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1. Introduction.

The recent discoveries in the finer striicture of the nervous

system have been so numerous and so ìmportant that we may well

regard the present as a period of more than usuai progress in this

direction. The advancement thus far made has been rendered possible

mainly through the employment of two new methods of histological

investigation: Golgi's method for impregnating nervous elements

with salts of Silver and Ehrlich's method for staining living nervous

elements with methylen blue. Both these methods have yielded

extraordinary results, but they have been used chiefly in elucidating

the finer structure of the nervous system in vertebrates, though, as

the investigations of Biedermann, von Lenhossek, Retzius, and

others show, the invertebrates have by no means been neglected.

It was my purpose in undertaking the present studies to attempt

an application of these methods to the solution of some problem in

the Organisation of the nervous system in invertebrates, and, being

already somewhat familiär with the structure of the retina in crus-

taceans, I was led to take up the study of the optic ganglia in

these animai s.

The results that are recorded in the following pages represent,

in part, the work of two years during which I held an appointment

Mittheilungeu a. d. Zoolog. Station Neapel. .Bd. 12.
; . 1
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2 G. H. Parker

to a Parker Fellowship from Harvard University, Cambridge, U. S. A.,

a privilege that enabled me to enjoy the advantages of European

travel and study. My investigations were carried on at several Con-

tinental uniyersities. Düring the winter Semester of 1891—92 I

worked in the Zoologica! Laboratory at Leipzig under the direction of

Professor Leückart. The following summer Semester was spent in

Berlin at the laboratory of Professor F. E. Schulze. The succeeding

winter Semester was passed at Freiburg in Baden, where most of

mywork wasdone under the supervision ofProfessor Weismann, though,

through the kindness of Professor von Kries, I also had the oppor-

tunity of making some experiments in the Physiological Laboratory

of that university. From Freiburg I went to the Zoologica! Station at

Naples, where, by the courtesy of Professor Dohrn, I had the privi-

lege of occupying a table for some three months. The encourage-

ment to investigation and the opportunities offered at these institu-

tions are too well-known to require comment, and the kindliness and

personal attention with which, as a Student, I was invariably received

make it a pleasant duty for me to acknowledge my indebtedness to

the directors and assistants under whom I worked. I am also under

obligations to Dr. Otto vom Rath of Freiburg for suggestions and

help in obtaining much necessary material, as well as to Signor

Salvatore lo Bianco for bis untiring efforts in procuring for me
many interesting and important crustaceans. Although my studies

were completed at Naples and the manuscript of the present paper

was in part prepared there, I was forced to defer the completion of

it tili my return to America.

2. Materials and Methods.

The two species of crayfish that I studied, were Astacus fluvia-

tilis Fabr., and Astacus leptodactylus Esch. The optic organs in

these two animals are essentially similar, and the following account

is believed to refer with equal accuracy to either species. In one

respect, however, I bave limited my observations; to avoid the possi-

bility of error resulting from slight specific differences, I bave taken ali

enumerations of nerve fibres, retinal Clements, etc. from one species,

Astacus flumatilis. Although my work has been done for the most

part on the two species of crayfish mentioned, I bave also studied,

for the sake of comparison, representative species of the chief groups

of crustaceans.
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The following notes on the methods that I employed may be of

assistance to those who undertake similar studies.

The rapid Golgi method as described by Kölliker (91, pag. 9)

yielded good results when applied to the optic organs of the crayfish,

especially when the modification suggested by Ramon y Cajal was

adopted and the preparations , after having passed once through the

Silver bath, were again put into the solution of osmio acid and

potassio bichromate, and then reimpregnated with silver. A third or

even a fourth application of the Silver solution seemed often advan-

tageous. On the whole, better results were obtained from material

imbedded in paraffine than from that in celloidin.

In preparations made by the Golgi method, the ganglion cells

were colored less frequently than the nervo fibres or their terminal

fibrillations. The relatively largo size of the nervo fibres and the

peculiar course that they took through the ganglia made it often

difficult to prepare sections in which the entire extent of a given

fibre was shown, but this difficulty was due rather to the peculiar ana-

tomy of the ganglia than to any defect in the method. For the

study of the finer structure of the rhabdome, the Golgi method was

invaluable.

In employing methylen blue, I followed the general directions

given by Retzius (90, pag. 24). For each crayfish experimented

upon, about one tenth of a cubie centimeter of a 0.2^ aqueous

solution of methylen blue was injected into the ventral blood sinus.

Animals thus treated seemed to suffer no inconvenience, and, after

being kept a week or so under normal conditions, they usually lost

all traces of the blue color^tion. When, however, they were killed

and dissected some twelve or fifteen hours after they had been in-

jected, many of the nervous Clements were found to be colored in-

tensely blue. The Clements in the optic ganglia were less frequently

stained than those in other parts of the nervous system, but among

a dozen injected specimens there were always some three or four

in which the optic ganglia were favorable for study. The ganglia

in these animals were carefuUy removed and studied at once in the

fresh conditìon, camera drawings being made of the more fully stained

parts. It was necessary to do this without loss of timo; for, sootìr

after the death of the animai, the sharply dififerentiated blue stain

begins to disappear, in part perhaps by fading, in part certainly by

dififusion. NotwitHstanding this drawback satisfactory results were

easily obtained

1*
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Although the connection of ganglionic cells with nerve fibres could

be veiy clearly demonstrated in preparations made by the raethod just

de^cribed, it was almost impossible in such material to determine the

precise location of a ganglionic celi or the exact direction taken by

its nerve fibre. Since these determinations were necessary in order

to gain a clear idea of the structure of the ganglia, I attempted to

devise a process for making sections from material stained in this

way. Two methods were finally obtained. In the first of these, a

published account of which has already appeared (cf. Parker, 92),

the tissues of the ganglion were fixed and the color rendered per-

manent by means of aqueous corrosive sublimate. Preparatory to

imbedding in paraffine, the material was dehydrated in methylal

containing a little corrosive sublimate, instead of in alcohol, then

transferred to xylol, and finally put into paraffine. The second

method is essentially like the first except that, in place of methylal

as a dehydrating reagent, alcohol containing corrosive sublimate

was used^. As this method has not yet been published, I give

briefly the .necessary steps in employing it. The ganglia, after being

freed from the surrounding tissue, were first put into an aqueous so-

lution of sublimate, then successively into 30^? 50^7 70^» and 95^
alcohol, each grade, of course, containing its proper proportion of

sublimate. The material was allowed io remain in each of these

fluids about a quarter of an hour. From 95^ alcohol it was trans-

ferred for an hour to absolute alcohol containing, of course, sub-

limate, then for another hour to a mixture of one part of this alcohol

and one part xylol, and finally to pure xylol. The preparation may
stay indefinitely in this last fluid, from which the transfer to paraffine

may be made.

In sections made in either of these ways, the methylen blue

appeared in the form of a fine precipitate , and the position of ganglion

cells, as well as the direction of nerve fibres, could be satisfactorily

ascertained. The method, however, is not so favorable for the study

of the fibrillar branches into which a nerve fibre subdivides as it is

for the study of the larger fibres and cells; for the finer fibrillae,

1 The grades of alcohol required were made by mixing strong alcohol

containing 8^ corrosive sublimate with water saturated with the same salt;

thus 30X alcohol consisted of 30 c. c. of strong alcohol containing 8X corrosive

sublimate and 70 c. c. of water saturated with sublimate. It is advisable to

prepare the grades of alcohol some time before they are to be used, and to

filter them after they have been standing a few days.
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The Retina and Optic Ganglia in Decapods, especially in Astacus. 5

instead of appearing as continuous blue lines such as one sees in

the fresh preparatious , are represented often by a single row of

discouuected bluish dots. I, therefore, usually studied the fìner

fibrillae in the freshly stained material, and employed sections only

when it was necessary to determine the exact position of ganglion

cells or nerve fibres.

GoLGi's method, as well as that of Ehrlich, has the peculiarity

of staining relatively only very few nervous elements. Of the more

usuai methods by which ali the elements in a ganglion are stained,

I know of none that gives such good results as the one recently

suggested by vom Rath (93, pag. 102). According to this method,

the tissue is fixed in a solution of osmic, acetic, and picric acids,

and piatirne chloride, and afterwards »reduced« in crude pyroligneous

acid (Holzessig). This method presents the double advantage of

being unfailing in its results and of yielding preparations remarkably

clear and trustworthy.

For the study of the retina and retinal nerve fibres it was neces-

sary to prepare depigmented sections, and for this purpose I used as

a depigmenting fluid a 0.1^ aqueous solution of potassio hydrate

in a way already described (cf. Parker, 90, pag. 3). In one respect,

however, I bave improved this former method. Instead of using,

as a fixative for the sections, a Sühällibaum mixture containing

Squibb's flexible collodion, which sometimes allows the section to

loosen in absolute alcohol, I now employ a mixture of the fixatives

of Schällibaüm and Mayer. When small drops of each of these

fluids are thoroughly mixed on a slide, a whitish sticky paste results,

which, even in extremely small amounts, resists the loosening action •

of both potash and absolute alcohol. The originai cloudiness of the

mixture is due to the presence of oil, water, and glycerine; upon

dehydrating the sections in absolute alcohol, this, of course, disap-

pears, and mounted preparations are as clear as those made with

ßither one of the fixatives.

