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I.

—

Introduction.

Early in the spring of 1888, Prof. W. K. Brooks kindly placed

at my disposal a valuable set of specimens of Liimdus^ with a

suggestion that I should work on the eyes in order to continue

the research upon which the late Dr. A. T. Bruce was engaged

at the time of his death.

Through the kindness of Prof. M. McDonald, the United States

Commissioner of Fish and Fisheries, I was enabled to continue

my work on the subject during the summer of the same year at

the Woods Holl Laboratory of the Fish Commission, where the

fresh specimens for the study of Lirnulus at all stages of develop-

ment may be obtained without ditEculty. To these gentlemen

are d\ie my sincere thanks and gratitude; through tlieir kind-

ness and encouragement I have been eiiublod to prusicnte my

'These specimens were mostly preserved by Dr. J. C. Ilemmeter, when the

Chesapeake Zoological Laboratory was in session at Beaufort, N. C, in 1886.

They were in an excellent state of preservation.
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work. I am also indebted to Prof. Jolin A. Ilydcr uiid Dr. E. A.

Andrews for various courtesies.

It soon bocaino evident that the eye of Limnlus is, as we

miglit expect from its great antiquity, a very primitive visual

organ, presenting in a simple form a most interesting type.

For the further comprehension of its structure and significance

it became necessary to extend my researches to several other

Arthropods. Among the forms studied in this connection are

the following, besides five other pelagic Arthropods from the

Gulf Stream, whose generic n;iii;e> liave not yet been ascertained:

£ranchij)us,Esthena, T.ih;rh. ><int Jbjperia, Phnn,'n„<i, s, rnJlx^

Ligia, Aselhis, Notonaiii, L'dnV nln, Ayrion, Gnjlhis^ Cunllira,

Camharits, Homarus, Ilippa, Alplieiis, Gehia, Penaeus, Squilla,

Callinecies, Gonodactylus and Lucifer.

While only a few selected types are here described, all the

above named forms, representing three great groups of Arthro-

pods, Insects, Crustacea and Arachnids, were carefully studied,

and all the results have been embodied in the general observa-

tions which follow, although the principal subject of the paper is

the eye of Liinulus.

The points which are at present receiving marked attention

among the workers on the morphology of tlie compound eyes

of Arthropods may be put in four principal categories, viz.

(1) the mode of termination of the optic nerve fibre in the

retinal cell; (2) the mode of formation of difierent "layers" in

the retina; (3) the phylogeny of the compound eye; and (4) the

homology of the optic ganglia.

The problem therefore involves several inquiries. The funda-

mental step is to determine to what morphological category

the compound eye of the Arthropod belongs. To the elucidation

of this point our histological inquiries must be directed, while

our phylogenetie consideration of the eye may fitly be reserved

until we have learned something of its structure.

The first thing which confronts us is this: "What is the

ommatidium or " eyelet," the repetition of which, often several

thousandfold, gives rise to the compound eye? What is the

significance of the characteristic arrangement of its component

cells ? Is it possible to reduce it to a simpler form, or to express

its structure and significance briefiy ?
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Until tliese (iiu'stioiis be iiiiswercd satisfactorily, tlio most

laborious technique of histology is often powerless to discrim-

inate the essential from the secondary features in the component

cells of a given ommatidium ; and in the absence of an accurate

conception of its fundamental structure, the various modifications

of the cells and fibres of an ommatidium may be made to assume

any significance to suit our speculative ideas.

With these considerations in mind, I have sought for an

ommatidium in which all the features of its structural elements

may be made out plainly, and from which we may derive the

ommatidial elements of a more complex type.

Although the number of forms studied in this connection is

not quite so extensive as I wish, I feel justified in believing that

any view which explains the structural peculiarities of the

ommatidia of each and all of the forms in the list above given

and reduces them to the same fundamental structure, may fairly

• be considered as in all probability generally applicable to the

eyes of Arthropods.

In what follows, the attempt will be made to approach the

subject from this standpoint, viz. the consideration of the

ommatidium as the morphological unit of the compound eye in

Arthropods, just as each little circle of rods with a cone in its

centre may be considered as the morphological unit of the

" mosaic layer " (Henle) of the human retina.

II.

—

The Moepkology of the Ommatidium.

Following the plan given in the Introduction, I will consider

the morphology of the ommatidium, taking it as the structural

unit of the compound eye. After the nature of this unit has been

considered, we may proceed to examine the state of aggregation

of the units in the different forms of tlio Arthropods. For this

purpose it is convenient to select one particular ommatidium
which may be made the basis of comparison. Accordingly, the

ommatidium of SeroUs will be considered at the outset, and the

attempt will be made to homologize the ommatidial elements of

Serolis with those of other forms. I am indebted to Prof. M.
McDonald for the opportunity to study the eyes of the four

South American forms of Serolis recently brought back by the

U. S. Fish Commission steamer Albatross.





290 S. WATASE.

a. Sa-olix.

(Pigs. 1,1a, li, 3, PI. XXIX.)

The crcncral structure of the eyes of Serolis has already been

made known by Beddard.* Althou-h I have verified all the

chief results of his research, I shall speak of a few details Nvhu^h

seem to me siiecially significant.

The cells of the ommatidiuni are arranged in three principal

strata, a, h, c (Fig. la, PI. XXIX). Each stratum of cells is

characterized by the special product which it secretes, viz. 1, 2

and 3.
,

-

The outermost stratum (a) secretes upon its external surface

the chitin which constitutes the cornea or the corneal facet {c,

Fig. 1, PI. XXIX).

The cells themselves have been designated as the corneagen by

Patten.^
.

The corneagen is sometimes difficult to detect in the eye ot

the adult animal and may easily be overlooked. It is very

conspicuous in the young.

The next stratum of cells (5) is also characterized by the

chitinous secretion on the surface nearest the median axis of the

ommatidium. The two cells {b) secrete a thick chitinous layer

which encloses an ovoidal space of considerable size filled with a

transparent liquid substance, (2). The cell (h) has been named

vitrella (Lankester and Bourne);' and the oyoidaj chitinous body.

(2) is the crystalline con^ (c. c, Fig. 1, PI. XXIX.)

'Beddard, P. K. Challenger Report, Zoology, Vol. XI, Isopoda: SeroUdae.

His additional observations on Serolis may be found in the paper by the same

author, On the Minute Structure of the Eye in Cymolhoidae, Trans. Roy. boc.

^%udieion the Ey>:s of Arthropod: I. Development of the Eyes of Vespa,

u-ith ohxervations on the Ocelli of some Insects, p. 193, .Tournal of Morphology,

Vol. I, No. 1, 1887.

s The Mmute Structure of the Lateral and the Central Eyes of Scorpio and

Limulus. Quart. Jour, of Micro. Science, Vol. XXIII, p. 198, 1883.
_

'• Vitrella
"

is synonymous with " retinophora " of Patten ;
'• vitreous cell

and " crystalline cone cell " of authors. The nucleus of the vitrella has been

named byClaparOde "Scmper's nucleus," attel- its discoverer : Zur Morphologic

der zHsammengeseizten Augen bei den Arthropoden. Von Edouard Claparedo.

Zeit. t. Wiss. Zool. Bd. X. p. 193, 1860.

* It is interesting to notice that the observations made by Clarke on the eye of

aTrilobite {The Structure and Development of the Visual Area in the Tnlobile,
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The cryBtalline cone is purely a dioptric- appiiratui^. A careful

study of its structure, both in the adult and in tiio youn- eir.bryos

oi Serolis,\v.i& clearly shown that this has nothing' to do with the

sensory function, as it has no connection whatever with the optic

nerve fibres.

The vitrella, then, agrees with the corneagen cell in the

capacity for secreting chitin on one portion of its surtace. The

diflerence between them consists in this, that while the corncagen

cells secrete chitin towards the exterior of the body, the vitrellae

secrete it towards each other, that is, towards tiie median axis of

the omniatidium.

Next below the vitrella comes the important stratum {c,Y\g.\a)

which lies at the bottom of the whole structure, and which sends

processes inward {Op. n) to form the optic nerve fibre, which

terminates in the optic ganglion.

The cells in this structure are also characterized by secreting

chitin towards the median axis of the omniatidium. The chitin

thus produced invests the colorless portion of the cell (c) consti-

tuting the rod or the rhahdomere (Lankester and Bourne).^

A large number of transverse striae, running at right angles to

the longitudinal axis of the ommatidium, are seen through the

transparent cuticle. The cell itself which gives rise to the

rhabdomere has been known as retinula (Grenacher).' The

Phacops Rana, Oreen, Journal of Morphology, Vol. II, No. 2, 1888) show, so

far as I understand his account, that the lens has a somewhat similar structure

to the crystalline cone of SeroUs, or, in fact, to the crystalline cone of Isopod

Crustacea, as far as it is known. From Clarice's description I gather that the

lens of Phacops is unequally biconvex., the curvature being the greatest on the

proximal surface ; and that the lens was hollow, probably filled with some viscid

humor. In the absence of a more complete knowledge on the nature of a corneal

covering to the eye in the Trilobite it is premature to carry out the homology of

the " crystalline cone" of Serolis and of the Isopods in general to the " lens"

of a Trilobite, although there appears to exist a certain resemblance between the

two. It is perhaps worthy of mention, in this connection, that there is nothing

whatever in the lens-cone of Limulus at any period of its development wliich

shows any resemblance to the lens of a Trilobite as made out by Clarke. The

lens-cone of Limulus is the solid, conical projection of the chitinous cuticle of the

body, fitting into the open depression of the skin, and in no period of the life

history of the animal is it separated from the outermost cuticle of the body.

(Compare Grenadier, Lankester and Bourne, and Part III of the present paper

on the compound eye of Limulus.)

• loc. cit. p. 183.

> Untersuchungen uber das Sehorgan der Arthropoden, 1879.
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rptiiuilii, then, astrccs with the corncai;en and vitrclla whicli lie

ahovo, in its capacity to secrete chitin on a part of its surface.

Thus the three strata of cells, a, h, and c, agree fundamentally

with one another in their capacities to secrete chitinous structures,

and those arc respectively known as the cornea (1), the crystal-

line cone (2), and the rhahdomere (3).

Hence, aside from the general homology which exists between

the cells in the optic area, all being derived from a common

source, the ectoderm, there exists a speinal homology between

the cells in the three strata which constitute the important parts

of the ommatidiujn, all being characterized by the capacity for

secreting chitin from a part of their surface.

In this respect these ommatidial cells are essentially like the

general ectodermal cells which sec^rete the chitinous covering of

the body from their distal extremities.

In carrying this analysis further we find that tlic outer surface

of the corneagen is homologous with the axial stirface of the

vitrella, and that of the retinula and the three chitinous structures,

cornea, crystalline cone and rhahdomere, are homologous with

each other.

If this interpretation be established by the further discussion

of the ommatidia of other forms, it follows that the crystalline

cone and rhahdomere are really homologous with the chitinous

investment of the body, and the narrow axial space of the

ommatidium represented by the line x must therefore have the

same significance as the space outside of the body. Morpholo-

gically speaking, the crystalline cone and rhahdomere are just

as much a part of external surface as the cornea itself. Diagram-

atically, the three strata of the ommatidium may be represented

as in Fig. 2, PI. XXIX.
According to this view, the ommatidium of Serolis may be

regarded as an open pit of the ectoderm, the walls and margin

of which are covered by the product of their own secretion, the

chitin. The chitin in the walls and margin of the pit becomes

continuous with the general chitinous covering of the body, as

the rows of the ommatidial cells themselves become continuous

with the general ectoderm.

At the bottom of the ommatidial ]>it there exists a pair of

colorless " hyaline cells" (Beddard), with tlieir upper processes
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insortcd into tlio axial space between the tour rhabdomeres.

Eaeb cell lias a peculiar refractive nucleus. It lacks any con-

nection with the optic nerve fibre, and is suspended from the

bottom of the pit at a considerable distance above the basement

inen)brane. The "hyaline cell" is a modified cctodermic cell,

and is homologous with the rest of the (•ells which enter into

the formation of the ommatidium. The cell, however, does not

develop pigment granules in itself, nor establish any connection

with the central nervous system as does the retinula cell, nor

does it secrete chitin on a part of its surftice as do the rest of the

ommatidial cells we have considered already. As to the function

of this cell I am not able to say anything definitely. It cannot

be sensory, having no connection with the nerve centre. Wlien

we see, however, that in some species of Serolis the lower ends of

the four rhabdomeres are deeply imbedded in the substance of the

"hyaline cell," or, in other words, that the rhabdomeres are

firmly held together by the substance of the " hyaline cell

"

at the point wliere they meet, it becomes probable that the cell

in question may serve the purpose of a mechanical support,

adding firmness to the whole structure. To this point I will

recur later on.

