate if spe-
cies and turbidity groups differ in the number of optic nerve fibers

when retinal area is taken into account, an ANOVA was performed

on the residuals of this regression analysis.

Results

Weights and standard lengths of the specimens studied
are listed in table 1. In Notropis and Cyprinella, mean inter-
nal fiber diameter ranged from 0.09 to 5.92 um, and myelin

thickness ranged from 0.01 to 0.80 um. Histograms and
descriptive statistics for the distribution of fibers in each
species and all species combined are included in figure 2.
Fiber counts for the six species are listed in table 1.

90,200+16,419

No significant differences in fiber diameter or myelin
thickness were detected within or among turbidity groups,
but significant differences were found among individuals
within species (p<0.001). All applied tests, ie. a univariate
test for each variable, as well as Pillais’, Hotellings’, and
Wilks’ criteria of the multivariate analysis, yielded similar
F-values and identical levels of significance (table 2).

The optic nerve of clear water species contained signif-
icantly more fibers than that of turbid water species
(F=29.78; DF=1,24; 0.01>p>0.001). On the average,
clear water species were characterized by almost twice as
many optic nerve fibers (mean 94,583 fibers) as were turbid
water species (mean 53,134 fibers) (fig.3). However, nei-
ther within the clear not the turbid water group did the
three species differ significantly from each other in the
number of optic nerve fibers (F=0.57; DF=4,4;
p>0.05).

The number of optic nerve fibers was closely re]ated to
retinal area, as shown by regressing fiber number onto reti-
nal surface (F=25.001; DF=1,28; p<0.001; cf. fig.4). To
evaluate whether species or turbidity groups displayed dif-
ferences in the number of optic nerve fibers that remained
once retinal area was taken into account, an ANOVA was
performed on the residuals from this regression analysis.
Differences were not detected between turbidity groups
(F=0.77; DF=1,24; p>0.05), nor among the three clear
or turbid water species (F=1.80; DF=4,24; p>0.05). This
indicates that the relative number of optic nerve fibers per
retinal area is similar in all species and independent of habx—
tat turbidity.

Fig. 2. Frequency distributions of mean internal diameter and
thickness of the myelin sheath of optic nerve fibers for all species com-
bined, and of mean internal diameter for three turbid water spemes
(C. lutrensis, N. bairdi, N. atherinoides) and three clear water species
(C. venusta, N. amabilis, N. boops).
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Fig. 3. Bar charts (mean 1 standard error) illustrating the-num-
ber of optic nerve fibers-in six species of minnows in Notropis and.

Cyprinella. Dark bars identify turbid-water species, whereas light bars
indentify clear-water species.

Table 2. Nested MANOVA and ANOVA results for a comparison
of the maximal internal diameter (MD), the internal diameter at right
angles to this measurement (RD), and the thickness of the myelin
sheath (MY) between turbidity groups, among three species within
each turbidity group, and among five individuals in each species of
Notropis and Cyprinella. In each individual, 300 to 450 fibers were
measured (Total N=10,900).

Multivariate test:

Source CFo

Turbidity 3 6.833 ns
Species within turbidity 12 0.435 ns
Individuals within species 72 3.359 ok

Univariate tests:

170000
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‘Fig. 4. Relationship between retinal area-(in mm?) and number

- of optic nerve fibers (N=30) in six species. of minnows in Notropis
-and Cyprinella. .-

A .regression line was fitted to the data
(y=2.434+31.209x; R’=0.472). A, C. lutrensis; ®, N. bairdi; W, N.

-atherinoides; A, C. venusta; O, N. -amabilis; 1J, N. boops.

Discussion

The minnows that inhabited predominantly clear-water
had larger eyes and almost twice as many optic nerve fibers ‘
compared to those of turbid habitats. Evidence was not
found for species-specific differences in fiber characteristics
of the optic nerve, nor for differences in the number of
axons per retinal area. It is therefore hypothesized that dif-
ferences in visual performance of minnows are exclusively
a result of quantitative differences in the number of visual
elements available for sampling and processing in the
retina, the optic nerve, and the optic tectum. Predictions
concerning absolute visual threshold and resolving power
can be formulated according to this hypothesis and may be
tested in future psychophysical experiments. More specif-
ically, absolute visual threshold, the lowest stimulus inten-
sity that can be detected, is a function of the number of rods

- per retinal area and should be independent of eye size.