In the course of my work, it was necessary to make careful

enuraerations of retinal elements and of nerve fibres. The optic

nerve fibres can be counted in good transverse sections of the

optic nerve, the Operation being more tedious than difficult. On account

of the Variation in the size of the fibres, it was necessary to count

ali the fibres in a nerve, the method of estimating by proportions

giving rise to too great an error. The fibres were counted by means

of a crossed-line eye-piece micrometer, such as is used for counting
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blood corpnscles. When the magnification was so arranged that each

Square contained on an average about eight fibres the repeated enu-

meration of any group of Squares gave nearly Constant results. Thus

ten enumerations carried out on the same four Squares gave the

following figures: 37, 36, 36, 36, 36, 35, 36, 35, 36, 36: average

35.9.

The number of ommatidia, or retinal elements, wa determined

by counting the corneal facets. Since the facets were extremely

uniform in size, proportional estimates could be made without se-

riously impairing the final results. The method employed in this enu-

meration consisted in comparing the area of a facet with the area

of the whole corneal cuticula in terms of weight, and was carried

out in the following way. From a number of small sheets of paper

of equal size, those were selected that did not vary in weight from

a given sheet assumed as a standard by more than a half per cent.

A complete corneal cuticula was then carefully cleaned, cut into

small squarish pieces, and the outlines of the pieces traced by means

of a camera on the sheets of paper previously selected. The paper

areas thus outlined were cut out and weighed, the total weight being

taken to represent the total area of the corneal cuticula. In a similar

way outlines of small parts of each piece of corneal cuticula were

made, and the exact number of facets within each one of these was

accurately counted. The total weight of these pieces could then be

said to represent the number of facets which they collectively con-

tained, and in this way the value of a facet in terms of weight

was easily obtained. Having the whole corneal cuticula, as well as

# a single facet, represented in weights, it was easy to estimate the

total number of facets.

Several precautions are necessary in using this method. First,

the pieces of corneal cuticula, though assumed to be fiat; are in

reality small parts of a nearly spherical surface, and thus must

be somewhat greater in area than their outlines indicate. Further,

it must be remembered that in drawing with a camera the image

is somewhat distorted, its periphery being relatively larger than its

centrai part. These sources of error partly correct each other; they

can be largely eliminated, however, by judiciously selecting, in

reference to the larger area, the position of the smaller one in which

the facets are counted. If the smaller area Stretches from the centre

to the periphery of the larger one ^nd has an appropriate form, both

sources of error would be corrected; for both the unit of measure
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and the part measured would be subjected to the same distortion.

The method has been tested by compariag its results with actual

enumerations. In ali cases the estimated number has not differed

from the actual number by more than \% of the total. Thus, in

one case, the estimated number of facets was 326.4, the counted

number 324.75, a difiference of approximately a half per cent. This

seems to me to justify the employment of the method.

3. General Structure of Optic Stalks.

The nervous organs contained within the optic stalk of the

crayfish are so complex in structure that it will add considerably

to the clearness of the following account if, in the beginning, a few

words are devoted to the shape and position of the stalks them-

selves. Each stalk has somewhat the form of a short cylinder

movably attached by its proximal end to the animaFs body and

terminated distally by a nearly hemispherical surface. This surface

is for the most part occupied by the retina and may be called the

distai surface of the stalk; a line connecting its centre with

the centre of the proximal end of the stalk defìnes the axis of this

structure. As the stalk cannot be rotated around this axis, the sur-

face of its cylindrical portion may be subdivided as follows: when

its axis Stands at right angles to the median plane of the animai,

that portion of its cylindrical surface which faces dorsally may be

called its dorsal surface; that which faces anteriorly, its anterior

surface, etc. Thus, in addition ta its distai surface, the stalk may
be said to bave a dorsal, a ventral, an anterior, and a

posterior surface. These four surfaces border, of course, on the

distai surface, whose periphery may therefore be divided into four

corresponding segments — dorsal, ventral, anterior, and posterior.

This method of subdividing the surface of the stalk might at first

geem rather arbitrary
;

but, as a matter of fact, the four surfaces

of the cylindrical portion are easily recognised , since the stalk is

not strictly cylindrical, but flattened dorsoventrally. The terms

mentioned in this paragraph bave been found convenient in describ-

ing the crayfìsh's eye, and their usage as defined above will be

adhered to in the following pages.

The nervous structures contained within the stalks bave

received such a variety of names that an accepted nomenclature for

them can hardly be said to exist. Although no single set of terms
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thus far proposed is fully satisfactoiy, I bave not attempted to in-

vent new ones, but bave adopted sueb names from tbose already

in use as seemed to me appropriate on account of tbeir expressiveness

or tbeir more general acceptance.

Wben a longitudinal section of an optic stalk is examined

(PL 1 Fig. 27), it vrill be observed tbat tbe cylindrical portion is

covered witb a layer of firm, tbick cuticula [cta] strongly impregnated

witb salts of lime and resembling tbat wbicb covers tbe greater

part of tbe animal's body; proximally tbis cuticula becomes tbin

and flexible in tbe Joint between tbe stalk and tbe body, and

distally it passes ratber abruptly into a tbin transparent layer, tbe

come al cuticula [crn]^ wbicb Covers tbe retina. Tbe tbick cuti-

cula, as well as tbat forming tbe Joint of tbe stalk, bas its inner

surface covered witb a tbin cellular layer, tbe bypodermis [h'drm]^

wbicb in tbe region of tbe corneal cuticula becomes greatly tbick-

ened, forming tbe retina (r). From tbe proximal surface of tbe

retina an immense number of nerve fibres, tbe retinal fibres

(fbr.r) , make tbeir way to tbe ganglionic mass tbat lies in tbe

central part of tbe stalk. Tbis mass consists of four ganglia, wbicb

may be distinguisbed
,
beginning witb tbe one nearest tbe retina,

as tbe first, tbe second, tbe tbird, and tbe fourtb optic gan-

glion (I, II, III, IV). From tbe last of tbese tbe optic nerve
[n.opt] extends to tbe brain. Tbe enlargement of tbe brain formed

by tbe expansion of tbe optic nerve may be called tbe optic lobe.

Tbe advantages tbat tbese terms present over some already pro-

posed will be Seen in tbe sequel.

4. Retina,

a. Form.

Tbe retina in Astacus^ even upon superficial examination, is

Seen to be unsymmetrically developed, its anteroposterior extent

being mucb greater tban its dorsoventral one. Tbe ommatidia

composing it ^ are very uniform in size and regulär in arrangement,

and afford a convenient means of measuring its dimensions. Tbeir

positions are marked by tbe corneal facets, wb cb are squai'e in

outline and arranged upon wbat I bave called tbe tetragonal system

(cf. Parker, 91, pag. 60); i. e., tbey are regularly placed side by

side so as to form rows extending in two directions at rigbt angles

to eacb otber. Tbese rows run obüquely from tbe anterodorsal angle
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The Ketina and Optic Ganglia in Pecapods, especially in Astacus. 9

of the retina to its posteroventral one and at right angles to this;

i. e., each facet is placed so that its four angles point one dorsally,

one ventrally, one anteriorly, and one posteriorly (PI. 1 Fig. 29).

The facets may also be regarded as arranged in rows extending in

an anteroposterior and in a dorsoventral direction; but, in such

rows, the adjoining facets, instead of having their sides together,

are, of course, corner to corner. These rows give an accurate

measure of the extent of the retina in their respective directions.

As the result of a number of measurements (vid. table below),

it was found that, while the rows in the anteroposterior direction

through the centre of the retina contained about 58 ommatidia, those

in the dorsoventral direction had only about 31 ;
in other words, in

the adult Astacus^ the retina is about twice as long as it is broad.

Sepcimen Sex

Lengtli

of

Specimen

Eye
Anteroposterior Curvature Dorsoventral Curvature

Kadius Are Facets Radius Are Facets

1. 12.3 cm.

R.
mm
1.64 187° 54

mm
1.25 130° 29

L. 1.63 184° 54 1.25 134° 30

2. 11.7 cm.
R. 1.64 190° 58 1.25 128° 29

L. 1.69 190° 58 1.29 127° 30

3. 6 10.6 cm.
R. 1.69 188° 58 1.22 147° 32

L. 1.53 187° 57 1.22 142° 32

4. 6 Jl.l cm.
R. 1.55 184° 60 1.19 130° 30

L. 1.55 184° 60 1.25 130° 30

5. Ó 11.0 cm.
R. 1.64 195° 60 1.16 150° 31

L. 1.63 196° 60 1.19 148° 33

1.62 189° 58 1.23 137° 31

Not only is the extent of the retina unequal in different direc-

tions, but the curvature of its outer surface also varies. In an

anteroposterior direction as measured on perfectly fresh eyes, the

radius of curvature is about 1.62 mm. and the retina extends through

some 189°, while the dorsoventral curvature with a shorter radius

of only 1.23 mm. has also the smaller angular extent, 137°.
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The measurements upon which these Statements are based are

contained in the preceding table. The length of the specimen, as

recorded here, was measured from the tip of the rostrum to the

extreme end of the telson when the chief axis of the animai was

approximately straight.

Since the ommatidia rest as a rule with their longitudinal axes

vertical to the corneal surface, the divergence of the axes of any

two adjoining ommatidia can be easily calciilated from the data

just given. Thus, in an anteroposterior row, since 58 ommatidia

occupy an are of 189° the axes of any two adjoining ommatidia

must diverge from each other at an angle of about 3° 15'; calculated

in a similar way, those in the dorsoventral rows diverge at a

slightly greater angle, 4° 25'. It must be remembered, however,

that both in the anteroposterior and in the dorsoventral rows, adjacent

ommatidia are in contact with each other only at their angles and

that consequently their axial divergence is greater than that between

any two adjacent ommatidia in the oblique rows where these bodies

are placed with their sides together, not corner to corner. The

divergence of two adjacent ommatidia in the oblique rows was found

by Observation to be about 3°, the smallest angle made by the axes

of adjoining ommatidia.