In addition to the cells which form the essential part of.the

ommatidium there exists a number of pigmented cells, {pg. c.

Fig. la, PI- XXIX). The pigment cells are greatly developed

around the vitrellae and closely invest the dioptric portion of the

ommatidium from outside. These pigmented cells also are modi-

fied ectoderm cells which lie between the adjacent ommatidial

pits.

The morphological unit of the compound eye oi Scrolls may

then be described as consisting of a group of ectodermic cells

lying outside of the basement membrane, and so arranged as to

form the walls of an open tubular depression. This group of cells

undergoes special difl\3rentiations at different levels of the pit.

The uppermost group, consisting of two flattened cells, consti-

tutes the corneagen, which secretes the cornea externally; the

second group of cells, consisting of two large cells, the vitrellae,

secretes chitin towards the lumen of the tube, thus forming the

crystalline cone; the third group of cells, the retinulae, con-

sisting of four cells, secretes the rhabdomeres. The retinulae
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arc tlio (inly cells whirli arc connected with tlic nerve centre.

In iidJition to the tlireo elements above naniei], tlie fourtli

element, in the form of two " iiyaline cells," exists, plugging, as it

were, from the inside the imperfect bottom of the depression.

A number of pigment cells enveloping more or less completely
the above mentioned group of cells from the outside constitutes

the fifth element of the ommatidium.
A glance at the diagram (Fig. lb, PI. XXIX) will make

this point clear. The diagram is supposed to be the plan of the

constructive elements of the ommatidium of Serolis as they

would appear when seeii from the exterior, in the direction of

the arrow. Fig. la, PL XXIX, if they actually foruicd an
open pit like that shown in Fig. 2.

The innermost body which appears in the depression is the pair

of "hyaline cells," {d)\ next above and therefore in the outer

circle to {(I) are.the retinulae (c), the rhabdomeres being repre-

sented by the yellow edges. Above the retinulae will come the

two extremely enlarged cells, the vitrellae {b), whose chitin-

secreting surface is marked by the yellow color. Next above {b)

comes a pair of corneagen cells {a), whose chitin-secreting surface

is also represented by the yellow color as in the cells forming the

two inner series. The outermost of all is a pair of extremely
flattened, pigmented cells, ensheathing completely the dioptric

portion of the ommatidium.

The diagram is not unlike the one used in illustrating the

arrangement of the difierent parts of a flower. This does not

seem surprising when we remember that the nature of the prob-

lem in both cases is identical. Just as sepals, petals, stamens and
pistils of a flower are considered as the modified leaves clustered

round an extremely short stem or axis in whorls or in spirals, so

the corneagen, vitrellae, retinulae, etc., are the modified ectoderm
cells arranged at difierent heights on the ommatidial axis. There
is, however, this diflerencc between them, that while in a flower

the parts concerned in the formation of the organ are themselves

aggregations of many cells, those in the Arthropod ommatidium
are highly difierentiated individual cells; and while in the case

of the flower it is the clustering of difierent parts around an

extremely shortened projecting axis, in the ommatidium of the

Arthropod it is the distribution of parts along an elongated and
sunken one.
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Altlioujxli the Riilijcc't will 1)«- iiuich iiK.ru iiitclliiriMc uftcr

otiier tvj)es Iiiivo been duffuribeti, it will not ha tiltugether out ol'

pliice liere to mention brielly my view of tlie Bteps through which

the characteristic arrangement of parts in an ommatidiuin like

that of SeruJis might have been brought about. Suppose a

circular area of the skin to be divided into five zones, one lying

within tlie other. Mark the innermost circle as (1), and the next

zone as (2), and the middle as (3), the fourth as (4) and the outer-

most as (5). Suppose, further, this circular area of the Hat

ectodermal surface of tlie body to sink down as a conical pit

with its open base turned towards the exterior. The cell or

cells lying in the innermost circle (1) in the middle of the area

will sink deepest, while the outermost circle (5) will retain its

original level. The cells lying in the innermost circle (1) are

the "hyaline cells"; those lying within the second zone (2) are

the retinulae; those lying in (3) are the vitrellae; those within

(4) are the corneagen, and those within (5) are the group of

pigmented cells which surround the dioptric portion of the

ommatidium.

All that is necessary to convert this diagram into the omma-
tidium of Serolis is to reduce the lumen of the pit until it finally

disappears and the cells facing the lumen of the tube come, into

contact with each other, or else remain separated by the chitinous

structure; a faint line like that shown by x in P^igs. 1, 3 and 4

being all that remains of the axial cavitv, like that shown in

Fig. 2.

The compound eye of Serolis is in this view nothing but a

collection of these depressions in the skin, which by virtue of

their aggregation attain tliu morphological and physiological

value ofan organ.

h. Talorchestia.

(Figs. 3, 3o, PI. XXIX.)

A glance at the figures will at once show the fundamental

similarity of the ommatidium of this Amphipod and that of

Serolis. Fig. 3, PI. XXIX, shows a single ommatidium of

Talorchestia. The outermost covering c is the corneal facet.

The two cells which lie beneath it are tlie corneagen {c. y).

These cells are not so conspicuous in the adult as in the young
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animals; nevertheless, witli care one can easily make them out.

Beneath the corneagen conies the stratum consisting of two cells,

the vitrellae, which secrete an enormous cuneiform, chitinous

structure, the crystalline cone {r. c) with its more pointed end

turned inward. The crystalline cone consists of halves, each

corresponding to a single vitrella cell which secretes it on its

median, axial surface. The lino x, as in Serolis, shows the

morpliological lumen of the omniatidial cavitj'.

Next below this stratum comes the group of four cells, the

retinulae (/?/). Tlie chitinous edges of the retinulae meet in the

median axis and form the rhabdom {lih). Transverse striations,

rather broad and coarse in tlieir nature, are seen through the

transparent cuticle, tlie rhabdomere. At the lower part of a

retinula cell, near the basement membrane, is situated its nucleus

(n); it may be found below the membrane.

The retinula cell undergoes a curious modification at the upper

end. Each of the retinula cells sends out a flattened process

which is highly pigmented and which completely ensheaths the

dioptric portion of the onimatidium from the outside. In fact,

the place of pigment cells {pg. c) in Serolis is taken by the

modified upper expansion of the retinula cells. Outside of this

pigmented sheath there exists a number of non-pigmented,

elongated ectodermal cells {p.c) which pack the interspaces

between the adjacent ommatidia.

If we plot out the whole structure into a diagram, in the same

"way as we did the ommatidia of Serolis, it will assume the

appearance shown in Fig. 3a, PI. XXIX. The innermost cells,

the "hyaline cells" oi S&i'olis, are not represented; the cells in

the second circle are greatly developed {Rt), meeting one another

with their chitin-sccreting edges, the rhabdomeres, while the

upper extremity of each retinula cell envelops the crystalline

cone from the outside, thus physiologically taking the place of

pigment cells, {pg.c) or 5 in Serolis, Fig. lb, PI. XXIX.
In the third circle the two vitrellae are found with their chitin-

secreting surface marked yellow. The cells in the fourth circle

constitute the corneagen (c. g). The fifth circle of cells is

represented by the packing cells {jf. c).
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c. Camharus.

(Pig. 4, PI. XXIX; Pig. 35, PI. XXXI ; Pigs. 71, 79, PI. XXXV.)

In Fig. 4, PI. XXIX, three ommatidia of Camharus are

represented, a, h and c. The ommatidium may be described as

in the two preceding cases, as consisting of three strata of cells,

each stratum characterized by the special chitinons product

which it secretes. The outermost stratum of cells, the corneagen

{c.gY secretes a slightly biconvex corneal facet (c).

Next below the corneagen comes the stratum of vitrellae,

consisting of four cells, each with an extremely elongated internal

process. The median surface of the vitrella which corresponds to

the chitingsecreting surface of the vitrella in Serolis and Tnlor-

chestia secretes a perfectly transparent, homogeneous suT)stance,

rather refractive in its nature, forming the crystalline cone

[c. c). I cannot say anything of the chemical nature of this

substance in its relation to the chitin. The cells which secrete

this substance in the crayfish are morphologically identical with

the vitrellae in Se7'oli'< and Talorchestla which secrete chitin,

and the use this body subserves in the ommatidium of the cray-

fish is identical with that of the chitinous body, the crystalline

cone, in the two Arthropods we have already examined. There

can be no question of the homology of this body to the crys-

talline cone of other Arthropods. I have therefore represented

this body in the yellow color as in Serolis and Talorchei<tia.

The outline of the vitrella cell in the figure has been made

diagramatic to a certain extent.

Next below the vitrellae come the retinulae, the whole being

aggregated into a spindle-shaped bundle.- On the distal end of

' Rcichenbach {Sludien zur EntwicklungsgeschichU des Flusskrebses, p. 93)

speaks of these cells as "Semper'schen Zellen." In examining his figure

(Pig. 225, Taf. XIV) we find what he regards as " Semper's cells," are those with

"Semper'schen Kerne" (ri. K.) The term "Semper's nucleus" as originally

used by ClaparOde and adopted by others does not mean the nucleus of the

corneagen, as Reichenbach uses it, but means that of the vitrella. In fact the

existence of corneagen has been ignored by several earlier writers. It was

Patten who emphasized its importance.

= This spindle stratum does not come from any part of the "augenfallc" of

Reichenbach, but arises in the region where he locates the ectodermal and

mesodermal fiigment cells, luc. cit. Pig. 225, Taf. XIV.
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the rhabdoiii the jiroxiiiiul ciuls of tlie vitrclliie apparoiitly

teriiiinnto.'

When the spindlo is iiiiU'oratcd and each of its coiiipoiient

elements is examined individually, it is found that oach retinula

develops on its median snrlace a tiiiek chitinons border which

shows a wavy, corrugated appearance. This chitinons border

attains its greatest thickness in the midst of the retinula cell (Fig.

35, PI. XXXI). When the chitin-secreting edges of a number
of these retinula cells meet they form a spindle-shaped bundle,

the thickest part of the rhabdomere corresponding to the most

bulging part of the spindle. The lower extremities of the

retinula cells send out nerve processes, each of which forms an

optic nerve fibre, {Op.n, Fig. 4, PI. XXXI). Fine elongated

cells filled with yellow pigment granules are found between the

adjacent retinula bundles {ep, Fig. 4). They are also the modi-

fied ectodermal cells. The pigment cells which occur around

the vitrellae form a complete envelope around the dioptric

portion of each ommatidium.

Thus even with this complicated type of ommatidium the

plan of structure is fundamentally alike to that of Serolis. The

central element, the " hyaline cells" of Serolis, is not represented

in the crayfish. To this special point I shall recur.

If we plot out the omniatidial elements of the crayfish as we

did those of Serolis, exactly a similar kind of diagram will be

formed. Thus in the centre will come the group of retinulae,

' Parker found in Homarus {A Preliminary Account of the Development and

Bistolugy of the Eyes in the Lobster. Proceedings ot the American Academy,

Vol. XXIV, pp. 34-25, 1888) that the lower extremities of vitrellae run over

the spindle, and that each terminates on the retinal side of the basement mem-
brane. It is probable that the same is true in Cambanis. This fact is perfectly

intelligible according to the view which is maintained in the present paper, for

the cells found in the higher level ot a given ommatidium are morphologically

situated in the outside of those found in the lower. Patten's account (£yes

of Molluscs and Arthropods, Mittheilungen aus der Zoologischen Station zu

Neapel, Bd. VI, Heft 4, 1886) that the rhabdom is the continuation ot the

retinophorae (vitrellae) is not true. I macerated the "spindle" of Penaeus,

upon which Patten bases his observations, and found that it is composed of a

number of pigmented retinula cells, each with its chitinons border as in

Cambarus (Fig. 3.5, PI. XXXI) or in Ilomarwt ( Pig. 34, PI. XXXI). Grenacher

is right in regarding the rhabdom as the secretion product of the retinula

cells.
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consisting of seven cells; then come in the outside four vitrellae

nrrangecl in a square; then two corneagon cells; and outermost

of all, four pigmented cells which completely envelop tlie

dioptric part of the ommatidium.

d. Ilomariis.