Moreover, resolving power depends on the number of reti-
nal receptors per ‘visual angle and thus should be a function
of eye size.

Estimates of fiber number ranging from 45,000 in N.
bairdi to 106,600 in C. venusta are not unusual in teleosts
[Bruesch and Arey, 1942; Gaze, 1970; Tapp, 1974; Scho-
les, 1979]. However, internal diameters of optic nerve.
fibers in Notropis and Cyprinella are generally smaller than
those reported for other species [Tapp, 1974; Witkovsky,
1971},

Source
MD
Turbidity 1 0.034 ns
Species within turbidity 4. 0.531 ns
Individuals within species 24 1.992 ok
RD
Turbidity 1 1.197 " ns
Species within turbidity 4 0.659 ns
Individuals within species 24 2.752 ook
MY
Turbidity 1 1.778 ns

" Species within turbidity 4 0.426 ns .
Individuals within species 24 5.217 o

ns=Non-significant; ***=p<0.001.
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Although species did not differ in their anatomical fiber
characteristics, significant differences among individuals
within a species were detected. It is unlikely that this result
is an artifact of sampling from a non-random distribution of
fiber diameters, because a large number of fibers were
quantified per individual (between 300-700 fibers). The
distribution of fiber diameters of the optic nerve of cypri-
nids changes throughout life [Easter et al., 1981; K. Kotr-
schal, pers. commun.] and, although only adult specimens
were used, the detected morphological differences could
correspond to age differences.

The present study does not allow us to evaluate whether
the detected differences are the result of functional adapta-
tions to the respective habitats through evolution or of
environmental plasticity during development. This ques—
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tion is the focus of a future publication.

o‘.lo.l..o..oo.Ooootooo.oolo.onlool.o..'loot.oooonol‘o..blo.ool.l'.'.l..t.otl-looo.ooo..l.Qo....oon.o.o"ooo..ootb..ooo..al...

References

Anders. J.J., and E. Hibbard (1974) The optic sys-
tem of the teleost Cichlasoma biocellatum.
J.Comp. Neurol.. 158; 145-154,

Bernhardt, R.. and S.S. Easter, Jr. (1985) Age and
sectoral origin of ganglion cell axons are map-
ped on two orthogonal axes in the optic path-
way of goldfish. Soc. Neurosci. Abstr,, /7; 585,

Bernhardt. R.. and $.S. Easter, Jr. (1986) Map of
vetinal position onto the cross section of the
optic pathway of goldfish, J. Comp. Neurol.,
254: 493-510.

Bruesch. S.R.. and L.B. Arey (1942) The number
of myelinated and unmyelinated fibers in the
optic nerve of vertebrates. J. Comp. Neurol.,
77: 631-665.

Bunt, S.M. (1982} Retinotopic and temporal
organization of the optic nerve and tracts in
the adult goldfish. J. Comp. Neurol.,. 206:
209-226.

Bunt, §.M., and T.J. Horder (1983) Evidence for
an orderly arrangement of optic axons within
the optic nerves of the major nonmammalian
vertebrate classes. J. Comp. Neurol., 273:
94-114.

Chung. S.H., T.V.P. Bliss. and M.J. Keating
(1974) The synaptic organization of optic affer-
ents in the amphibian tectum. Proc. R. Soc.
Lond.. 187: 421-447.

Dawnay, N.A . H. (1979a) Retinotopic architecture

of goldfish optic pathway. J. Physiol., 289:
50-51P. v

Dawnay. N.A.H, (1979b) ‘Chronotopic’ organiza-

~ tion of goldfish optlc pathway. J. Physiol., 296:
13-14P.

Easter, $.8. (1985) The continuous formation of
the retinotectal map in goldfish, with special
attention to the role of the axonal pathway. In
Molecular Bases of Neural Development (ed.
by G.M. Edelman, W.E. Gall and W.M.
Cowan). Wiley and Sons. New York, pp.
429452,

. Easter, S.S., Jr., B. Bratton, and S.S. Scherer

(1984) Growth-related order of the retinal
fiber layer in goldfish. J. Neurosci., 4:
2173-2190.