The total number of ommatidia in the adult retina is easily

determined by counting the number of corneal facets; and, as is

shown by the following enumerations taken from the right eyes of

five crayfishes, the number may be placed approximately at 2500.

Average

Length of specimen in cm . . . 10.1 10.0 10.6 8.0 7.9 9.3

Number of corneal facets . . . 2696 2872 2456 2378 2375 2555

b. StruGture of Ommatidia.

Notwithstanding the care and frequency with which the omma-
tidia in Astacus have been studied, the results of even the later

investigators are by no means in full agreement, and I therefore

venture to redescribe these organs, dwelling at length, however, only

upon those points where a difference of opinion exists or where I

have gained by examination a clearer insight into their structure.

According to my own observations, each ommatidium in Astacus

contains, in addition to one or more accessory pigment cells, the
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followÌDg Clements : two corneagen cells, fou r cone-cells, two distai

retinular cells, one rudimentaiy and seven functional proximal reti-

nular cells, making a total of sixtccn cclls. TMs niimber is not only

characteristic for Astacus^ but, as I bave previonsly attempted to show

(Parker, 91, pag. 114), for ali deeapods, a conclusion that is supported

by the recent investigations of Viallanes (92) on Palinurus and of

Herrick (92) on Alpheus so far as they touch this question. The

enumeration of the ommatidial cells in Astacus as given by Szcza-

wiNSKA (91) Supports, except in two particulars to be discussed later,

this same conclusion.

The accessory pigment cells in Astacus fili the space

between the proximal ends of the ommatidia, and extend from the

distai surface of the basement membrane to the middle of the

rhabdomes. Their nuclei occupy proximal positions (Pi. 1 Figs. 1

and 7, nl.pg)^ and their pigment, like that in the corresponding cells

of other deeapods, has the quality of reflecting light. These cells,

which were first described in Astacus by Carrière (85, pag. 169),

were also observed by Szczawinska (91, pag. 546), who believed

that each ommatidium probably contained seven of them, since they

seemed to alternate with the seven proximal retinular cells. The

bodies that she fìgures (PI. 17 Fig. 9, pg S)^ however, do not re-

present each a single cell but processes from cells
;
and, as I ascer-

tained by countiug the nuclei, the number of these cells present for each

ommatidium, though somewhat variable, was usually one, never seven.

The two corneagen cells cover the distai end of the omma-

tidium; their nuclei occupy the dorsal and ventral angles of this

structure (PI. 1 Figs. 1 and 3, ni. crn) and are separated by a line,

which, though not visible in the protoplasm of their cells, is well

marked in the corneal cuticula, the product of these cells. This

line extends from the anterior to the posterior angle of the facet,

and represents very probably the boundary between these two cells.

My observations confìrm those of Carrière (89, pag. 225) and of

Szczawinska (91, pag. 541), according to whom there are only two

corneagen cells for each ommatidium; Reichenbach's (86, pag. 91)

previous enumeration of four such cells in Astacus is, without much

question, erroneous.

The four cone-cells are in contact with the proximal surface

of the corneal hypodermis, and extend from this level to the basement

membrane. When seen from the side (PI. 1 Fig. 1), they present

four distinctly marked regions; first, a relatively thin distai zone
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containing their four nuclei (Figs. 1 and 4, nl.con)\ secondly, a more

elongated portion nearly uniform in calibre and constituting the cone

(Fig. 1, con)\ thirdly, a still longer part tapering gradually from its

distal to its proximal end and reaching nearly to the rhabdome

(Figs. 1 and 6) ;
and, lastly, a proximal portion in which the ends

of the four cells, as separate fibres, pass around the rhabdome to

terminate finally on the distal face of the basement membrane (Figs. 14,

18, and 7, fbr.con).

According to Szczawinska (91, pag. 542), who has followed

Patten (86) rather closely, the cone-cells in Astacus do not end in

fibres as described in the preceding paragraph, but are directly

continuous with the rhabdome, which is formed, in fact, by an

enlargement of their proximal ends. The fibres that I have mentioned

as proximal portions of the cone-cells have been identified by

Szczawinska (91, pag. 545), but she has interpreted them as processes

from the distal retinular cells (cellules de l'enveloppe externe) and

not from the cone-cells. There are, however, only two such cells

in each ommatidium, not four, as she states, and thus the number

of fibres does not agree with Ihe number of cells. Moreover, in

sections from the distal end of the retinula (Fig. 14), it is easy to

demonstrate not only the four fibres from the cone-cells (fbr.con)^

but also ,two fibres (fbr.dst) from the distal retinular cells. Since

the connection of these fibres with their respective cells can be

clearly shown in maceration-preparations as well as in serial sections,

I believe that Szczawinska's interpretation of the four fibres is

incorrect and that they really represent the proximal ends of the

cone-cells.

In a previous paper on the eye in Homarus (Parker, 91, pag. 545),

I tried to show that the rhabdome and cone-cells were separate struc-

tures, as first maintained by Max Schultze (68), and that the fibres from

the latter terminated on the basement membrane. This conclusion has

been fully confirmed by Viallanes (92, pag. 361) in his account of

the eye in Palinurus^ and Patten (90, pag. 354) also now accepts it,

though among recent investigators he was the first and most active

to declare for the continuity of rhabdome and cone-cells. In view

of these facts, it seems to me that the idea of continuity must be

abandoned and that the cone-cells and the rhabdome must be regarded

as separate structures.

Of the distal retinular cells surrounding the cone, one is

dorsal and one ventral in position as shown by their nuclei (Fig. 5,
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nldst), Each celi completely covers two of the four sides of the

cone from its distai to its proximal end, and continues beyond this

proximally as a thick fibre, which is lost between the proximal

retinular cells (Fig-. \A, fbr.dst). The part of each celi applied to

the cone always contains a rich deposit of blackish pigment granules.

SzczAWiNSKA (91, pag. 545) states, as mentioned above, that there

are four such cells (cellules de l'enveloppe externe) for each omma-

tidium, but, as Carrière (85, pag. 169) first showed, and my obser-

vations confirm bis, there are only two.

The seven functional proximal retinular cells, enclosing

the rhabdome, bave been seen in Astacus by Grenacher (79, pag. 125),

Carrière (85, pag. 169), and Szczawinska (91, pag. 546). Their

svvollen distai ends contain each a nucleus, and their proximal ones

become fibrous, pierce the basement membrane, and extend as retinal

fibres (Fig. 1 fbr. r) to the first optic ganglion where they end in

many fine branches (PI. 2 Fig. 46, fbr. r).

In transverse sections of the retinula, in which the mutuai

relations of these cells can be best studied, the rhabdome presents

a squarish outline (PI. 1 Fig. 24), its four faces being distinguished

from their positions as dorsal, ventral, anterior, and posterior. The

first three mentioned are occupied each by two cells, which I bave

numbered 1 to 6 in the figures; the fourth, the posterior side, is

covered by a single celi, numbered 7. The relation of the fibrous

ends of the cone-cells and distai retinular cells to these seven cells

is as follows (PI. 1 Fig. 14) : the fibres from the dorsal distal retinular

cell and from the dorsal cone-cell He between cells 1 and 2, and

the fibres from the corresponding ventral cells between cells 5 and 6;

the fibre from the anterior cone-cell between cells 3 and 4, and that

from the posterior cone-cell between either 7 and 1 or 7 and 6.

The seven nerve fibres, representing the prolonged proximal

ends of the seven retinular cells, pass through the basement mem-
brane by means of four openings, each one of which, however, is

in part occupied by fibres from an adjoining ommatidium. Num-
bering the fibres in correspondence with the cells from which they

arise, the groups that are formed in passing through the basement

membrane are as follows: fibre 1 from a given ommatidium (Fig. 19)

unites with fibres 4 and 5 from a neighboring one, and forms a

single group; fibres 2 and 3 unite with the neighboring fibres 6

and 7, and form a second group; fibres 4 and 5 unite wdth a neigh-

boring fibre 1, and form a third group; and fibres 6 and 7 unite
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with the neighboriüg fibres 2 and 3, and form a fourth group. This

arrangement explains the occurrence of groups of three and four

retinal fibres immediately below the basement membrane (Fig. 20),

a condition also observable in Homerus. In Palinurus^ according to

ViALLANES (92, pag. 364), the fibres are arranged in much the same

way as in Astacus except that there are five openings in the base-

ment membrane instead of four, though the latter number occasionally

occurs.

The axis cylinder of each retinal fibre in Astacus passes as a

transparent shaft, the fibrillar axis, through the retinular cell to which

the fibre belongs, and disappears in the region of the rhabdome

without extendiüg beyond the distal end of that structure (cf. Figs. 21,

20, 19, and 24, üxm). The position at which the fibrillar axis

disappears seems to me important as affording evidence in favor of

the view that the rhabdome is the organ in which the optic fibres

terminate. In an earlier paper (Parker, 90, pag. 29), I described

a similar axis in the retinular cells of Homarus^ and I subsequently

identified like structures in a number of crustaceans (Parker, 91,

pag. 116), results that have since been confirmed by Viallanes

(92, pag. 362) in his study of the eyes in Palinurus.

In addition to the seven functional retinular cells just described,

an eighth rudimentary cell is present in Astacus^ as in many

and perhaps all other decapods. The nucleus of this cell is hidden

among the nuclei of the other proximal retinular cells, and is seen

with certainty only when these nuclei are counted. Such an

enumeration can be carried out in a series of consecutive sections

through a single ommatidium as shown in figures 8—13 (PI. 1).