(Fig. 34, PI. XXXI.)

The compound eye oi Homarus has quite recently been studied

by Parker.' I do not find any facts in Parker's paper which

contradict the view maintained in the preceding pages in regard

to the nature of the ommatidium. The threefold differentiation

of the ectodermal cells in the walls of the ommatidium is just as

evident here as in the forms already considered. The problem-

atical body, the spindle (Grenadier's rhabdom), like the corres-

ponding structure in Camharus, resolves itself into a number of

individual retinula cells with thick, serrated, chitinous secre-

tions as in the case of Camharus and Penaeus.

In Fig. 34, PI. XXXI, four retinula cells are i)artly isolated

from one another. The lower end of each retinula cell is pro-

longed into an optic nerve fibre, while the upper end is devoid

of. any pigment granules. A large translucent nucleus exists

near the distal extremity of the retinula. The distal end of each

cell is prolonged into a short, clearly defined, tapering process.

The development of the chitinous serrature is greatest in the

middle of the chitin-secreting border of the retinula; when,

therefore, the whole is brought together into a bundle, the

general outline of such a structure is spindle-shaped.

e. Callinectes.

(Pigs. 5, 5r/, PI. XXIX ; Fig. 37, PI. XXXI ; Fig. 73, PI. XXXV.)

Callinectes presents the same interesting modification which
we saw in Talorchesiia. We find the corneagen cells and the

vitrellae in two successive strata, but no special pigment cells

embracing this dioptric mechanism exist. The packing cells

which we saw in the intervening spaces of the ommatidia in

Talarckestia are not found in Callinectes.

' G. H. Parker : A Preliminary Account of the Development and Ilistology

of the Eyes in the Lobster. Proc. Amer. Acad. Vol. XXIV, 18«8.
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Tlie tliird stratum of cells, the retimilac, are extroincly

eloiignteil, each retiiiuhi with a clear, straiglit, finely striated

rhalKhiiiiere. A soinowhat diagraiiiatic representation of the

individual rctinula cell with its chitinous harder is j^iven in

Fig. 37, PI. XXXI. In Fig. 5a, PI. XX IX, the upper portions

of the two retinula cells are shown; tlic rhabdoinere just beneath

the crystalline cone shows a slight enlargement. The size of the

retinula cell at the distal e.xtreinity undergoes an enlargement.

The enlarged extremities of the retinulae form a pigmented

collar around the inner end of the crystalline cone. If the

upward extension of this part of the retinula cells be carried

still further, a condition which prevails in a retinula like that of

Talorchedia will be found. In the freshly teased preparation,

one or more refractive globules, ranging from yellow to reddish

brown in color, are found in the thickened portion of the

retinula. The general shape of the ommutidium as determined

by the shape of the corneal facet is hexagonal.

For the general discussion of the subject I do not find it

necessary to go into further details of comparison, nor to enume-

rate more examples from diflerent Arthropods. In the forms I

have studied in this connection, representing near thirty Arthro-

pod genera, I found nothing which invalidated the general inter-

pretation of the ommatidial structure of the Arthropod as

explained in the preceding pages, and the compound eye of the

Arthropod, whether it be sessile or stalked, must be held to

represent morphologically a group of ectodermal pits or a

bundle of ectodermal tubules.

III.—The Compound (Latkral) Eye of Limui.os.

The question which next suggests itself is this : Adopting for

a moment the view that the ommatidium of the compound eye

is morphologically an ectodermic pit, is there any adult arthro-

pod whose eye permanently remains in this condition ?

I find such an ommatidium in the compound eye oi Limulus.

On this account I will describe the eyes of Limulus somewhat

in detail.' In the succeeding section of the paper I will point

' An outline of this portion of the paper will be found in the March number
of the University Circular, 1889, Johns Hopkins University, under the title

The Structure and Development of the Eyes of the Limulus.
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out how an oimniitidinm like that of Limulutt may ho converted

into one of a more complex type.

a. Gena-al Sketch of the Coiapound Eijr.

Tlie compound eye of Zimulits is placed in the dorso-lateral

angle of the prosomatic shield. In the fully grown animal the

outline of the eye is bean-shaped, with its longer axis parallel to

the longitudinal axis of the body. This bean-sliaped area is

slightly protuberant from the surrounding level ; the chitinous

covering of the body is thinner, softer, and more translucent in

the region of the eye than on the rest of the dorsal surface.

Through the translucent chitin we see a large number of circular

spots, all of a uniform size. On further examination we find

that each spot corresponds to a conical projection of the chitin,

which fits into a cavity in the skin. This conical thickening of

the chitin constitutes the lens or lens-cone, and the group of cells

forming the walls and bottom of the open cavity constitute the

essential part of the ommatidium.

The cells which form the walls of the pit are elongated and
highly pigmented, forming the perineural cells {p. n, Fig. 6,

PI. XXIX) ; those cells which form the bottom of the pit

undergo extreme enlargement compared with the perineural

cells, and elongate along the longitudinal axis of the pit. They
are grouped in a characteristic manner, reminding one of the

arrangement of cells in the taste-bulb of a vertebrate. This
bulb-like group of cells is the essential part of the retina. In
my preliminary account of the subject* I called this group of

cells an ommatidium. Properly speaking, the term ommatidium
includes the whole group of cells forming the walls and bottom
of the pit, together with the lens-cone and the thi(-k chitinous

covering corresponding to the area occupied by a single pit. In

this latter sense the term ommatidium will be used in the

present paper, and the bulb-like group of cells at the bottom of

the pit will be designated as the sensory part of the ommati-
dium.

In the sensory part of the ommatidium, which consists of two
portions, a central a and a peripheral b, the arrangement of the

cells is quite regular.

' loc. cit. p. 70.
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Tlie central part always consists of a sinjjlc pjanj^'lion cell

(6^, Fig. n, ri. XXIX), and the jieripiieral of the rod-hearing

pigmented cells {A't, Fig. 6) which surround the former in tiie

centre. As to the minute structure of these elements I shall

speak later on. The cells composing the sensory portion of the

ommatidium send out from their proximal ends nervous processes,

which, forming a bundle, are seen to emanate from the basal end

of the ommatidium. ' The number of nerve fibres at the begin-

ning of the bundle and that of tlie cells composing the sen8f)ry

bulb of the ommatidium always correspond. These bundles,

however, soon break up as they penetrate deeper, and become

mixed up with the fibres from the neighboring bundles, forming

a complex plexus underneath the ommatidial area. Scattered

in the plexus are found a number of thickenings, which, in gold-

chloride preparations, appear as darkly stained masses of proto-

plasm occurring at the nodes of junction of tlie several inter-

crossing fibres (Figs. 44 and 45, PI. XXXII). In the fresh

state these enlargements contain a variable amount of yellow

granules imbedded in the mass of the protoplasm. In the

figures above referred to, mere outlines of such thickenings are

given.

After the nerve fibres have formed the plexus they again

come out in bundles, and piercing through the perforations in the

basket-like chitinous support which underlies the ommatidial

region, travel forward, sligiitly inward, then downward and back-

ward until they terminate in the optic ganglion in the brain.

b. The Structure of the Ommatidivm.

In the general sketch of the compound eye of Limidus above

given, the structure of its morphological unit, the ommatidium,

has been briefly described. It consists of two parts, (1) the

senfiory and (2) the dioptric part, which is also partly protective.

The sensory part consists of two factors, («) the central ele-

ment or the ganglion cell (6^, Fig. 6, PI. XXIX), and {b) the

peripheral elements or the retinulae (/i'<. Fig. 6). Tiiese two

kinds of cells are the only ones in which nerve fibres terminate.

The retinula cells group themselves in the shape of a bulb, or

something as the several segments do in an orange, each segment

corresponding to a single rod-bearing cell or retinula (Fig. 10,
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lit, PI. XXX). Along tlie axial side of the rctinnla cell there
exists a definite loniritudinnl tract which is free from the pigment
grannies. On the outside of this colorless region there exists a
thin layer of chitin. This chitinous covering on the outside of
the rctinnla constitutes the rod or the rhabdomere (/rt, Fig. 10,
PI. XXX). When the non-pigmented portion of the retinula
cell is examined with a high power, we find tlic whole structure
to be transversely striated. This striated appeanuice seems to be
produced by the existence of an enormous number of transverse
fibrils lying in the inside of the chitinous cuticle. That these
striae are due to the existence of independent fibrils is further
shown by the fact that by careful focusing np and down of tlie

microscope some striae can bo directly traced out beyond the
limit of the chitinous covering, in the form of independent fibrils

{Tr.fh, Fig. 10, PI. XXX).
"When we make a transverse section of tlie retinulae, each cell

will present a wedge-shaped outline, witii its pointed end turned
toward the axis of the ommatidium ; the non-pigmented part of
the cell in its relation to the cuticular secretion on the outside
will be seen from the diagram (Fig. 6a, h, lih, PI. XXIX).
The number of retinula cells entering into a single ommati-

dium is quite variable. Thus, Grenacher* counts fifteen; Lan-
kester and Bourne- count ten ; I have found some with eleven,
others with nine

; in one ommatidium I counted as many as
nineteen.

I am not able to say under what conditions this numerical
variation takes place. Whatever significance there may exist in
this numerical variation, it does not alter in the least, as in the
case of different elements in other ommatidia we have already
considered, the general idea that the ommatidium of the Arthro-
pod is morphologically a depression in the skin.

Each ommatidium contains a single ganglion cell. Only in
one case did I see two ganglion cells in a single ommatidium.
The ganglion cell is situated morp])ologically"in the centre of
the sensory part of the ommatidium. The retinula cells com-
pletely envelop this ganglion cell from the outside, in a similar
way as the rods encircle the cone in the centre in the retinae of
some vertebrates.

Hoc. cit. Pig. 125, Tar. XI. Uoc. cil. Fig. 10, PI. XL





304 S. WATASE.

Tlie iiKiin body of tlic ijaiii^lion cell wliero tlic micleiis is

Bituated is found in the lower part of tlic oniniatidiuni, occupy-

ing in most cases a!i eccentric position. Figs. 13, 14: and 15,

PI. XXX, show three ganglion cells completely isolated from

the rest of the retinal cells. In Fig. 10, PI. XXX, tiio relation

of the ganglion cell to the retinula cell is well shown.

The ganglion cell is distinguished by constant and well marked

features from the rest of the oniniatidial cells. The cell is

bi-polar, the one process going upward and outward through the

axial channel of the ommatidium (the axial canal of the rhab-

dom), and the other going downward and inward to the sub-

ommatidial plexus and thence to the brain. For the sake of

convenience the former will be designated as the axial process

{Ax.p, Figs. 13, 14, etc.), and the latter as the optic nerve process

{Oj). n, Figs. 13, 14, etc.) of the ganglion cell.

The axial process gradually tapers to a narrow point. The

process consists of a bundle of extremely fine fibrils,which are

distinctly seen as a series of longitudinal striae. For some

mechanical causes, the distal process was seen split into three

main branches in one specimen (Fig. 15, PI. XXX); in another

gpecimen (Fig. 10), the topmost end of the axial process was seen

completely macerated into a number of component fibrils, the

whole showing a brush-like appearance.

The large, translucent, spherical nucleus (i\^. Figs. 10, 13, 14,

15, PI. XXX), with its nucleolus, is found in the substance of

the cell body proper. The position of the nucleus is very often

eccentric, as in Fig. 14. The nucleolus is surrounded by con-

centric markings in all cases. Between the nucleus and the

proximal process there is always a larger or smaller patch of

pignient granules {Pff.p, Figs. 10, 13, etc.). The color of the

granules ranges from light yellow to dark brown or even to jet

black. The yellow-colored pigment is diti'used more or less

widely through the body proper of the ganglion cell. Even

in the same patch of pigment in tlie cell there are different

gradations in the color. From the nature of the drawing used

in the present paper 1 cannot show these gradations. Pigment

patches iiiay exist in other parts of the cell, but they never form

60 constant a characteristic as the group between the proximal

process and the nucleus.
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Tlie tliinl i'IimikiiI whicli figures prominontlj ni-ouiid tli(!

sensory cells of the ommatiiliuiii is the eipitlielial cell. The cell

may eitiier be pigmented or nonpigineiited. In Fig. 11, PI.