Easter, S.8., Jr., A.C. Rusoff, and P.E. Kish
(1981) The growth and organization of the
optic nerve and tract in juvenile and adult gold-
fish. J. Nevrosci., 7: 793-811.

Gaze, R.M. (1970) The formation of nerve connec-
tions. Academic Press, London.

Gritsser, O.J., and U. Griisser-Cornehls (1976)
Neurophysiology ‘of the anuran visual system.
In Frog Neurobiology (ed. by R. Llinas and W,
Precht), Springer Vetlag, New York,

Huber, R., and M.K. Rylander (1991) Quantita-
tive histological studies of the optic tectum in
stx species of Notropis and Cyprinella (Cyprini-
dae, Teleostei). J. Hirnforsch., 32: 309-316.

Huber, R.. and M.K. Rylander (1992) Brain mor-
phology and turbidity preference in Norropis
and related genera (Cyprinidae, Teleostei).
Env, Biol. Fish., 33: 153-165.

to, H.. H. Vanegas, T. Murakami, and Y. Morita
(1984) Diameters and terminal patterns of reti-
nofugal axons in their target areas: a horserad-
ish-peroxidase study in 2 teleosts Sebasticus
marmoraius and Navodon modestus. J, Comp.
Neurol., 230¢: 179-197.

Kishida. R. (1979) Comparative study on the
teleostean optic tectum. Lamination and
cytoarchitecture. J. Hirnforsch., 20: 57-67.

Kotrschal, K., and H, Junger (1988) Patterns of
brain morphology in Mid-European Cyprini-
dae (Pisces, Teleostei): a quantitative histolog-
ical study. J. Hirnforsch., 29: 341-352.

Kotrschal, K., and M. Palzenberger (1992) Neu-
roecology of cyprinids (Cyprinidae, Teleostei):
comparative. quantitative histology reveals
diverse brain patterns. Env, B:ol Fish., 33:
135-152.

Maturana, H.R., 1.Y. Lettvin, W.S. McCulioch,
and W.H. Pitts (1960) Anatomy and physiol-
ogy of vision in the frog (Rana pipiens). J. Gen.
Physiol., 43: 129-175.

Mayden, R.L. (1989) Phylogenetic studies of
North American minnows. with emphasis on
the genus Cyprinella (Teleostei: Cyprinifor-
mes). Misc. Pub. Univ, Kansas, Mus. Nat.
Hist, 80: 1-189.

Northeutt, R.G., and M.F. Wallimann (1988) The
visual system in teleost fishes: morphological
patterns and trends, Ja Sensory Biology of
Aquatic Animals (ed. by J, Atema, R.R. Fay,
A.N. Popper and W.N. Tavolga), Springer
Verlag, New York, pp. 515-552.

Reynolds, E.S. (1963) The use of lead citrate at
high pH as an electron-opaque stain in electron
microscopy. J. Cell. Biol., 17: 208-212.

Rusoff, A.C. (1984) Paths of axons in the visual
system of perciform fish and implications of
these paths for rules governing the axonal
growth, J. Neurosci., 4: 1414-1428,

Scholes, J.H. (1979) Nerve fiber topography in the
retinal projections to the tectum. Nature, 278:
620-624, .

Springer, A.D., and A.S. Mednick (1986} Retino-
topic and chronotopic organization of goldfish
retinal ganglion cell axons throughout the optic
nerve. J. Comp. Neurol., 247: 221-232,

Tapp. R.L. (1973) The structure of the optic nerve
of the teleost: Eugerres phnmerr 1. Comp.
Neurol., 150: 239-252,

Tapp. R.L. (1974) Axon numbers and distribution.
myelin thickness, and the reconstruction of the
compound action potential in the optic nerve of
the teleost: Eugerres plumieri. J. Comp. Neu-
rol., 153: 267274,

Witkovsky, P. (1971) Synapses made by the my-
elinated fibers running to teleost and elas-
-mobranch retinas. J. Comp. Neurol., 142:
205-222.

255