Here the nuclei are numbered in correspondence with the cells to

which they belong. The most distal section (Fig. 8) contains parts

of nuclei 1, 3, and 7, which also appear in the next section (Fig. 9)

together with a portion of nucleus 6. Nucleus 7 extends through

to the third section (Fig. 10), in which nucleus 6 is also represented

and a part of nucleus 2. The fourth section (Fig. 11) contains the

remainder of nucleus 2 and parts of nuclei 4 and 5, both of which

reappear in the fifth section (Fig. 12). The sixth section (Fig. 13)

contains all seven cells and the eighth nucleus in its usuai position

on the dorsal face of cell 7; occasionally it occurs ventral to this

cell but always associated with it.

The body of the eighth cell seems reduced to a minimum, for

its nucleus appears to be without surrounding protoplasm. In sec-
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tions deeper than tliat in whicb nucleus 8 lies, cell 7 usually presents

a small body, to ali appearances a fibre, eitber on its celi wall or

occupying a deeper position apparently tbrougb Involution (Fig. 14, y],

Whetber this body is the fìbrous end of the eighth celi or not, I

am unable to state with certainty, but its position and numerical

relations favor this view.

Herrick (92, pag. 446) believes that the eighth retinular celi

is present in Alpheus^ but he could not demonstrate it in this crus-

tacean as clearly as in Palaemonetes.

The rhabdome in Astacus is so favorable for investigation

that I bave made it the subject of rather careful study, hoping

thereby to gain a clearer insight into its composition. I shall there-

fore describe it and its surrounding structures somev^hat in detail.

The axis of the retinula, as can be seen in thin longitudinal

sections (Fig. 7), is occupied dislally by the cone-cells [cl.con]^ w^hich,

however, separate after passing only a short distance into the reti-

nula and make their v^ay as fibres around the rhabdome. The level

at which this Separation occurs marks the distai end of a pear-

shaped cavity [x] v^hose walls are made by the necks of the retinular

cells and whose contents consists of a slightly coagulable fluid. This

cavity reaches to the distai end of the spindle-shaped rhabdome,

which, in its turn, extends almost to the basement membrane [mh.ha].

The relations of these different structures can be seen well in trans-

verse sections. Figures 8—11, from the distai portion of the retinula,

show the cone-cells in the axis of this structure ; at the level repre-

sented by figures 12 and 13, the four cone-cells bave separated, and

the opening in the centre is the distai end of the pear-shaped cavity,

which, however, is seen to better advantage in figure 14, where the

fibres from the cone-cells (fbrxon) are also visible. The peculiar

W-shaped distai end of the rhabdome is seen in figure 16; this

expands rapidly to the squarish form characteristic of most trans-

verse sections of this organ (Fig. 24) and retained by it nearly to

its blunt proximal end (Fig. 18). The relative position of the cells

and fibres that surround the rhabdome remains the same thronghout

its length (cf. Figs. 17, 24, and 18).

Although it might seem from figure 7 that the arrangement of

the pigment at the distai end of the rhabdome would prevent the

direct entrance of light into that structure, such is not the case; for,

as can be seen in figure 16, portions of the rhabdome He on the near

and far sides of the one process that would be effective in this
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respect, that of cell 7, and thus afford on either side of the reti-

nular axis a transparent shaft by which light can enter the body of

the rbabdome directly. It is possible^ too, that in the fresh condition

of the rhabdome the pigmented processes are not so prominent as in

the preparation figured ; the latter, however, represented a very typical

longitudinal section.

The rhabdome when taken directly from the live animai has a

uniformly reddish pink tint, and, as can be seen in longitudinal

section (Fig. 7), is composed of a series of some twenty-two plates,

the fiat faces of which are transverse to the retinular axis. Each

piate is subdivided into two half-plates by a plane vertical to its

flat face and passing through the retinular axis. The division-planes

of adjoining plates do not coincide, but are at right angles to each

other, thus giving rise in each rhabdome to two sets of alternating

plates; when the division-planes of one set are cut transversely and

are consequently seen most clearly (Fig. 7), those of the other set

are, of course, not visible, since they lie parallel to the plane of

section. It will be remembered that the sides of the rhabdome

were designated from their positions as dorsal, ventral, anterior, and

posterior, and, since tbe division-planes in the plates are always

parallel to one or other of these sides, the resulting half-plates may
be distinguished as dorsal and ventral when the division-plane cuts

the piate from its anterior to its posterior side, and anterior and

posterior when the piate is cut dorsoventrally.

The half-plates of a given side of the rhabdome belong to the

retinular cell or cells of that side; thus, the ten or eleven posterior

half-plates belong to the single posterior retinular cell, number 7

(Fig. 7, la. p)^ and represent the rhabdomere of that cell; the corre-

sponding anterior half-plates belong to the anterior cells, numbers 3

and 4 (Fig. 7, la. a)^ and represent the united rhabdomeres of these

cells; i. e., these half-plates, as I shall presently show, are to be

regarded as fused pairs of quarter-plates, the rhabdomeres in this

case consisting of quarter-plates instead of half-plates. In the planes

of the anterior and posterior half-plates, retinular cells 1 and 2, and

5 and 6 take no part in the formation of the rhabdome, their con-

tribution to this structure being the ten or eleven dorsal and ventral

half-plates, which, of course, alternate with the pairs of anterior

and posterior half-plates and which must also be regarded as com-

posed of quarter-plates. When the retinula is macerated, as Watase

(90, pag. 299) has shown in Homarus^ its cells or pairs of cells
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separate, retaining on their axial faces the rows of half- or quarter-

plates belonging to them.

From the preceding account it must be evident that the rhab-

domeres in Astacus and Homarus are not single continuous bodies,

as, for instance, in Porcellio^ but consist of a series of separate

pieces, the half- or quarter-plates, which project from the retinular

celi like the teeth on a rack in a rack and pinion. Because of

this resemblance I propose to cali such rhabdomeres toothed, to

distinguish them from continuous simple rhabdomeres as in Porcel-

lio. The same terms may be used to designate the rhabdomes

formed by the union of one or other kind of rhabdomeres.

The structure of the toothed rhabdome, as I bave described it,

offers, I believe, an answer to a question that Grenacher (79,

pag. 124) raised concerning the origin of this organ and that, so

far as I am aware, has never been satisfactorily settled. The fact

that in transverse sections the rhabdome seems to be divided into

four rhabdomeres inclined Grenacher to believe that only four

retinular cells were concerned in its production, though it is sur-

rounded by seven such. From what I bave said of the two kinds

of plates in the rhabdome and their alternation, it must be clear

that ali seven cells produce rhabdomeres and that what Grenacher

took for the planes of Separation between the four supposed rhab-

domeres are really the division-planes between the half-plates.

These planes, since they are at right angles to each other in ad-

joining plates, seem, in transverse sections thicker than one piate,

to divide the rhabdome into four rhabdomeres.

The structure of the half-plates in the rhabdome is most clearly

seen in preparations made by Golgi's method. A retinula prepared

in this way and cut transversely is shown in figure 24; the piane

of section passes through a dorsoventral piate, i. e., components of the

rhabdome belonging to retinular cells 1, 2, 5, and 6, and, as often

happens with this method, only a portion of the preparation is col-

ored, in this case the quarter-plate belonging to celi 2. As is

easily seen, this consists almost entirely of fine fibres, which extend

from the piane of Separation between the two half-plates to celi 2.

This celi itself dififers in appearance from the others in that its

fibrillar axis is obscured by a deposit of Silver precipitate similar

to that which colors the fibres themselves; nor is the coloration

limited to this piane only, but, as I demonstrated to my satisfaction

by studying successive sections, it extends distally and proximally

Mittheilungen a. d. Zoolog. Station zu Neapel. Bd. 12. 2
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through cell 2 and reappears in most of the quarter-plates belonging

to this cell, the other Clements of the retinula remaining almost en-

tirely unaffected ; in other words, the Silver stain here, as in other

cases, effects a given cell and the structure produced by it, but does

not necessarily color neighboring cells. It was from seeing pre-

parations such as this (Fig. 24) that I was led to regard the dorsal,

ventral, and anterior half-plates as composed each of two quarter-

plates, though I could never find a plane of Separation between them

as between the pairs of half-plates.

The fibres belonging to the other cells, 1, 5, and 6, in the

section just mentioned are parallel to those of cell 2, as may be

demonstrated in corresponding sections in which the fibres of all

four cells are colored, and, as all dorsoventral plates agree in this

respect, the general statement may be made that all the fibres in

dorsoventral plates agree in having a common dorsoventral direction.

In the anteroposterior plates the relation of the fibres to the

cells and division-planes corresponds to that in the dorsoventral

ones; i. e., the direction of the fibres in the former is anteroposte-

rior, or at right angles to that in the latter. When a rhabdome in

which the fibres are colored is cut so that the section includes

parts of adjoining plates, the fibres appear to cross one another

(Fig. 25) ; of course, in such cases the two sets lie at different levels.

In longitudinal sections made parallel to one face of the rhab-

dome, the fibres in one set of plates would be cut longitudinally, in

the other transversely. Figure 23 represents such a section, in

which, however, the fibres from only two cells are colored; those

belonging to the cell on the left of the rhabdome are seen in longi-

tudinal section and appear as thick lines; those in the alternating

plates of the right half of the rhabdome are cut transversely and

appear as dots.