XXX, a grouj) of four retinula cells is shown partly isolated

from one another. Within the interspaces between the adjacent

retinula cells wmII be found a number of pigmented epithelial

cells, extremely elongated, many of them extending the whole

length of the retinula cell. In Fig. 12, PI. XXX, a number of

highly attenuated epithelial cells {Ep) is shown closely clinging

to the outer surface of the retinula cell. In Figs. 10, 13, 14 aiid

17 highly attenuated epithelial cells {EjA, both of the pigmented

and the non-pigmented kind, are shown, as they occur either

around the ganglion cell or around the retinula cell.

In no case are these epithelial cells found to establish any

organic connection with any part of the sensory cells or of their

processes. These attenuated epithelial cells do not differ in any

essential way from the ordinary ectodermal cells which are found

in the walls of the ommatidium or in the general ectoderm.

The epithelial cells as they further depart from the periphery of

the group of sensory cells, become stouter and thicker. One
end of each epithelial cell is usually devoid of pigment granules;

this non pigmented end of the cell secretes the chitin which

forms the lens-cone. We have already seen that the portion

which secretes the chitinous covering, the rhabdomere, of the

retinula cell is devoid of pigment granules. In this respect the

epithelial cells which form the wall of the pit and the neuro-

epithelial cells which form the bottom of the 7)it closely agree

with each other.

A glance at the series of figures (Figs. 17-33, PI. XXXI)
will show the degrees of modification undergone by the epithe-

lial cells teased out from the different parts of the ommatidium.

Those cells (Figs. 17 and 18) which lie at the bottom of the pit

undergo the greatest modification. Fig. 17 is the central

ganglion cell of the ommatidium, with a few slender epithelial

cells around it. Fig. 18 is the retinula cell with a few pigmented

epithelial cells clinging to its side. Both differ from the rest of

the epithelial cells in their possession of nerve processes. In some
epithelial cells, as in Figs. 28 and 25, PI. XXXI, the degree of

attenuation is so very great that the protoplasmic character of
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the coll body is hardly recognizable. The cell body is rcpro-

sented by an extremely sloTider, bristle like filament, with no

pigment granules in the inside. In others this hyaline ceil body

is divided into a number of branches, as shown in Figs. 21 and 24,

PI. XXXI. In other ones, one-half of the cell body is reduced

to a hyaline filament, while the otlier half retains a protoplasmic

nature, witli a greater or less amount of pigment granules as in

Figs. 19, 20 and 24, PI. XXXI; while in still others the proto-

plasmic substance is mostly gathered around the nuclei and the

two extremities reduced to hyaline structures with no pigment

granules in them, as in Figs. 22, 24, 27, 29 and 30, PI. XXXI.
The contents of the ommatidium o^ Llinulus may be put, then,

under two categories: (1) the epithelial cells; (2) the products

of secretion of these cells. The first may be classified into two

principal divisions: (a) the neuro-epithelium, {h) the ordinary

epithelium. The neuro-epithelium is of two kinds, the ccnlntl,

ganglion cell and the peripheral, retinida celh. The ordinary

epithelium shows all varieties of modification, and exists either

in the interspaces of the neuro-epithelium or around it. The
products of secretion may also be put under two heads : {a) the

chitin secreted by the neuro-epithelium (the retinula cells)

forming the rhabdom ; ili) the chitin secreted by the ordinary

epithelium forming the lens-cone, and the entire chitinous struc-

ture lying over the pit.

The basement membrane {B. M, Fig. 6, PI. XXIX) under-

lies the whole ommatidium, separating it completely from the

underlying mesodermic tissue {Ms, Fig. 6, PI. XXIX). At
the bottom of the ommatidium the basement membrane follows

the course of nerve fibres issuing from the bases of the neuro-

epithelial cells, and thus forms a complete sac to the bundle of

nerve filires. When the bundle breaks up \\\ tlie plexus tlie base-

ment membrane sheath of the optic nerve fibres becomes indistinct.

A study of transverse sections of the ommatidium at different

heights will show the relative positions of the component elements

a little more clearly. In Fig. 6rt, PL XXIX, transverse sections

of the ommatidium cut at four different levels are shown, and

•will be intelligible if one compares them with Fig. 6, PI. XXIX.
In (a) Fig. 6a, the plane of section passes near the opening of

the pit. In the centre is found a portion of the lens (Z), and
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siirrouiulinj^ it a circular row of ((iIuiiiiku- pii^mented epithelium.

The loiis is secreti'd by the surrouiuliu;:; roluninar cells. Around
the whole omniatidiuiii tiiere exists a rather thick, well defined

basement membrane {B. M) which separates the ommatidium

from the mesodormic tissues {Mti).

In {/}) Fig. 6a, a section at about the level of the letters AV, in

Fig. 6, passing through the sensory portion is shown. The main

contents of the ommatidial capstile {B. M) are the retinula cells

{lit). The axial moiety of each retinula cell is free from the

pigment granules, and a tiiiii cuticular covering is secreted

around this portion of the cill. This cuticular covering consti-

tutes the rhabdomere (Bh). Sections of a numlier of pigmented

cells are seen lying between the rctinulae and the basement

membrane; these are sections of the perineural epithelial cells.

In (f). Fig. 6a, a section passing through the body of the

ganglion cell {G) is shown ; the ganglion cell is surrounded by

a circle of retinula cells, which are now gradually tapering, each

into a slender nerve process. The ganglion cell takes a more

eccentric position in {d) than in (c). The retinula cells {Jit) in

(c) and {(1) are represented by the circle of nerve fibres sur-

rounding the ganglion cell {G).

In {e), Fig. Qa, the section passes through the bottom of the

ommatidium ; all of the sensory cells are reduced into nerve

fibres which proceed one from the bottom of each cell. The

basement membrane (/>. J/) is still distinctly seen, forming the

sheath of the nerve bundle. The interspaces of the adjacent

ommatidia are occupied by the mesodermic connective tissue.

If we plot out the arrangement of the component elements in

the ommatidium of Limulus, the appearance shown in Fig. 7

will be presented. The epithelial cells {Eji) forming the walls

of the pit are drawn with their chitin-secreting surfaces turned

towards the axis of the ommatidium, which is morphologically

the exterior surface of the body.

c. The Development of the Compound Eye.

The first rudiments of the compound eye appear extremely

early in the eml)ryonic stage as a pair of ectodermal thickenings

above the level of the " dorsal organ." In Fig. 39, PI.

XXXII, * shows the place where the compound eye makes its
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appearance. In this stage the " dorsal organ " (Z>. 0) is already

very prominent. The eye itself does not show its characteristic

invagination, but is represented by a slightly thickened patch of

the ectoderm ; except in the microscopic examination of the sec-

tions it is hardly recognizable. Tiie section Fig. 42, PI.

XXXII, shows an embryo considerably more advanced than

Fig. 3!). The plane of section passes obliquely forward from

behind, and cuts both the eye {^ and the " dorsal organ "

{I). (J). Tiie most noticeable feature in this stage of the devel-

opment of the eye is the existence of the lateral invaginations at

the edges of the ocular area. The section shows three portions,

the dorsal fold {d./) and ventral fold {«./), with the median

portion {£) between them. The groove along which the

ectoderm invaginates is V-shaped, with the pointed end turned

towards the posterior end of the body. As the invagination

becomes deeper, the pointed end of the V becomes prolonged into

a tube, which works its way beneath the general surface of the

ectoderm. This tubular invagination of the posterior part of

the eye will be called the median fold of involution {m.f) in

our subsequent descriptions.

The whole outline of the invaginated area may be represented

by Y, the area intercepted by the two divergent branches of the

Y being the ommatidial portion, while the posterior stem of the

Y is the continuation (4' the lateral depressions, the median fold,

extending backward and downward beneath the surface of the

general ectoderm.

The opening of the tube is at the junction of the two divergent

branches of the Y with the posterior median stem.

Figs. 47-56, PI. XXXIII, represent a series of transverse

sections of the compound eye in the stage represented by Fig.

42, PI. XXXII. Fig. 47 is the section passing through the

anterior end of the ocular area. The ectodermic cells are con-

siderably thicker than the general ectoderm in this region. The
section which comes immediately behind this is not given in the

plate. P'ig. 48 shows essential characters of the section which

immediately follows the section Fig. 47. At two portions of the

thickened ectoderm, rf./ and ?;._/, the cells arrange themselves

in radial fashion, accompanied by a characteristic change in each

nncleus, which becomes coarsely granular and peculiarly trans-

lucent.
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In examining the next section, Fig. 49, tlic radial arrange-

ment of cells in the above section is shown to be the beginning

of invagination. In Fig. 49 the lateral invaginations c?./ and

i>./have each a well developed lunion. In the median side the

walls of the invaginations become continuous with the group of

finely divided cells, each with darkly stained nucleus. This

group of cells give rise to omuiatidia. The outer wall of each

invagination becomes coutinuuus with tiie coiunuial cpitlielial

covering of the body.

Figs. 50 and 51 show essentially the same thing. Tiie omma-

tidial area {Om) in Fig. 51 becomes wider than in any of the

preceding sections.

Just at the point where the maximum width of the omma-

tidial area is reached (Fig. 51), it again begins to become narrow,

for in the section (Fig. 52) which comes immediately behind that

shown in (Fig. 51), the ommatidial area is narrower compared

with that shown in Fig. 51, and the two lateral folds of invagi-

nations approach each other, resulting in a fusion in the median

line in Fig. 53. In Fig. 54 the fused lateral folds, resulting in

the formation of the median fold (?«./), begins to work its way

beneath the level of the skin. In Fig. 55 a few cells {m. /),

forming the posterior extremity of the median fold beneath the

skin, are found. The section (Fig. 56) ])assing behind that shown

in Fig. 55 shows no trace of invagination of any kind.

The anterior end of the eye, then, begins with Fig. 47 ;
two

sections behind it a beginning of lateral invaginations becomes

discernible; at Fig. 53 the two lateral folds fuse, and at the

ninth section (Fig. 54) they form a median tube (m./), and at

Fig. 56 the posterior boundary of the ommatidial area terminates.

In Figs. 45a and 46a are shown the longitudinal sections of

the eye." The ommatidial cells in the anterior portion of the eye

send out nerve fibres which form the optic nerve {Op. n). The

basement membrane {B.M) which underlies the ectodermal cells

forms a complete sheath to the bundle of optic nerve fibres going

to the optic ganglia of tiie brain, which are formed by inde-

pendent involutions on the ventral side of the body.' The origin

' The optic ganglia arise as ectodermio involutions in tlie pre-oral region of

the animal. Owing to the existence of a great cephalic flexure in Limulus, that

side where the optic ganglia as well as the median eye originate has Cor the sake

of convenience been called the " ventral side."
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oftlic optic norvo fibres is furtlier shown in Fig. 43, PI. XXXII.
The figure shows an oblique transverse section through the

onuiiatidial region of a more advanced embryo than the one

shown in Fig. 4!^hi, Pi. XXXIII. The piano of section passes

through the t>mmatidial area and through tiic bundle of the optic

nerves, which run forward. The migration of tiie ectodermal

cells seems to take place from the periphery to the inside of the

body. The basement membrane (/>. il/) forms a continuous

sheath around this migratory stream of ectodermal cells.

In Fig. 40, PI. XXXII, is shown an embryo in the so-called

" trilobite stage." A pair of round protuberant organs {D. O) in

front of the eyes [E) are the " dorsal organs." The eye is distinctly

marked in this stage, owing to the formation of pigment granules

in the component cells. Except in the general enlargement of

the organ and the formation of the pigment granules in the

cells, the eye in this stage does not offer any material difference

from the condition seen in the stage which we have already

examined (Figs. 47-5t>). After the first moult of the chitinous

covering from the condition represented in Fig. 40, PL XXXII,
it passes into a more advanced condition when the essential

Limuloid features characteristic of the adult become distinctly

discernible. Fig. 41, PI. XXXII, represents the young Limulus
at its first stage in the acquisition of the external Limuloid

features. The whole body is translucent; the chitinous covering

of the body is yet extremely thin, and the dendritic ramifications

of the "liver" containing the renmant of the food-yolk of various

hues, sometimes green, at other times j'ellow or pink, shine

through the transparent tissues of the body.