The fibres, as may be seen in the figures given, are always

unbranched; of their two ends, one is buried in the retinular cell

and the other usually reaches the division-plane between the two

half-plates. Not infrequently fibres are seen that are not so long

as this; I am uncertain whether these are really short ones, or of

normal length but only partially stained (cf. Fig. 24). Occasionally

some seem to pass through the division-plane and extend as rather

delicate processes into the adjoining half-plate (Fig. 24); this I am

inclined to regard as the result of the spreading of the Silver from

the deeply colored fibres of one half-plate to a few in the adjoining
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half-plate and not due to the penetration of fibres from one half-

plate into another.

At the base of each half-plate where the fibres meet the reti-

nular celi (Fig. 23), the pigmented substance of the celi extends as

a blunt process into the piate. In this way, transverse pigment

bands are produced on the four surfaces of the rhabdome. Since

each band marks the attached face of a half-plate and since antero-

posterior plates alternate with dorsoventral ones, the well-known

alternation of the pigment bands on adj acent sides of the rhabdome

and their coincidence on opposite sides are easily iinderstood.

The precise nature of the fibres is by no means easily deter-

mined. That they are not purely artificial products of Golgi's me-

thod is shown, I believe, in two ways: first, they occur only in the

rhabdomes and bave a definite arrangement conformable with the

structure of these bodies, conditions that would not be expected if

they were simply artificial products, and, secondly, they can be

demonstrated in some crustaceans, as, for instance, in Porcellio and

Serolis without the use of this method^. In deciding on their

nature, one structural feature that they present is of considerable

importance; in ordinary sections it is not uncommon to see

streaks free from pigment extending from the base of the fibres in

the rhabdome through the pigmented substance of the retinular celi

to its fibrillar axis as though the fibres and the axis were in direct

anatomical continuity, and in preparations made by Golgi's method,

the Silver salts often take this course, coloring the connecting streaks

and the fibrillar axis as well as the fibres themselves. This favors

the view that the fibres represent the distai terminations of the

constituents of the fibrillar axis, and throws some light on the follow-

ing peculiarity of the rhabdome, as contrasted with a nerve fibre,

in their relations to beat. When a perfectly fresh nerve fibre is

heated to 50° C, it contracts about Y4 or 1/5 i^s originai length;

when a fresh rhabdome is similarly treated, it becomes thinuer and

^ The fibrous structure of the rhabdome has, in fact, already been recorded

in a number of arthropods. It is probable that what Max Schultze (68, pag. 14,

PI. 1 Fig. 12) described and figured as lamellae in the plates of the rhabdome
in Astacus were really fine fibres seen from the side. Patten (86, pag. 629),

however, was the first that recognised fibres as such in the crustacean rhab-

dome. Similar structures have been observed by Watase (90, pag. 291) and
myself (91, pag. 117) in Serolis, by Watase (90, pag. 303) in Limulus , and by
Willem (92, pag. LXXX etc.) in Lithohius and Folyxenus.

2*
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elongates about Yß its length, i. e., it contracts on the lines of its

fibres, which are at right angles to its length, in precisely the same

way that the constituents of the nerve fibre do; in other words, the

substance of a nerve fibre and of the fibres of the rhabdome behave

similarly towards heat. For these various reasons I have been led

to regard the fibres of the rhabdome as nervous struetures,

the distal ends of the fibrillae of the retinal nerve fibres.

As can be seen in transverse sections of the half-plates, these

nerve fibrillae constitute the greater part of the mass of the rhab-

dome, the interfibrillar substance being limited to a comparatively

small space. Whether the fibrillae are simply fluid-filled pores in

this substance or delicate rod-like bodies imbedded in it is difficult

to say, but whichever they may prove to be seems to me to have

little hearing on their nervous nature so long as the same question

concerning nerve fibrillae in general remains open.

If the finer structure of the rhabdome, as presented in the fore-

going Paragraph, is not directly opposed to Grenacher's (79, pag. 158)

conception that this body is the cuticular product of the retinular

cells, it offers, at least, little support for that view and still less for

Watase's (90, pag. 291) opinion that the organ is a chitinous pro-

duct. To me the rhabdome seems in no sense a secretion, but

rather a differentiation of a portion of the protoplasm of the retinular

cell, much as muscle substance is the product of a muscle cell, a

view already expressed by Johansen (92, pag. 353) in his prelimi-

nary account of the development of the eyes in Vmiessa.

The diagrammatic figure 60 (PI. 3) gives, by way of summary,

the complete outline of one of the seven Clements that unite to

form a retinula. The swollen distal end containing a nucleus tapers

into a neck, which forms part of the wall of the pear-shaped cavity

and which leads directly to the body of the dement. The axial

side of the body is marked by about ten transverse waves, each of

which carries on its crest a Segment of the toothed rhabdomere. The

proximal end of the body becomes fibrous, pierces the basement

membrane, and, as a retinal nerve fibre, extends to the first optic

ganglion where it ends in many fine branches. The fibrillae from

the Segments of the rhabdome unite in the body of the dement to

form its fibrillar axis, which is continued proximally as the axis

cylinder of the retinal nerve fibre and resolves itself into fine bran-

ches in the first optic ganglion. In all parts of the dement, except in

the true nervous structures just mentioned and in the nucleus, there
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is, as a rule, a rich deposit of fine blackish pigment granules. The

whole element thus briefly outlined represents a single celi, or,

adopting the term suggested by Waldeyer (91, pag. 52) for such

nervoiis Clements, a neuron.

e. Migration of Retinal Pigment.

The changes in position produced in the pigment of crustacean

eyes by the action of ligbt and darkness bave been described, so

far as I am aware, by only two investigators, Szczawinska and

ExNER. In the account by Szczawinska (91), these changes are

dealt with chiefly from an anatomical standpoint, while Exner (91)

has regarded them rather in the light of their physiological signi-

ficance and has brought them into intimate relations with his theory

of vision in compound eyes. Both Exner and Szczawinska bave

studied the crayfish, and, though their results agree in the main,

these stili present differences important enough to cali for rein-

vestigation.

The method that I fìnally adopted for preparing the eyes was

somewhat more complicated than that formerly used, but the greater

exactness of the results yielded by it seems to me to justify its

employment. The extreme conditions to which I subjected the cray-

fìshes were, on the one band, darkness as complete as could be

obtained in a closed dark-room and, on the other band, daylight

bright but diffused. As my object was to study the normal action

of the eyes, I tried to reproduce, so far as the light was concerned,

the extreme natural conditions under which the animai lived, and

I did not resort to the use of excessively bright light, such as direct

sunlight, etc., as used by Szczawinska and which, as she remarks,

often kills the animals. To ward against possible individuai varia-

tions in the amount of pigment in the eyes, I prepared both eyes

in each animai, one after subjecting the animai to the light for four

hours and the other after it had been in darkness for the same

period. xis the removal of one eye does not interfere with the

normal action of the other, so far as I could observe, I see no ob-

jection to this method of procedure, which certainly has the advan-

tage of allowing a closer comparison of the condition in the two

eyes. The eyes subjected to darkness were prepared without
exposure to light, usually by hardeniug the tissues of the animai

as a whole. This I did by means of water at about 90° C; the beat
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penetrates and fixes the tissue almost at once. In this respeét it is,

perhaps, a safer reagent tlian fluids that enter the tissues more

slowly and thus allow an opportunity for slight changes in the po-

sition of the pigment. However, on coniparing eyes hardened in

alcohol or corrosive sublimate with those prepared in hot water, I

never discovered any important differences so far as the position of

the pigment was concerned.

As may be gathered from the anatomical description already

given, the pigment in the retina of Astacus is of two kinds, fine

blackish grains, and flakes of an irregularly crystalline substance,

yellowish by transmitted light but whitish in reflected light. These

two substances are contained in different cells; the flaky material

fills the accessory pigment cells and constitutes what Exnek calls

the tapetum, while the blackish grains are found in the distal and

proximal retinnlar cells, corresponding to what Exner has termed

the iris and the retinal pigment respectively.

The pigment in the proximal retinular cells is easily affected

by light. In diffused daylight, it is present thronghout the retinular

cell from its distal nucleated end to a point in its fibrous Prolon-

gation some distance below the basement membrane, the concentration

of the pigment, however, being around the distal end of the rhab-

dome (PI. 1 Fig. 1); in other words, by means of this pigment the

whole rhabdome is protected from the approach of light except at

its distal end, where light can gain access to it through the small

aperture by which the four cone-cells penetrate the distal end of

the retinula, as previously described. Under similar circumstances,

essentially the same arrangement of pigment was observed by

SzczAWiNSKA (91, pag. 552) and by Exner (91, pag. 109).

In eyes that had been prepared in perfect darkness, the

pigment of the proximal retinular cells was found to have migrated

completely into the retinal fibres below the basement membrane

(PI. 1 Fig. 2) ;
in other words, in complete darkness, no part of the

rhabdome remains covered by black pigment; and, except for the

protection that its proximal end receives from the accessory pigment

cells, it is accessible to the light from all sides. The extreme

position of the pigment by which this condition is produced has

been observed by Exner (91, pag. 109). According to Szczawinska

(91, pag. 552)
,

however, the pigment does not retreat proximally

further than the middle of the rhabdome. I have observed this

condition in crayfishes that have been kept in the dark and whose
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eyes bave been preserved immediately on exposing the animals to

the light. As this seems to have been Szczawinska's usuai method

of procedure, it is easy to understand why she never observed the

pigment in its more extreme position as seen by Exner and myself.

In ali cases, however, in which the eyes were prepared in darkness

after having been kept there some hours, the absence of retinal

pigment on the distai side of the basement membrane was easily

demonstrated.