The compound eye {E) shows an interesting feature in con-

nection with the formation of the ommatidial area.

Figs. 57-64, PI. XXXIV, show a series of transverse sections

throuirh the compound eve in the stage shown in Fig. 41, PI.

XXXII. '

Fig. 57, PI. XXXIV, represents a section passing tlirough the

anterior part of the eye. The ectoderm in the ommatidial area

is thrown into a number of folds. The cells lying in the valley

of the fold are destined to give rise to the ommatidium. In the

dorsal margin of the ommatidial area there exists a thick layer

of ectoderm, consisting of a number of large cells, each with
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granular protoplasm and a largo nucleus. At the basal end of

each cell there exists an accumulation of transparent liquid sub-

stance. Beneath ommatidial area a well defined bascnicMt mem-
brane {B. 21), which is the continuation of the same membrane
existing under the general ectoderm of the body, sharply marks
out the ommatidial structure from the mesodermic tissues.

In Fig. 58, which is taken' a few sections behind the preceding,

is shown the ommatidial area at its widest part. Four omma-
tidia formed by the undulating folds of the ectoderm are shown,
each depression being accompanied by a corresponding thick-

ening" of the chitin, forming the rudiment of the lens-cone (C).

On both sides of the ommatidial area we find the lateral

invagination of the ectoderm. The cells forming the invaginated

folds undergo enormous enlargement, and in the basal end of

each cell is shown a large accumulation of transparent fluid.

The cells forming the inner walls of the dorsal and ventral folds

of invaginations undergo various metamorphoses. Each of them
becomes divided into a number of smaller cells, each of these

segments being packed with extremely lino pigment granules.

As the cells in the inner walls of the dorsal and ventral folds

((/./, v.f) become divided up into a number of smaller pigmented
segments, they are constantly pushed out towards the surface,

where they, grouping themselves into a number of onnnatidia,

increase the general surface of the ommatidial area. Thus,
the older oramatidia are found in the middle and the younger
ommatidia are to be found around the marginal portion of the

ocular area.

In Fig. 59 a section is shown in which the ommatidial area is

narrower than the preceding. In Figs. GO and tU this narrowing
of the ommatidial portion continues, and in Fig. 62 the dorsal

and the ventral folds meet in the median line. In Fig. 63 the

median fold becomes completely buried beneath the general

ectoderm. In Fig. 6-i the section passes near the posterior

extremity of the median fold, where the reduction in the size of

the tube as well as its increased distance from the level of the

general ectoderm is clearly discernible.

In all the figures above described Pc/.c means the pigment
cells, which in the state of nature are highly pigmented, each
with a small eccentric nucleus. Each section has been carefully
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depigmented, witlioxit whicli tlie process of tlio formation of tlie

omnmtidiii and tlie increase of the ocular area is perfectly unin-

tellii;it)le. Those cells in the figures which have no {granular

structure are, in the state of nature, charged with a larir(^ quan-

tity of pigment granules, and those large cells forming the walls

of the lateral folds are granular and free from pigment granules.

Transverse sections are not fitted for the study of the forma-

tion of the nerve fibres. In this stage, as in the preceding ones,

each ommatidium sends out nerve fibres from its basal end

towards the interior of the body. Besides the cells in the bottom

of each iimmatidial pit, each gigantic cell of the outer walls of

the dorsal and ventral folds sends out a nerve process from its

basal end, which runs inward and forward, joins the nerve fibres

from the bottom of each ommatidium, forming a large bundle,

and goes to the brain.

The invagination of the lateral and posterior margin of the

ocular area is usually not permanent. With a growth of the

animal and an increase of the surface of the ocular area, the

invaginated folds, both on the sides as well as behind the ocular

area, become stretched out in the adult animals and leave no

trace of their existence. Occasionally, however, one meets in the

adult with a remnant of the involuted tube in the posterior part

of the eye, which exists as a ball of pigment cells buried in the

midst of the mesodermic tissue.

Tlie history of the ommatidial cells in the compound eye of

Limulus may then be stated in the following way

:

(1). A stage of undifferentiated ectodermal cells.

(2). Thickening of these undifterentiated cells, accompanied

with the invagination beneath the surface.

(3). Extreme enlargement of the invaginated ectoderm, fol-

lowed by the acquisition of pigment granules and by division.

(4). Pushing out of the resulting small pigmented cells towards

the surface where they differentiated into two fundamental

groups: (a) Ordinary epithelial cells, which secrete the chitinous

cuticle over the ocular area, including the lens, or pack the inter-

spaces of the neuro-epitheliuTu
;

{h) neuro-epithelinm, consisting

of the rod-bearing retinulae and the central ganglion cells, the

two forming the sensory portion of the ommatidium.
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IV.— PlIYI.or.KNY OK rilK OMMATIDiaM.

I do not pretend to enter into a detiiiled discussion of this

dillicult prolilein. In order, however, to give a more intelligent

idea of what I have thus far been considering, I will devote the

following pages to the reconsideration of facts given in tlio

preceding pages from a more comprcliensive standi)oint.

Balfour' has given a sketch of the possible evolution of a visual

organ. He starts with a simple organism in which a spot on

the surface of the body ma}' become spontaneously pigmented

and therefore become specially sensitive to light. The cuticular

covering of the body may become thickened at this sjjot and act

as an apparatus for condensing the light upon tlic pigmented

spot lying beneatli it. He further expresses his view elsewliere^

that the lens-like dioptric apparatus of the eye, formed either

as a thickening of the cuticle or as a mass of cells, was at first

formed simply to concentrate the light on the sensitive spot; the

power to throw an image of external objects on the perceptive

part of the eye was acquired gradually afterward.

The part which is played by pigment in the ])hysiology

of vision is considered a most obscure problem. 1 quote the

following, clearly put forward by Foster,' as a physiological

aspect of the question bearing upon the discussion at issue:

" But in order that light may produce chemical effects (upon

protoplasm), it must be absorbed ; it must be spent in doing the

chemical work. Accordingly, the first step towards the forma-

tion of an organ of vision is the differentiation of a portion of

protoplasm into a pigment at once capable of absorbing light

and sensitive to light

—

i. e. undergoing decomposition upon

exposure to light. An organism, a portion of whose protojilasm

had thus become differentiated into such a pigment, would be

able to react towards light. The light falling on the organism

would be in part absorbed by the pigment, and the rays thus

absorbed would produce a chemical action and set free chemical

'P. M. Balfour: Address to the Depftrtment of Anatomy and Physiology,

British Association, 1880; Nalure, Vol. XXII, p. 417, 18S0.

'Comparative, Embryology, Vol. II, Chapter XVI, Organs of Vision, p. 470.

"JI. Poster: ,4 Text Book of Phy.nology, 4th Edition, Book III, Chap. 11:

Sight ; Tlie Photochemistry of Ketina, pp. 51.')-516.
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8\ibstaiK"OS wliich before were not present. We have only to

suppose tliiit tlii^ chemical substances are of such a nature as to

act as a stiimihis to the protoplasm of otiier parts of the organism

(and we have inanifold evidence of the exquisite sensitiveness of

protoplasm in <jeneral to chemical stimuli), in order to see how
rays of light falling on the organism might excite movements in

it, or modify movements which wore being carried on, or might

otherwise att'ect the organism in whole or in part. Such consid-

erations as the foregoing may be applied to even the complex

organ of vision of the higher animals. If we suppose tliat the

actual terminations of the optic nerve are surrounded by

substances sensitive to light, then it becomes easy to imagine

how light, falling on these sensitive substances, should set free

chemical bodies possessed of the property of acting as stimuli to

the actual nerve-endings, and thus give rise to visual impulses in

the optic fibres."

Lubbock* advances essentially the same idea as Balfour's in his

recent work on the subject, illustrated with some lucid diagrams.

" In the simple forms," he says, " the whole surface is more or

less sensitive. Suppose, however, some solid and opaque particles

of pigment deposited in certain cells of the skin. Tiieir opacity

would arrest and absorb the light, thus increasing its efl'eet, while

their solidity would enhance the efl'eet of external stimulus. A
further step might be a depression in the skin at this point, which

would serve somewhat to protect these difierentiated and more

sensitive cells, while the deeper this depression the greater would

be the protection."

That such steps of gradual development of visual organs have

actually taken place in some forms is quite probable. In

Arthropods, it seems to me worthy of remark that the omma-
tidium of the lateral eye of Limulus makes the nearest approach

to this primitive condition. It is nothing more and nothing less

than a depression in the skin, with the thickened chitinous cuticle

fitting in the open cavity and acting as a lens to condense the light.

The cells which form the sensory part of the structure are modi-

fied ectodermic cells, and, like the rest of tiie ectodermic cells

lying on the surface of the body, secrete the chitinous cuticle on

' On the Senses, Inalincl, and Intelligence of Animals, Inter. Soie. Series,

Vol. L.Xl.X, 1888.
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a part of their surface. Assuming the surface where the chitin

is secreted to be tiio exterior, we may describe tlio ommatidium

of the lateral eye of Limnlus as a group of modified ectodcrmic

cells aggregated around and beneath the funnel-sliapod depres-

sion in the skin. A glance at the diagrams (Fig. G, PI. XXIX
;

figs. 65 and C6, PI. XXXV) will show this clearly. The sensory

cells of the ommatidium come into direct contact with tlie conical

lens, which is the thickened part of the general cuticle; or, to

express this in the phraseology of Lankester and Bourne, the

ommatidium in the lateral eye of ZimwZws is " epistatic." The

cornea and crystalline cone as such have no separate existence in

this stage.

Suppose such an onimalidium to become duplicated until a

considerable number be formed, as we may safely imagine

to have been the case, from the general tendency in the perfec-

tion of a visual organ. What will be the result^ The first efi"ect

of such an increase of the number of ommatidia in a given area

will be the lengthening of each unit in the direction of the

ommatidial axis, and the cells
( V, Fig. 67, PI. XXXV) which

were situated directly on the outside of the retinulae will travel

over and above the sensory portion {Rt and O, Fig. 67). The
distal ends of such cells {Y) which were thus pushed over will

meet one another in the median or the " optic axis " of the

ommatidium; further, they will continue to secrete chitin {c.c,

Fig. 67) from their original chitin-secreting surfaces which are

now median and axial. The chitin thus secreted will have an

independent existence from the cornea, thus forming the rudi-

ment of the crystalline cone, and the cells themselves will form

the vitrellae
( V, Figs. 67, 68, etc.). Finally, as the deepening

still further goes on, the corneal lens (C) aTid crystalline cone

((•.<:) will be entirely separated, thus producing a condition

somewhat similar to that \\:iiich obtains in Serolis (Figs. 69

and 70.)

From this point onward, the three chitinous structures, cornea,

crystalline cone, and rhahdinncre, undergo a difi'erent develop-

ment in different Arthroj)ods. In some the crystalline cone

assumes a transparent semi-liquid state, while the whole cell

becomes extremely elongated, forming the crystalline cone of

certain Crustacea (Fig. 71, PI. XXXV); it may form a hard
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chitinous ball as in Serolis (Fig. 70, PI. XXXV) ; or a cuneiform

chitinttns structure, as in Talorcheslia (Fig. 73, PI. XXXV); or

finally the whole cell may remain as a clear, transparent body,

as in several insects, forming Grenadier's " aconous type " of the

compound eye.

Tiie forms assumed by the rhabdomcrcs in different Arthro-

pods are equally diverse. The rhabdomere may exist as a plaiq

cuticular covering over the non-pigmen ted part of the retinula,

as in Limulus or in Serolis (Fig. 10, Jih, PI. XXIX; Fig. 38,

Jib, PI. XXXI, etc.) ; it may become extremely elongated and

narrow as in Musca or in Callinecies (Fig. 5, Bh, PI. XXIX;
Fig. 37, lib, PI. XXXI; Fig. 72, lib, PI. XXXV); it may
become transversely folded as in Cambarus (Fig. 35, lib, PI.