In dim light, as might be expected, this pigment occupies a

position intermediate between the two extremes just described and

Covers the proximal half or two-thirds of the rhabdome. From its

action it seems to be a means of Controlling the access of light to

the rhabdome; when much light enters the eye, it covers the rhab-

dome ali but the distai end; on decreasing the amount of light the

exposed surface of the rhabdome is increased, tili finally in perfect

darkness the whole rhabdome is uncovered.

Since the changes shown by the pigment in the distai reti-

nular cells are not so easily observed as those in the cells last

described, it is not surprising that the accounts of Szczawinska and

ExNER do not agree in this instance as well as in the former. Each

distai retinular celi, it will be remembered, consists of two parts: a

fiat portion, which may be called the body of the celi and which

covers two adjacent faces of the cone, and a process, which extends

from the proximal edge of the body to the retinula. In regard to

the distribution of pigment in these parts, considerable individuai

Variation occurs, and I begin by describing a case that may be said

to represent one extreme of these differences.

In a left eye prepared in darkness, pigment was observed only

in the bodies of the distai retinular cells (PI. 1 Fig. 2), their proxi-

mal processes containing none of this substance; in other words,

the pigment was lodged entirely between the cones as observed by

ExNER (91, pag. 73j and by Szczawinska (91, PI. 17 Fig. 1). In

the other eye from the same animai prepared in daylight, the pig-

ment had evidently migrated proximally (PI. 1 Fig. 1), not, however,

as a pigmented cylinder sliding over the cone as described by Exner,

but as pigmented processes, one for each celi as stated by Szcza-

winska (91, pag. 545). When viewed from the side, however, these

processes seem like the edges of a cylinder cut longitudinally, an

appearance that probably misled Exner. In serial transverse sections,

however, the fibrous form of the processes can be demonstrated
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beyond doubt (PI. 1 Fig. 6, cl.dst]. These pigmented processes,

as might be expected, are not new structures, but are the trans-

parent processes of the distal retinular cells partly filled with pig-

ment from the body of the cell. The largest migration that the

pigments made, was over a distance about equal to the length of

the cone. Exner (91, pag. 73) states that, after the proximal migra-

tion has taken place, only a few traces of pigment are left between

the cones; and Szczawinska (91, pag. 552) says that the change

renders the pigmented cylinder of the cones in part imperfect.

Although the subtraction of pigment granules from between the cones

may render that region somewhat less impervious to light, certainly

more pigment remains behind than passes into the processes, and

I never observed such a deficiency in what was left as Szczawinska

(91, PI. 17 Fig. 2) figures. In this case, then, the change from dark-

ness to light induces the migration of a small part of the pigment

from the body of the cell into its proximal process.

The opposite extreme to the case just described was as follows:

the pigment of the distai retinular cells, when prepared in darkness,

occupied not only the body of these cells, but also the distai portion

of their proximal processes , so that their appearance was almost

identical with that produced by the action of light in the former

instance. The light, in this case, caused the pigment in the processes

to migrate stili farther tili it nearly touched the proximal retinular

cells. In both cases, then, the light produced the same effect, a

proximal migration of the pigment; in the first instance, this

began in the body of the celi, but, in the second, it began in the process

itself. Since in these experiments the action of light and of darkness

was tried one on the right and the other on the left eye of the

same crayfish, and since in ali preparations the pigment of the

proximal retinular cells reacted normally and fully, I believe that I

am justified in interpreting the conditions in these two extreme cases

as due to individuai variations and not caused by pathological changes.

This conclusion is supported by the fact that, in the four pairs of

eyes that I bave cut, the changes in the pigment of the distai reti-

nular cells show considerable Variation as contrasted with the uni-

formity of the changes in the proximal cells.

Although the pigment in the distai retinular cells migrates in

the direction that Exner has stated, the fact that it has the form of

a narrow process instead of a cylinder might at first sight seem to

offer a serious objection to bis explanation of these changes and
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open the question as to whether his descriptions of tlie corresponding

changes in other crustaceans are not faulty in this respect. With a

view to partially answeriog this question, I studied the changes in

the pigment of Palaemon^ one of the best instances given by Exner,

and I can fully confirm his Statements regarding this crustacean;

Palaemon certainly possesses a pigmented cylinder, which, under the

influence of light or darkness moves proximalìy or distally over the

united cone-cells. This shows that, though Exner's view may require

some modification for certain crustaceans, as, for instance, Astacus^

it may stili hold good for others. Nor do the modifications required

by Astacus necessitate any serious changes, for, if, in the presence

of increased light, a pigmented cylinder is an optical advantage

below the cones in obstructing oblique rays, pigmented processes in

a similar position would answer the sarae purpose, though, of course,

their action would probably be less complete. I regard the proximal

processes of the distai retinular cells in Astacus as an apparatus of

this kind, incomplete in one sense and yet efficient enough doubtless

to meet the requirements of the animai.

Concerning the accessory pigment cells with their whitish

pigment, Szczawinska (91, pag. 552) states that under the influence of

light they shorten and swell slightly. Exner (91, pag. 105), however,

was unable to identify with certainty any movement in these cells

in Palaemon^ and regards the changes that they appeared to undergo

as due to the fact that in different conditions of Illumination they

were differently covered by the blackish pigment of the proximal

retinular cells. My own observations on Astacus support Exner's

conclusion; in eyes preserved in darkness, as well as in those pre-

pared in light, the accessory pigment cells extend from the middle

of the rhabdome to the distai face of the basement membrane, and

in these two conditions showed, as far as I could observe, no differ-

ence in form. I therefore conclude that they are not affected by
light or darkness.

In a retina exposed to light, the black pigment in the proximal

retinular cells lies between the accessory pigment cells and the

rhabdome; but, in one from which the light is excluded, the black

pigment migrates to a region below the basement membrane, and

there is no opaque substance intervening between the accessory cells

and the rhabdome. If, under such circumstances, a small amount

of light were to enter the retina and pass to the proximal end of

the rhabdome without being absorbed, it would probably be reflected
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througli the rhabdome again by these cells, thus doubtless increasing

the Stimulation of that organ. The fact that reflection would be

most needed in faint light and tbat under such circumstances the

accessory cells are in a position to act most efficiently as reflectors

suggests this as their function.

The blackish pigment grains are contained within the distal and

proximal retinular cells, and in their migrations they remain entirely

within the walls of these cells. Since the cells bave about the

same form after the migration of the pigment as before, I find it

difficult to explain this change without assuming that it is produced

as in vertebrates by a protoplasmic streaming. Certainly in Astacus

no muscles are concerned in the change, though the case may be

different in Palaemon.

By way of summary it may be stated that the black pigment

of the distal and proximal retinular cells is a means of Controlling

the amount and quality of the light that reaclies the rhabdomes.

In comparative darkness, the absence of pigment around the rhab-

dome, as well as the absence or shortness of the pigmented pro-

cesses from the distal retinular cells, renders the rhabdome far more

easily accessible to light than in the conditions presented in the

brightly illuminated eye. In faint light, rays from a variety of

directions can reach the rhabdome ; in bright light, the more oblique

rays are excluded and only those more nearly parallel with the

ommatidial axis enter it. When least light enters the retina, the

accessory pigment cells are most exposed and can consequently act

most effectively as a reflecting apparatus.

d. Theories of vision.

The numerous theories that bave been proposed to account for

vision in compound eyes differ from one another in one or both of

the following particulars: first, as to which structure in the eye is

the perceptive organ, i. e., is concerned with the reception of light

and the production of the impulse transmitted by the optic nerve;

and, secondly, as to the number of simultaneous but distinct im-

pressions that each such organ can receive, i. e., whether each organ

is a perceptive surface for a whole picture or for only one dement

in a picture.

In determining which are the perceptive organs, facts concerning

the structure of the eye are of no small iraportance; these organs
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must, on the one band, be connected witb tbe exterior by means of

structuves capable of transmitting ligbt to tbem, and, on the other

band, they must bave nervous connections witb the brain. Of the

various views known to me concerning their location, that suggested

by LowNE (84) seems least successfully in meeting the requirements

mentioned above. Accordine to this investigator the perceptive Cle-

ments do not occur in what is usually termed the retina, but in

what I bave designated the first optic ganglion, where they are

represented by a layer of bodies calied by Viallanes (92 a, pag. 391)

the neurommatidia. This layer, however, as I shall presently show,

is not accessible to light nor does it represent the distai ter-

mination of the optic fibres, two facts that appear to me fatai to

Lowne's view. So, too, Wagner's (35, pag. 372) opinion that the

pigmented sides of the cone form a perceptive surface, as well as

Leydig's (55, pag. 416) and Patten's (86, pag. 692) belief that. the

cone itself is the perceptive body, seems to me erroneous, since these

structures, though accessible to light, bave been shown to be without

nervous connections. Objections can also be raised against Vial-

lanes' opinion that the pigmented distai ends of the proximal retì-

nular cells are the perceptive structures and that the pigment itself

plays an essential part in the production of the visual impulse. If

these cells act as Viallanes believes they do, it is not easy to

understand why the axis cylinder extending through each of them

does not terminate in their distai ends instead of in the rhabdome

as admitted by Viallanes himself. Moreover the fact that albino

animals, such as rabbits (cf. Angelucci, 78, pag. 377) are able to

see, though the postretinal epithelium of their eyes is devoid of

pigment, shows conclusively that this pigment does not play the

essential part in vision that Viallanes ascribes to it; and, further,

since this view, like that of Wagner, Leydig and Patten, offers no

explanation for the presence of the rhabdome nor for the migration

of the pigment in the retinular cells, I believe that it, like the others,

must be abandoned.