XXXI; Fig. 4, Rb, PI. XXIX; Fig. 71, Bb, Ph XXXV);
these transverse folds may become still finer, sliowing the

chitinous serrature along the axial edge of tlie retinula, as in

Penaeus and Ilomarus (Fig. 34, Jib, PL XXXI) ; or this trans-

verse serrature may become extremely fine and regular, as in

Squilla (Fig. 36, PI. XXXI).
The cornea undergoes equally diverse modifications according

as it is purely protective, or partly protective and partly dioptric

in function. The range of variation is shown by the degrees of

curvatures and by the varieties of its thickness. In several of

the decapod Crustacea which I have examined, as J^enaeus,

Cambarus, IJomarus, Callinectes, Gebia, etc., the curvatures of

the individual cornea on both surfaces are very slight; it is

biconvex in an extremely small degree. In Talorcheslia both

surfaces of the cornea are parallel. In Serolis, four species of

which I have studied, all having well developed compound eyes,

there exists a considerable difference in different species in the

nature of the cornea. In some the curvature on the proximal

surface is very strong and the whole structure is quite tliick,

while in others the cornea is rather thin and a slight development

of curvatures exists. This is interesting, showing that even

within the group of nearly allied species there are considerable

differences in this respect.

This fact is easy to understand when we remember the func-

tional property of the cornea and the crystalline cone. As has

been noticed already, the crystalline cone is always dioptric in
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fanotion, whilo tlie cornea may be partly protective and partly

dioptric, or wiiolly protective. Wlieii the cornea becomes partly

dioptric, as in Scrolis and in several other Arthropods, the diop-

tric function in an individual oiniiiatidinm comes to be performed

by two structures, the crystalline cone and the corneal lens.

When the two structures act together for the same end at the

same time, it is easy to see how a certain trivial peculiarity of

the one may induce a correlative modification of the other, and
how a slight specific peculiarity may appear exaggerated in the

thickness or in the degree of curvature of the corneal lenses in

different species.

After so much has been said in regard to the unity of structure

of the ommatidium in diflerent Arthropods, one important point

awaits our consideration, viz. the homology and fate of the cen-

tral ganglion cell found in the oinmatidiuin of Limidus. Unless

a great many forms of ommatidia in different Arthropods be

compared, a discussion on this point appears to be unprofitable.

The consideration which follows is therefore a purely provisional

one.

There can be no ijuostion that the central ganglion cell is an

important factor in the ommatidium of Lhaulu.s, nor can we
doubt the existence of a fundamental homology between the

retinulae o^ Limidus and those of all the other Arthropods which
I have examined. With the exception of a few problematical

bodies, such as the "hyaline cells" of Serolis, there are no struc-

tures in the ommatidia of most Arthropods which correspond to

the central ganglion cell of Zhmdus, in spite of the existence of

a fundamental homology in the other elements of the ommatidium.
What has become of the central ganglionic element of the

ommatidium? Was it lost in the course of the phylogenetic

history of a more complex ommatidium ? Or is it reasonable to

suppose that some ommatidia came into existence without it

from the beginning? Or, if it were lost at all, is there any
evidence which makes this supposition probable ?

The colorless ganglionic cell and the pigmented rod-bearing

cells which surround the former I consider as the two primitive

morphological factors in the unit of the sensory part of the

Arthropod retina, somewhat in the same way as the circle of
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rods witli !i cone in tlie centre are the two essential factors in the

neurot'pitlioliiil layer of the human retina. In the absence of

enouixli comparative data in Arthropods at present we have to

dwell largely on the analogy suggested in tlie other gron])s of

animals. Whatever be the views as to the fundamental homology

of the ommatidium of Limulus to a structural unit of the sensory

part of tiio human retina, a superficial rescinblanco of the one to

the other is certainly very strong. The structural reseml)lance

is paralleled by a physiological one. The place where tlie light

acts in the visual end-organ of Arthropods and of man may
alike be considered as consisting of a number of definite groups

of cells, each group being a morpiiological and a physiological unit

;

or, in other words, the sensory part of the retinae in both cases

consists of a mosaic of several sensitive spots. The image formed

on such a surface is therefore a mosaic one, whether in an

Arthropod or in a Vertebrate.

Fundamental as this arrangement appears to be in the human
retina, these two factors are liable to variation in their I'elative

distribution in diflerent Vertebrates. In fact, the variation takes

place between the two extremes where the rods alone exist on

one hand and where the cones alone constitute the essential part

of the retina on the other. Thus, according to Schultze, "either

form of percipient element (rod and c-one) may be represented by

the other " in the Vertebrate. This range of variability in the

distribution of the cones and rods occurs even in a single group

of Vertebrates, as in mammalia, sliowing that the variation in

the distribution of the essential factors, even within a tolerably

well circumscribed group of animals, is sometimes quite exten-

sive. The group of Arthropods is a heterogeneous one, and I

see no a priori objection to believing in the existence of a phe-

nomenon analogous to what we find in Vertebrates, viz. that the

two percipient elements represented by the central and the

peripheral cells in the ommatidium of Limulus may be difler-

ently represented in diflerent Arthropods.

There is no doubt whatever that the retinula cells are homo-

logous throughout the Arthropods. In fact, in most Artiiropods

which I have examined no other elements but the retinulae

have any connection with the optic nerve fibres, and they often

undergo an enormous development and acquire most complicated
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Btructures, as in Homarus or in Penaeus, giving rise to tliu much

discussed " spindle."

But what lias become of the central element wliicli is bo

conspicuous in the ommatidium of Limidus, if the retinnlae in

all Arthropods are homologous? I believe the central cell is

fully functional, judging from its position and from its veritable

connection with optic nerve fibre in Limulus. AVhat in other

Arthropods strongly reminds one of this cell is the "hyaline cell"

at the bottom of tlie ommatidial pit in SeroUs and, according to

Beddard, also in the Cyrnothoidae. One important difference,

however, exists between the "hyaline cell" of the Isopods and

the central cell in the ommatidium o^ Limulus, viz. that, while

in the latter the cell is connected with the optic nerve, the

"hyaline cell" in the former has no connection with the central

nervous system whatever. Hence the " hyaline cell " cannot be

sensory, even if it be homologous with the central cell oi Limulus,

•which it resembles in its general appearance and in its position.

The number of "hyaline cells" in SeroUs is always two, while .

its supposed homologue in Limulus is, as a general rule, only

one. This fact does not offer any objection to my view of their

homology, when wo bear in mind that other elements in different

omniatidia, as vitrellae and retinnlae, show a wide range of

variation so far as their numbers are concerned, and yet they

can be considered as perfectly liomologous.

A further embryological and comparative knowledge in regard

to the "hyaline cell" in Isopods is necessary for the determination

of its exact homology. Meanwhile I would observe that if the

central and the peripheral cells which we see in the ommatidium

of Limulus may be taken as the two essential factors of the

sensory element of the typical Arthropod retina, the case of

SeroUs may be taken as a loss of balance in the relative develop-

ment of these two factors ; the central cells having lost their

sensory function and remaining as a sort of supporting niechan-

ism. We can imagine this change in the function of the central

cell as carried still further, and with the excessive development

of the peripheral elements, the retinnlae, the central element

may finally have disappeared.

All this is, however, a mere suggestion, and my interpretation

of the nature of the Arthropod ommatidium in general does not
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lose its force even if this section of my views in repjard to the

fate and liomoloiiy of the central cell or cells be jiroved unten-

able. It is quite possible that the oniniatidia in wliiidi there is

no element i-orrespondinj^ to the central cell of JAiivuIuh may
have originated without it from the beginning. It seems, how-

ever, more natural to suppose that such an ommatidium had it

originally and lost, it later, observing that the simplest form of

ommatidium possesses it in its fully functional, sensory form.

Finally wc have to consider the nature of the compound eye

as a whole as presented in various types of Arthropods.

That a certain structure in the body of an animal may repeat

itself and give rise to a secondary aggregate, or to a compound

organ, is a well known fact; the repetition of similarly con-

structed uriniferous tubules forms the essential part of a verte-

brate kidney, or the similar repetition of gill-filaments forms the

respiratory organ of a Lamellibranch. Sundry other examples

of this nature might be given, but the above two will suffice.

Tracing, as I have attempted to do, the most complicated omma-
tidium into a simple, open ectodermic pit, there is to my mind

no difficulty in believing that the compound eye of the Arthro-

pod is one of tiie most astonishing examples of the formation of

ail organ by the vegetative repetition of the similar structure.

Tlius, according to Lubbock, there are about 4000 facets in the

compound eye of the house-Hy {Musca), each facet corres-

ponding to a single tubular invagination of the skin, the omma-
tidium. There are 4000 independent invaginations in the area

in the head of the fly occupied by the com])ound eye; in the

gadfly {(.Edrus) 7000; in the goat-moth {Cossus) 11,000; in the

death's-head moth {Sjjhinx atropos) 12,000 ; in a butterfly

{Fajnllio) 17,000 ; in a dragon fly {^schna) 20,000 ; in a email

beetle {Mordella) as many as 25,000. On the other hand, the

number of ommatidia seems to have reached its minimum in

certain Copepods, as in Coi'ycceuK, where the whole visual organ

seems to be represented by a single colossal ommatidium.

Certain forms of Collembola' seem to have a very small num-

' Lubbock. Monograph of Ihe Collembola and Thysanura, the Ray Society,

1873, p. 57, Pis. LV and LVI. Lubbock uses the term " ocellus " to designate

a single element ot the eye which I here called an ommatidium. If the struc-

ture of this "ocellus" differs from the ommatidium of other Arthropods, it

has, of course, nothing to do with the discussion at issue.
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bcr of oimiKitidiii ; thus in 7'< //ijiff/onin ou\\ imc oininaliiliuiii

exists oil eiicli siilo of tlio lie;ui ; Orcluaclla lias six on uaiii side

of the head ; 7'omoceru8, IsojjoTna, liave seven ; Uajeeria, Lepi-

docyrius, SmyntAurus and Pajnrivs, eight. In tlie ants we
observe a siinihir gradation in the number of oininatidia.

What reasons can we assign for this enormous multiplication

of similarly constructed parts? What advantage follows from

this arrangement '{ If the view of the nature of the compound
eye which is put forward in the preceding pages be a true one,

Miiller's celebrated theory of mosaic vision is the only one tliat can

account for the enormous multip'lication of the similarly formed

pits in the skin. The subject has been so fullj' discussed by

Lubliock that I need not enter into details here. "A(rcording to

his (Johannes Miiller's) view, those rays of light only wliicli pass

directly through the crystalline cones, or are reflected from their

sides, reach the corresponding nerve fibre. The others fall on

and are absorbed by the pigment which separates the difl'erent

facets. Hence each cone receives light only from a very small

portion of the field of vision, and the rays so received are collected

into one spot of light. The larger and more convex;, therefore,

is the eye, the wider will be its field of vision ; while the smaller

and moi'e numerous are the facets, the more distinct will the

vision be. In fact, the picture perceived by the insects will be

mosaic, in wluch the number of points will correspond with the

number of facets."' Tlie whole explanation of the problem seems

to me to be contained in the passage above cited ; and no further

comment will be necessary more than a statement that the

increase in the number of ommatidia is a decided advantage

to their possessor. An eye like that of Lim.ulus m\<r\\i by a

slight change be converted into one of a more protuberant nature

so as to command a wider field of vision, as we see in some
species of Serolis or in some Trilobites ; a slight change again

might produce a protuberant ocular area mounted on an ophthal-

amic stalk, and accompanied by the accessory apparatus of vision,

such as the socket for protection or the set of muscles to move the

eye-stalk in difl'erent directions so as to command a still wider

field of vision. In this connection I may refer to a series of

diagrams (Figs. 74-81, PI. XXXV). The black heavy layer repre-

' Lublx)ck: Senses, Instinct and Intelligence, p. 103.
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sents the ectoderm, and the region in which the ectoderm is

thrown into folds the area of the compound eye. Tlie yclhnv

colored layer outside represents the chitin, and the dotted line

beneath the ectoderm, the basement membrane.

In Zimv/us (Fig. 74) the ectoderm is thrown into a series of

shallow folds, which, when viewed from above, would be a group

of shallow pits in the skin. Each pit is an ommatidium. In

Sei-olis {Fig. 75) the invagination of the skin is a little deeper than

that of ZimuluD, and the whole ocular area is more prominent.

Fig. 76 represents the condition of the ectodermal folding in

Notonecta, and Fig. 77 that oi' Agrioti larva. Fig. 78 represents

the eye of Branchipus, only a part of the stalk being shovvn in

the figure. Fig. 79 represents the eye of Cambarus ; Fig. 80

that oi Penaeus, and Fig. 81 that oi Lucifer.