Unsatisfactory as these different opinions are, there is stili one

against which it seems difficult to raise serious objections and that

is the opinion first clearly expressed, I believe, by Max Schultze

(68, pag. 12) and afterwards defended by Grenacher (79, pag. 157)

that the rhabdome is the perceptive organ. The fact that the diop-

tric apparatus of the eye transmits light to the rhabdome but no

further, that there are nervous connections between rhabdome and
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braiü, and that no other structure in tlie retina possesses both of

these peculiarities , is strong evidence in favor of the perceptive

nature of this body. Moreover, granting this concliisionj the changes

undergone by the pigment become perfectly intelligible, for they are

obvionsly directed toward Controlling the quantity and the quality

of light that reaches the rhabdome. These various reasons, I be-

lieve, justify the conclusion that the rhabdome is the perceptive

Organ of the retina.

Having reached this point, there still remains the question con-

cerning the character of the impressions made upon the rhabdomes:

does each rhabdome perceive a complete picture or only one de-

ment in a picture? This problem may be approached from tvro

sides; we may first try to ascertain the character of the imag^e

thrown on the rhabdome by the dioptric apparatus, and secondly, by

examining the finer structure of the rhabdome itself, we may
attempt to determine to what extent it is capable of perceiving an

image.

Concerning the character of the image thrown by the dioptric

apparatus, there are already a number of conflicting observations and

opinions. From the time ofLeeuwenhoek, investigators have been more

or less familiär with the fact that each facet in the corneal cuticula is

capable of projecting at a short distance behind itself a small in-

verted image of an object held in front of it. In a carefully pre-

pared fly's eye, Gottsche (52, pag. 488) believed that this image

was to be seen at the proximal end of the cone, and, regarding it

as functionally significant, he raised the question of how and where

it is perceived. Max Schultze (68, pag. 27), who, as we have

already seen, correctly interpreted the rhabdome as the perceptive

organ of the retina, took the Suggestion from Zenker that the den-

ser material of the proximal part of the cone-cells might cause a

proximal displacement of one of the foci of the dioptric apparatus,

and believed that in this way an image might be thrown on the

rhabdome. Viallanes (92, pag. 372) states that, in the eyes of

insects and crustaceans prepared by a method essentially similar to

Gottsche's, a small inverted image could be observed at the distal

end of each retinula. It is, then, a matter of Observation that for

each ommatidium in freshly prepared eyes a small inverted image

occurs not far from the distal end of the rhabdome.

These observations are directly opposed to those of Exner (91),

who, after preparing the rather resistant dioptric apparatus of Lam-
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pyrus by carefully removÌDg the nervous layer of the retina and ali

pigment, observed, near the level formerly occupied by the percep-

tive layer of the retina, a single erect image produced by the com-

bined action of the separate dioptric organs of the eye. These

Organs when uninjured never gave rise to small inverted images as

described by other investigators. The contrast between Exner's

observations and those summarised in the preceding paragraph

must be evident.

The grounds upon whicb these two opinions are based are not

wholly unassailable ; in the method of preparation used by Gottsche

and ViALLANES, the uncertainty as to whether the structures left in the

eye retain their normal positions or not must be evident to any one

who has attempted such experiments, and the complete removal of

pigment, as practised by Exner, obviously leaves the dioptric ap-

paratus in a condition far from normal. It is also important to bear

in mind that neither Exì^er nor the advocates of the opposing theory

bave ever observed images in or on the perceptive organs them-

selves; what they bave seen has been located near the perceptive

Clements or at best in a position formerly occupied by these bodies.

That the character of the image in the rhabdome itself has not been

ascertained is due in great part to the technical difficulties involved

in such an Operation. Astacus^ however, on account of the .very

large size of its ommatidia, is more favorable for such experiments

than other crustaceans; and it is chiefly due to this fact, rather

than to any technical advance, that I bave been able to observe the

image in the rhabdomes of this crustacean.

For this purpose I prepared the eyes in the following manner.

A perfectly fresh eyestalk was so placed in a freezing microtome

that, beginning at its proximal end, transverse sections could be cut

from it tili only the hemispherical distai end containing the retina

remained. It was easy to determine from the appearance of the

pigment on the cut surface what piane in the retina had been

reached, and there was no difficulty in making preparations for any

desired level. The preparation having been cut, it was removed

from the ice and placed on a cover-glass, its fiat face being next

the glass. This transfer was made before the retina had thawed out;

for , after it had become soft, it was found impossible to move it

without seriously displacing the ommatidia. The preparation was

usually fixed to the cover-glass by a very small amount of Canada

balsam, care being taken, however, to keep the balsam from entering
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the retina or spreading over the face of the corneal cuticula. The

preparation was then ìnverted over a small glass box containing

enough water to bathe its convex surface, and the whole appa-

ratus was placed under the microscope so that the cut surface of

the preparation could be inspected. In preparations that had been

carefully made, the ommatidia were found stili regularly arranged

as in life, and, since the front face of the eye was bathed in water

and the retina was permeated with normal fluids, and, further, since

ali the refracting surfaces artificially introduced were rendered in-

effective by being at right angles to the light, it was assumed that

the requirements for exact Observation were complied with. Since

it was necessary to make the preparations in the light, the experi-

ments were conducted on eyes in which the pigment had taken the

Position characteristic for a retina brightly illuminated.

The results obtained were brietly the following. Light never

penetrated the eye to the depth of the basenient membrane ; for this

always appeared uniformly black, even when the front face of the

retina was illuminated with sunlight reflected from a piane mirror or

with the rays from a streng electric arc-light. This Observation, if

correct, seems to me, as previ ously stated, to render Lowne's theory

untenable. When the preparation was made so that the proximal ends

of the rhabdomes were exposed and the retina was illuminated with

streng sunlight or light from an electric lamp, the rhabdomes ap-

peared as small irregulär pinkish areas, but the light which they con-

tained was so faint that the presence or absence of an image in

them could not be satisfactorily determined. When the preparation

was made so that the distai ends of the rhabdomes were exposed, these

bodies appeared, even when illuminated with dififused daylight, as

small pinkish areas set in an opaque black üeld. Each rhabdome

was uniformly bright and presented not the least indication of an

image within its area. When a lamp was used and the amount of

light given out by it was made to vary, these variations, even when
very slight, were observable in the rhabdome. When an opaque

object, such as a peucil, was held in the light between the lamp

and microscope, its position was marked by the darkening of certain

rhabdomes, and, when it was moved to and fro, the order of succes-

sion in which the rhabdomes became dark showed conclusively that

it was represented in the retina as a whole by a single erect image.

In preparations that were made for a level slightly beyond the

distai ends of the retinulae and that showed, consequently, only the
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proximal ends of the groups of cone-cells, the presence of the single

erect image just mentioned was easily verifìed, and, though its out-

line could not be called sharp, its general form could be easily

recognised. It was, of course, only well seen in the centrai part of

the retina; for, owing to the radiai arrangement of the ommatidia,

the sides of preparations made as I bave described are always un-

favorable for study. In this centrai region I never observed the small

inverted Images claimed by Viallanes to be present at this level

in each ommatidium.

These observations are important in two respects; they show

that, when the rhabdome is surrounded by pigment, its whole leugth

can be penetrated only by very strong light, though its distai end

can always be illuminated even by diffused daylight, and, secondly,

they confirm the belief entertained by Müller, Grenacher, and

ExNER that the image in the compound eye is a single upright

one for the whole retina, whose perceptive elements, the rhab-

domes, receive each a single Impression.

Granting this conclusion, it might fairly be asked, what, then,

are the small inverted images seen by so many investigators? The

presence of these images under certain conditions is beyond question.

When the corneal cuticula is carefuUy cleaned and properly mouuted

under the microscope, each facet produces a remarkably sharp,

bright image of objects in front of it, even the comparatively fiat

faced facets of Astacus being no exception to this rule. These images,

as Zenker surmised, can be made to occupy more proximal positions

by filling the region in which they are formed with denser media,

as the following observations on the facets of Carcinus maenas show.

When the distai face of the cleansed corneal cuticula of this crusta-

cean is immersed in water and the proximal concavity occupied with

air, the image is seen at a distance of 9 [x behind the proximal face

of the facet; with water in the proximal concavity it is formed at

a distance of 17[x, and with glycerine, at 21[x. I bave made prepar-

. ations of the eyes of Musca and Carcinus as Gottsche and Vial-

lanes did, and in both cases I saw the small inverted images described

by these investigators. As is implied by Viallanes, these images

are certainly produced by the corneal facets and displaced proximally

by the denser transparent material of the retina, but that their for-

mation is a normal process is by no means so certain. In both

Musca and Carcinus^ the substance of the cones is so soft that when
these bodies are freshly removed from the eye it flows like a thick
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liquid; and, wlien a number of cones are removed together, though

their outlines are at first distinguishable, they soon inelt into an

almost liomogeneous, transparent mass. This usually takes place

also when the retina is prepared according to Gottsche's method,

and thus a homogeneoiis mass is produced by which the images

from the facets are simply displaced to a deeper region in the eye.

As these images were not observed in preparations in which the

structure of the cones was unaltered, it seems to me that they must

be regarded as functionally unimportant, and I account for them by

the fact that one part of the dioptric apparatus, the facet, has remained

intact, while another part, the cone, has been rendered ineffective

by an alteration in its structure.