It must not be understood that the number of folds given in

the diagrams have anything to do with the actual number of

ommatidia that may exist in the actual specimens ; no more than

a morpliological expression of the eye in a simplest possible form

was intended. If one suppose a single invagination of the skin,

say of Fig. 79, be divided into three strata and the cells in the

bottom stratum to send out nerve fibres, those in the middle to

form the crystalline cone and those in the outermost to form the

cornea (Fig. 71), the interpretation of the diagram will be com-

plete.

According to this view the compound eyes of Arthropods,

either in the sessile or in the stalked form, are nothing more than

a collection of ectodermic pits whose outer open ends face towards

the sources of light, and whose inner ends are connected with

the central nervous system by the optic nerve fibres. The cells

forming the walls of the pit arrange themselves into three strata,

in most cases accompanied by three regional functional difl'eren-

tiations. Grenadier's classification of the compound eyes of

insects into "acone," "pseudocone" and "eucone" types refers

to the condition of the cells and their products in the middle

stratum—the vitrellae.

Morphologically, then, the compound eye of an Arthropod is

strictly single-layered, although, as is evident, the present concep-

tion is entirely diflerent from the monostichous theory main-

tained by some recent writers. From Limuliis to SquiUa we
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Lave a 8el•ic^; of fbnns showing all degrees of modification in the
general stnieture of tlie eye as well as the structure of its indi-

vidual elements, and there is not here a single form which invali-

dates the view maintained in the present paper. Moreover, this
view has the advantage of greatly simplifying our conception of
these structures, reducing, as it does, all of tliem to one primitive
structure, a depression in the skin, in which several organs of
ectodermal nature, often of a very complicated type, find their
common morphological origin. And when thus the nature of
the unit is reduced into a simple invagination of the skin, the
formation of the compound eye appears to be but another
instance of the well known method in the formation of a mor-
phological organ, namely, the vegetative repetition of a similar
structure.

V.

—

Summary.

In studying the structure of the ommatidium of the compound
eye of Serolis it has been found that it may be reduced to a
simple ectodermic invagination of the skin. Extending my
researches over several other Arthropods, of which Talorchestia,
Camharus, Homarus, and CaUinectes were mentioned in the
preceding pages, the same interpretation of the ommatidium
may be applied without exception. This view of the omma-
tidium finds its strongest support in the fact that iu Limutus,
the ommatidium is an open pit of the skin.

By supposing that' the ommatidial pit of Limulus became
deeper and that this was accompanied by modifications in the
structure and arrangement of the component cells, we can show
the probability of our first supposition that the ommatidium of
the compound eye of an Arthropod is an independent invagina-
tion of the skin. If this view is correct, the unit of the compound
eye of an Arthropod is not, after all, so complex a structure as
has been supposed by some; and the enormous increase in the
number of ommafidia in a given area of the skin which results
in the formation of the compound eye finds its parallel in the well
known method of the formation of morphological organs, viz. the
duplication of a simple unit.

Baltimobe, April 30, 1889.
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VI.

—

Api'knuix.

7'Ae Comjyound Eye of Echinoderms.

While tlie proecding paper on the compound eye of Arthro-

pods was passing through the press I improved my opjjor-

tunity to study the compound eye of Ecihinodcrms at Woods
Holl, during the months of June and July, 1SS9, to see how far

the morphological interpretation advanced for the former will

hold to the latter.

The three starfishes common at Woods Holl, viz. Asterias

vidgaris, StiiTip., Asterias forhesii, Verril, and Cribella sangui-

nolenta, Lutken, were studied in this connection. While T

reserve the description of tlie details for a future paper, I will

briefly point out some important bearings of the results upon
the subject which has been discussed in the preceding pages.

The general structure of the compound eye of the starfisli at the

tip of each ray is well known through the writings of HiKckel,

Wilson, Hoffmann, Lange, Greeft', Hamann, Carri&re, and some
others, althougli there exist some discrepancies in regard to the

histological features of the organ as described by these natura-

lists.

The most remarkable observation on the eye of the Echino-

derm among the early writers is that of Goodsir, who, according

to Forbes,' is said to have examined the eye of Cribella oculata

and remarked of its structure that it consisted "o/' a red cushion

withpits on its surface.'''' My studies on the compound eyes of the

starfishes convinced me of the truth of Goodsir's statement, and

the eye of a starfish is nothing more than a group of ectodermal

conical pits with their bases turned towards the exterior. The
epithelial cells which form the walls of the conical pit have each

a cuticular rod secreted at the tip of its distal extremity.

These cells send out nerve fibres from their proximal extrem-

ities. In the centre of the pit along the longitudinal axis

of the invagination there is a space filled with a clear fluid sub-

stance. The cuticular secretions of the retinal cells, as well as

the colorless fluid substance, constitute together a translucent

' E. Forbes : A Tlistory of Briligh Slarfiishes, and other Animals of the class

Echinodermala. London, 1841, p. 103.
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refractive body in the c-eiitro of eacii pit or tlio onnnatiilium,

wliicii has been described by several as tlio "crystalline rotic" in

tlie starlisli eye. The wliolc surface of tlie eye-bulb is covered by a

thin cuticle which is secreted by the cells wliose distal extremi-

ties lie on the general level of the external surface of the optic

bulb. In short, this external cuticular covering of the eye in a

starfish corresponds to the cornea, and the cuticular secretions at

the distal extremities of the retinal cells forming the walls of the

pit, correspond to the crystalline cone and the rhahdom of the

compound eye of an Arthropod. The colorless fluid substance

contained in the axial space of the invagination in the starfish

may be compared to the similar substance in the crystalline cone

of the ommatidium of SeroUs. The number of ommatidia in the

starfish increases at the periphery of the optic tract as in an

Arthropod. The spaces between the adjacent oinmatidial invagi-

nations are occupied by the supporting i>pithclial cells. The

optic nerve fibres pass into the deepest stratum of the ci>ithclial

layer, and running horizontally, join the main branch of the

ventral nerve cord of the ray.

On the whole, the entire morphological arrangement of the

parts in the compound eye of an Echinoderm is strikingly

similar to that of an Arthropod, and the formation of the visual

organ in the Echinoderms, at least in one of the large sub-groups,

the Asferidce, by a series of ectodermic invaginations, assumes a

wider significance when we take into consideration the fact that

the compound eye of the Arthropods has a similar mode of

origin, although it is an independent adaptation.

In the anatomical consideration of the Echinoderm eye I have

made no allusion to the so-called " eye-spot" on the ocular plate

of the sea-urchin. In regard to the function of this structure we
are by no means certain that it is visual in nature as it is usually

assumed. Valentin failed to discover any trace of dioptric appa-

ratus in it. More recently Fredericq* could not find any

evidence, anatomically and experimentally, that the structure in

question is an eye. '^La tache de pigment qxi'on y decritest une

pure fiction.''''

'Fredericq, Leon: Contributions Cl Vt'tude de-i Echinides. Archives des

Zoologie E.vperi. et Gener., Tome 0, 1876, p. 434.
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Ilamann,' who studied this structure in Echinus, dechires tliat

the so-ciilled " eye-spot " in the sea-urchin Vwars a close resem-

blance to the terminal feeler at the tip of arm of a starfish, with

which he thinks it is homologous and not with the eye. He
therefore substitutes the term " intergenital plate" for the

"ocular plate" upon which this problematical organ rests.

Even if this organ be shown to have some connection with the

visual function, as Romanes and Ewart- claim on the ground

of their experiments, it is safe to say that it belongs to a

different category of visual organ, as Hamann's histological study

clearly shows, and has nothing to do with the subject under our

consideration, viz. the morphology of the covqxnmd <??/eofthe

Echinoderm and the Arthropod.

Entirely apart from the preceding, but which may be mentioned

in this connection, is the Sarasins' discovery' of the compound eyes

in a sea-urchin {Diadema) from Ceylon. Of their visual nature

there can be no doubt, as their experiments on the living animals

as well as the anatomical structure of the eyelet show.

The eyelet of the compound eye in Diadema is very much

more complex than that of the starfishes I have examined. I

cannot help but believe that a study of development of such an

interesting form as Diadema, as well as a more extensive study

of the eye in different genera and species of Echinoderms, will

throw a great deal of light on the morphology of the compound

eye in general.

In my main paper on the subject I hope to describe in detail

the structure and development of the compound eye of the star-

fish that I have studied, and also to give an account of the

growth of our knowledge of the visual organ of the Echinoderms,

both anatomical and experimental, from Tiedman and Ehrenberg

down to the present day.

'Ilamann, Otto: Beilruge zur Eiaiologie der Echinodermen. Jenaische

Zeitschrift fur Naturwissensohaft, Bd. 21, 1887, pp. 124-136.

' Romanes, J. Q., and Ewart, J. C. : Observations on the Locomotor System of

JEchiiwdermata. Philosophical Transactions, Royal ^ociety, London. Pt. Ill,

1881, pp. 855-856.

'Sarasin, P. B. and C. F. : Uebereinen mit Ziisammengesetzten Augenbedeckten

Seeigel. Zoologischer Anzeiger, 8 Jahrg. No. 211, 1885. Their main paper I

bare not seen.
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VII.—Explanation of Figukes.

Lid of Reference Letters.

Ap. Appendage.

Ax. p. Axiul process of the ganglion cell.

B. M. Basement membrane.

G. Corneal lens.

c. Cornea or corneal facet,

c. c. Crystalline cone.

Uh. Cliitin.

e.g. Corneagen.

d.f Dorsal fold.

D. 0. Dorsal organ.

E. Eye (compound).

Ect. Ectoderm.

Ent. Entosternite.

Ep. Epithelial cell.

F.y. Food-yolk.

G. Ganglion cell.

H. Hyaline cell.

L. Lens-cone.

Ms. Mesoderm.

JV. Xucleus.

Oc. Ocellus.

Om. Ommatidinm.

Op.n. Optic nerve fibre.

p. r. Packing cell.

p. n. Perineural cell.

Pg.c. Pigment cell.

Pg. p. Pigment patch.

Rb. Rhabdomere.

Rt. Retinula.

Tr.fb. Transverse striae.

V. Vitrella.

V. C. Ventral nerve chain.

v.f. Ventral fold.

X. Axial space or line of the ommatidium, corresponding to the

cavity of the invagination.





328 -S-. WATASE.

Pi.ATK XX'IX.

—

Serolis, Talorchedia, Camharus, Callincc/cs and

Limulus.

Fig. 1.

—

Srroh's. Two ommatidia of Serolin; the one on the left

with tlic iiijiment cells enveloping the crystalline cone. The down-

ward extensions of the rhabdomeres reach to the retinal side of tlie

basement membrane, i (^ X 2) Zeiss.

Fig. Iff.

—

SeroJis. Diagram of the Ommatidium

—

a. Corneajion. 1. Cornea.

h. Vitrella. 2. Crystalline cone.

r. Retinula. 3. Rhabdomere.

d. Hyaline cell. Pg. c. Pigment cell.

Fig. lb.—Scrolls. Plan of the Ommatidium

—

1. Hyaline cell (d). 4. Corneagen (a).

2. Retinula ((•). 5. Pigment cell (;;</. ()•

3. Vitrella (i).

Fig. 2.—Morphological diagram of the ommatidium of SeroUs—
a. Corneagen. 1. Cornea.

b. Vitrella. 2. Crystalline cone.

c. Retinula. 3. Rhabdomere.

d. Hyaline cell.

Fig. 3.

—

Talorchestia. Ommatidium of Talorchestia.— Rt', upward

extension of the retinula Rl; this upward extension sometimes

reaches as far as the cornea, ^j. c. Narrow, non-pigmented packing

cells. J(nX4)Z.
Fig. Za.— Talorchestia. Plan of the Ommatidia.

Fig. 4. Cambarus. .Three ommatidia shown side by side. In c

the pigment cells (pg.c) completely envelop the crystalline cone.

X is the morphological lumen of the invagination. Ep is the epi-

thelial cell charged with light yellow pigment granules. * (I) X 2) Z.

Fig. 5. Callinedcs. Two ommatidia shown side by side. Rhab-

domere (Rb) shows a fine striation. At the swollen end of the

retinula (i?0 yellow or brown colored globules are found.

Fig. 5(1.

—

CalHnectes. Head of the retinulae more highly mag-

nified, and the rhabdomeres show slight enlargement at the terminal

portion.

Fig. 6.

—

Limulus. Two ommatidia shown side by side, partly

schematic. TUe thick yellow-colored body is the chitinons covering

of the eye. L. lens-cone, fitting into the depression of the skin. At

the bottom of the depression, the essential part of tiie ommatidium
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is round, consisting of two parts, Rl (retinulae) and G (central gang-

lion cell). Cells forming the walls of the pit are the perineural

cells (;>.«). Inward prolongations of the neuro-epithelial cells

(Rt and (?) form the optic fibres {Op. n). Ms. JLesodermic tissue.

Fig. 6(1.

—

Limulus. Transverse sections of five oniniatidia at

different levels. In («) the plane of section passes through the

upjier part of the depression, cutting the lens-cone (L); in (6) the

section plane passes through the retinulae, showing the star-.shaped

rhabdom and the axial process of tlie ganglion cell (Ax.p) in the

axial canal of the rhabdom. A few pigtnented perineural cells sur-

round the retinulae, while the basement membrane (B. M) forms

the complete capsule of the ommatidium, separating the latter from

the mesodermic tissue {3h). In (c) the plane of section passes

through the lower part of the ommatidium, cutting the central

ganglion cell {G); in (d) the ganglion cell occupies an eccentric

position ; in (e) the sections of optic nerve fibres alone are seen.

Fig. 7.—Limulus. Plan of the ommatidium. Ep represent the

cells which are found in the walls of the pit; the yellow edge

corresponds to the surface where the chitiu is secreted.

Plate XXX.

—

Limulus.

Fig. 10. Retinula (7?/) and ganglion cell ((?) teased out from

the ommatidium after treatment with Ilaller's fluid 15 hours. The

axial process (Ax.p) of the ganglion cell closely follows the external

border of the rhabdomere (Rb). A number of epithelial cells are

found closely attached to tiie surface of the retinula as well as to the

ganglion cell. 3 (E X 2) Z.

Fig. 11. A bunch of retinulae completely isolated from the

ommatidium. Pigmented epithelial cells (Ep) are found between

them. The proximal ends of retinulae form the optic nerve fibres

(Op.n). J(EX2)Z.

Fig. 12. A retinula cell seen from the side opposite to the rhabdo-

mere. A number of extremely attenuated epithelial cells (Ep) are

found closely clinging to the external surface of the cell. They do

not form any connection with the retinula, and can be completely

isolated from it. The cell-body of such an elongated epithelium is

reduced to a very slender filament and does not contain any pigment

granules. 5 (E X 2) Z.

Fig. 13. The central ganglion cell with its axial process (J.t./;)

completely isolated. The pigment patch {P(j.p), situated between
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the nucleus (xV) anil the optic nerve fibre (0/).«), shows a charac-

teristic mariv of the cell. A zone around the nucleus (JV) shows

concentric markings. Longitudinal striae run through the axial

process and the optic nerve; {Ejf) an attenuated epithelial cell.

3(EX2)Z.
Fig. 14. Another type of the central ganglion cell. Pigment

patch is greatly extended; nucleus (iV) is eccentric; (£"/;) attenuated

epithelial cells. 3(Ex2)Z.
Fig. 15. The central ganglion cell, with its axial ]irocess (Ax.p)

divided into several branches, by some mechanical causes. All these

branches are longitudinally striated like the nuiin one and would

seem to be made up of a collection of extremely fine longitudinal

fibrils. Two pieces of chitinous body {Rh) are found at the junction

of the axial process and the cell-body proper of the ganglion cell.

They appear to be fragments of the rhabdomeres. S (E X 2) Z.

The specimens figured in Figs. 10-14 were treated with Haller's

macerating fluid; that shown in Fig. 15 was treated with sulphuric

acid, 8 drops to 30 grams of water.

Fig. 1G. Epithelial cells isolated from the margin of the omma-
tidial dei>ression. The part in which there is no pigment is turned

outward and comes in direct apposition to the chitin.

Peate XXXI.— Limulus, Homarus, Cambarus, Squilla, Callinecies,

iSerolis.

Figs. 17-3.3.

—

Limulus. This series of specimens is intended to

show the range of modification of the epithelial cells found in the

ommatidium and its direct neighborhood.

Fig. 17. Central ganglion cell with several attenuated, non-

pigmented epithelial cells. J (E X 2) Z.

Fig. 18. Retinula cell with a few pigmented epithelial cells at its

side. J (E X 2j Z.

Figs. 19-33. Ordinary epithelial cells isolated from the omma-
tidial region, i (E X 2) Z.

Fig. 34.

—

Homarus. Retinulae partly isolated. Each retinula

secretes a chitinous body which assumes a serrated appearance

CRb). This is the rhabdomere; when the bundle is brought together

it assumes a spindle shape. The upper part of each retinula cell is

free from pigment, and is connected with the pigmented portion by

a long, slender neck. The nucleus of the retinula is situated at the

non-pigmeuted, distal extremity, ii (1) X 2) Z.
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Fig. 35.

—

Cambants. The retinula completely isolated. Tiiu

rhiibdomere shows u coarse wavy outline, j (D X 2) Z.

Fia. 36.

—

Sguilla, partly diagramatic.

Fig. 37.

—

CaUincdcn, partly diagramatic.

Fig. 38.

—

Serolis, partly diagramatic.

The last three ligures are introduced here so as to show the

homology of the retinula cells in different groups of Arthropods.

All the specimens figured in this plate were treated and macerated

in Haller's fluid.

Plate XXXll.—Limnhis.

Fig. 39. Young embryo of Limulus. D.O. "Dorsal organ";

* shows the position where the compound eye makes its appearance.

Fig. 40. Larval Limtihis in the so-called "trilobite stage"; imme-

diately after hatching. D. 0. " Dorsal organ "; E. Compound eye

;

Oc. Ocelli.

Fig. 41. Young Limulus at the first stage in the acquisition of the

external Limuloid characters. The whole body is transparent and

the dendritic ramifications of the " liver " shining through the trans-

parent tissues of the body. The "dorsal organ" has completely

disappeared in this stage. E. the compound eye; and Oc. Ocelli.

Fig. 42. Transverse section of a young larva, showing the origin

of the compound eye (^E), the formation of the dorsal and venti-al

folds of invagination {d.f and i'./), and the "dorsal organ " D. 0.

§ (A X 2) Z.

Fig. 43. Transverse section of the compound eye, showing the

formation of the optic nerve fibres by the migration of the ectodermal

cells. ? (D X 4) Z.

Fig. 44. Outline of the thickening of the nerve plexus beneath

the ommatidial layer. I (E X 2) Z.

IG. 45. The same. 3 (D X 4) Z.

Both are drawn from the gold-chloride preparations.

Fig. 46. Ganglionic swelling found in the optic nerve fibres of the

median eye. j (4 X D) Z.

Plate WXlll.—Limuhis.

Fig. 45rt. Longitudinal section of the eye, showing the formation

of the optic nerve fibres {Op. n).

Fig. 46rt. Oblique longitudinal section of the eye, showing the

formation of the optic nerve fibres {Op. n).
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Figs. 47-56. Consecutive series of transverse sections of the com-
pound eye of Limulns at tlie beginning of tlie lateral invagina-

tions. Fig. 47, No. 1; Fig. 48, No. 3; (the section No. 2 is essentially

the same as No. 3). Fig. 49, No. 4; Fig. 50, No. 5 ; Fig. 51, No. 6;
Fig. 53, No. 7; Fig. 53, No. 8; Fig. 54, No. 9; Fig. 55, No. 10;

Fig. 56, No. 11. The lateral invaginations become distinctly marked
at Fig. 49, No. 4, and fuse in the median Hue at Fig. 54, No. 9,

forming the median fold (»«./).

Tlate XX.XlV.—LimuIus.

Figs. 57-64 show the condition of the lateral and median
invaginations of the compound eye in the stage shown in Fig. 41,

PI. XXXIl.

Fig. 57. In this the plane of section passes through the anterior

part of the eye, and the dorsal invagination («/./) of the compound
eye is distinctly shown. The skin is thrown into folds; into the

concave lumen of the fold a slightly thickened portion of the cuticle

fits, forming the rudiment of the lens-cone (C); and the cells

forming the walls of the invaginated fold form the beginning of the

ommatidium.

Fig. 58 shows the widest portion of the eye in tiiis stage; the

beginning of the ventral invagination (r./) is distinctly recognizable.

The dorsal fold {cl.f) is very large. Four distinct ommatidia are

formed in this section, each depression being accompanied by a

slight thickening of the correspondiug portion of the cuticle (C).

The basement membrane is very distinctly seen underneath the

ocular area and beneath the general ectoderm cells which lie out-

side of the ocular area. The action of acid to which the sections

were subjected in order to remove the pigment granules has inter-

fered with the preservation of the ectodermal cells in those regions,

although the thick, refractive basement membrane remains quite

distinctly.

Figs. 59, 60 and 61 show how the lateral invaginations are gradu-

ally approaching as we go towards the posterior part of the eye.

In Fig. 63 the ilorsal and ventral folds (d.f and v./) meet in the

median line, and in Fig. 03 they form a complete tube, the granular,

non-pigniented layer coming to the outside and the pigmented cell

layer {Fg.c) occupying the deeper part of the tube. The basement
membrane (B. M) forms a complete capsule around the tube. The
basement membrane which underlies the general ectoderm comes to
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the outside of the mediiin fold (wi./). Counting from the outside

we meet with tiiree consecutive stratii of basement membrane in tliis

region of tlie eye.

Fig. 64. In this we come nearly to the posterior extremity of the

median fold («)./"). The median fold is further from the surface

basement menibriine than in Fig. 03.

Plate XXXV.

Figs. 65-09. Diagrams showing the probable evolution of the

three-layered ommatidium from the single-layered surface depres-

sion in the skin, by the gradual subsidence of the neuro-epithelial

elements, Rt and O, Fig. 65. In Fig. 60 the ommatidium of

Limulus is represented, which is considered a step furtlier advanced

from the condition shown in Fig. 65. The distal end of the

retinula (^0 instead of being pointed toward the exterior as in

Fig. 65, in Limulus it points towards the median axis of the

ommatidium. The chitinous substance being still secreted on the

outside, a distinct body of chitin beneath the lens-cone (C) is

formed, the rhabdoni {Rb). In Fig. 67 this deepening is supposed

to have gone still further, resulting in the formation of anotiier inde-

pendent chitinous body, the crystalline cone {G.c). In Fig. 68 this

deepening is considered to have advanced still further, the crystalline

cone (C. c) being entirely separated from the corneal lens (C) by a

distinct stratum of cell, the corneagen {c.y). In Fig. 69 an omma-
tidium with three strata of cells, each secreting chitinous substance

on the part of their surface, is formed. These three strata of cells

are known as the corneagen {eg), the vitrella (F), and the retinula

(_Rl). Three chitinous bodies secreted by each group of cells above

mentioned are the cornea (C), the crystalline cone (c. c), and the

rhabdomere
(
Rb), respectively.

Fig. 70.

—

Serolis. Diagram of the ommatidium of <S'eroZ<.s. Gen-

eral arrangement of cells in this is not very different from that shown

in Fig. 69. The place of ganglion cell in Fig. 69, G, is taken by a

pair (of whicii only one is shown in the diagram) of transparent

"hyaline cells" (H).

FiG. 71.

—

Cambariis. This is introduced in comparison with the

hypothetical ommatidia.

Fig. 72.— Callinectes.

Fig. Ti.— Talorchestia.

In the last three forms no element corresponding to the central
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ganglion cell of Limulus nor to the ''hyaline cell " of Serolis can be

found. The sensory element of the oniniatidiuni is represented by

the retinulae (HI) only.

Fig. 7-i.

—

Liiniduii. Diagram of the compound eye of Limulus,

the black, heavy line representing the ectoderm and each depression

in this layer corresponding to an ommatidium.

Fig. 75.—Serolis. In the same way as the above, the eye of Serolis

may be represented by a series of folds.

Fig. 76.—Jfoionecfa.

Fig. 77.

—

Agrion (Larva).

Fig. 78.

—

Branchipus.

Fig. l^.—Cambarus.

Fig. 80.

—

Penacus.

Fig. SL—Lnci/er.
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