Having reached the conclusion that the normal retinal image is

of such a character that each rhabdome receives only a single

Impression, there still remains the questioni Does the finer struc-

ture of the rhabdome justify this conclusion? Granting the fibrillar

structure of this body, it might be assumed that each fibrilla repre-

sents an isolated perceptive organ, the whole rhabdome thus consti-

tuting a perceptive field like the human retina. The distribution of

the fibrillae, however, does not favor this vievr; for, vrhether we
assume them to be effected by light only at their free ends or

throughout their entire length, they never present a mutuai arrange-

ment favorable for the reception of separate impressions. The fact

that the quarter-plates of fibrillae from one retinular cell alternate

vertically v^ith those from another so that the same kind of light

would effect both sets of fibrillae, is directly opposed to the idea that

each rhabdome receives numerous separate impressions. In fact, the

structure of the rhabdome seems admirably adopted for destroying

precisely this difference. Viallanes (91a, pag. 396), hovs^ever, assumed

that each retinula represented seven perceptive organs capable of per-

ceiving each a single Impression. Without raising the question why
these seven Clements are united to form a retinula, I believe we
can grant what Viallanes claims and still have difficulties enough

to explain how seven perceptive organs, such as the retinular cells,

can be very eifective in perceiving an image such as that which

ViALLANES believes to be thrown on them. The images figured by

him are altogether too rieh in details for such a retina, and I side

with Geenacher (79, pag. 152) in the opinion that, if seven is the

greatest number of separate perceptive Clements that can be assumed

for each retinula, it is more likely that the retinula receives only
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one impression than many. Owing, however, to the peculiar over-

lapping of the quarter- and half-plates . of adjoinÌDg rhabdomes as

previously described, even this assuraption seems to me inadmissible;

for, in conformity with this overlapping, there can in reality be

only three retinal elements in each rhabdome. This number is

obviously too small to constitiite any serviceable retina, and I, there-

fore, believe that, both from the character of the image thrown on

the rhabdome and from the structure of this body itself, we are

justifìed in concluding that each rhabdome is a perceptive

organ for a single impression.

To this conclusion the objection might be raised that the function

ascribed to the rhabdome is altogether too simple to require such

a complicated structure as this organ possesses. But this objection

seems to me falsely grounded, for, though each rhabdome cannot

receive more than a single impression at a time, it does not follow

that the impressions themselves cannot be complex ; in fact, I believe

we must assume them to be so, since the animals give every evidence

of distinguishing between lights of different intensity as well as of

different colors. It, therefore, seems to me possible that the complex

structure of the rhabdome is necessitated by its complex function. Thus,

as was previously stated, diffused daylight enters only the distai

portion of the rhabdome, while strongest light is required to pene-

trate to its proximal end. Since diflfused daylight can, therefore,

stimulate only the more distai fibrillae, while light of greater intensity

effects not only these but also fibrillae in more proximal positions,

it is conceivable that the difference in intensity between any two

impressions might be expressed by the difference in numbers of

fibrillae thrown into functional activity in the two cases. If this be

true, an efficient rhabdome would consist of numerous fibrillae placed

at different levels in respect to the light. Why, as is actually the

case, there should also be many fibrillae at the same level is not

easily understood, unless we assume that there are different ones for

the perception of different colors, in which case the series might be

repeated at successive levels. But whether this be true or not,

it must be remembered that on the sides of our own retinas, the

elements are more numerous than the impressions we receive, and,

though I am as unable to explain this excess as I am that in the

rhabdome of Astacus^ the facts that such an excess really exists,

proves, I believe, that the objection mentioned in this paragraph is,

after ali, without weight.

Mittheilungen a. d. Zoolog. Station zu Neapel. Bd. 12 3
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Although the foregoing conclusions that each rhabdome receives

a single impressiou and that the retinal image is a single erect one,

Supports, in all essential respects, Müller's theory of mosaic vision,

it is possible, as Exner has recently shown, that in some instances

the retinal Images are not formed in precisely the way that Müller

«upposed. Müller believed that, of the rays of light entering a

given ommatidium, only such as were approximately parallel to its

longitudinal axis were condueted to the perceptive organ at its base,

the rest being absorbed by its pigmented walls, and, further, that the

light received by one ommatidium had no influence upon the per-

ceptive Clements of adjacent ommatidia. In this way each omma-

tidium produced independently one block in the upright mosaic image

formed by the mutuai action of all ommatidia. Exner, likewise,

believes that retinal Images can be formed essentially in this way
and has called them apposition Images. In eyes in which a complete

pigment sheath extends from the cone to the rhabdome, only appo-

sition images would be possible, but there are also eyes in which the

region between rhabdome and cone proper contains little or no pig-

ment, and in such cases it is conceivable that the light entering the

cone of one ommatidium might reach the rhabdome of another or

possibly, several others, as Exner believes. This might seem at

first sight to interfere with the clearness of vision, but, as Exner

has shown in some instances at least, the dioptric organs of the eyes

in question are so constituted that they each form a relatively large

erect image near the level of the rhabdomes, and these images overlap

one another so that the details in one coincide with tbe details in

another, thus giving rise to a single erect image for the whole retina;

in other words, the light that emanates from one small luminous

object in the field of vision and enters tbe retina, even though it

does so by means of many cones, is finally concentrated at one

point in the sensory layer. The image thus formed has been appro-

priately called by Exner a superposition image and differs from an

apposition image, all other things being equal, only in its greater

brightness ; i. e., one mosaic block in an apposition image is formed

by the axial rays from one cone ; the corresponding block in a super-

position image is formed by the corresponding rays plus many others

that, after entering the retina through neigbboring cones, are turned

by these so as to meet the given axial rays at the level of the per-

ceptive layer.

It is not my purpose to enter into a discussion of the optical means
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by which such superposition images may be produced. So far as

my own Observation s are concerned, I know of notbing that is in

disagreement witb Exner's belief tbat each dioptric organ acts as a

j)lens-cylinderff, an optica! contrivance that this author (cf. Exnee,

91, pag. 1) has ably described and that seems perfectly capable of

producing the requisite images.

A question more directly connected with the present studies

concerns the character of the retinal images in Astacus: are they

apposition or superposition images ? The fact that the pigment plays

so important a part in determining the kind of image in a given

eye, and, further, that in Astacus it presents two extremes in its

arrangement, one for bright and one for dim light, requires that this

question be asked for both conditions. Since the region of the retina

between the cones and the rhabdomes is for the most part devoid

of pigment, a superposition image might be expected; but, for a

satisfactory answer, evidence of a more conclusive nature must be

had. This I bave tried to obtain in the following manner.

A frozen preparation of a fresh retina, such as I bave already

described (cf. pag. 29), was made for the distai end of the rhabdome,

placed in the usuai way under the microscope, and illuminated by

rays from a lamp some two metres distant. It will be remembered

that in a superposition image each rhabdome receives light from a

number of cones, whereas in an apposition image the light entering

any rhabdome comes from a single cone. With this difference in

mind, I placed directly below the preparation, i. e., between it and

the source of light, a sliding diaphragm composed of a glass piate

carrying a piece of tinfoil in which there was an opening a little

smaller in diameter than a facet. By moving this back and forth

I could illuminate either one cone or the whole retina. In using

the apparatus two precautions were to be observed; first, it was

necessary to bring the diaphragm to rest with its opening opposite a

facet and not between facets. The correct position could easily be

judged from the rhabdomes, for it was possible to place the dia-

phragm so that only one rhabdome showed light. The second pre-

caution was to place in the eye piece of the microscope a diaphragm

with a very small opening so that the light that passed through the

sides of the retinal preparation when fully illuminated could not

reach the experimenter's eye and thus interfere with accurate Obser-

vation. Having set up the apparatus, I attempted to decide whether

a given rhabdome, after being illuminated by light entering it

3*
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through a siogle cone, became brighter when the same kind of light

feil on the surroundiDg cones. Repeated trials convinced me that

this was not the case; at least, on sliding the diaphragm, I could

perceive no change in the brightness of the rhabdome, though, when

a piece of slightly smoked glass was introduced between the source

of light and the microscope, the light in the rhabdome was per-

ceptibly diminished. I therefore believe that the image received by

the retina in Astacus when the pigment is arranged for bright

illum ination is an apposition image.

The character of the image in eyes in which the pigment is

arranged for dim light was not easily determined on account of the

difficulty of making preparations. This was necessarily done in the

light, and, though the eyes were prepared immediately on being

taken from the darkness, the exposure to light sufficed often for a

complete return of the pigment to its position for bright Illumination.

I was, therefore, finally obliged to experiment with preparations cut,

not at the level of the rhabdomes, but far enough distal to these

to avoid all pigment. Taking as the body to be illuminated, the cut

proximal end of a group of four cone-cells, I repeated the experiment

which I had previously tried with the rhabdome, and found the group

of cone-cells very much brighter when light was admitted to the

retina through many cones thau when it entered through only one,

an Observation that indicated to my mind the presence of a super-

position image. The image itself could be easily seen; thus, when

a small lead-pencil was held in front of the prepared eye, its image

appeared as a dark band in the retina, and I could readily demon-

strate by moving it that the image was an erect one. The image

was Sharp enough to enable me to distinguish the pointed from the

blunt end of the pencil, and, so far as I could see, the sharpness

increased slightly on focusing proximally, so that the image may

have been clearer at the level of the rhabdomes than where I ob-

served it. These observations left no doubt in my mind that when the

retinal pigment in Astacus was adjusted for very dim light, the

image formed by the dioptric apparatus was a superposition one.

Hence Astacus may be classed, so far as its dioptric Organs are con-

cerned, with those crustaceans whose retinal Images, as Exnee has

pointed out, are formed at one time as apposition, at another as

superposition Images.
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5. Optic Ganglia.

a. Composition.

The mass of nervous tissue that occupies the centrai part of

the optic stalk is composed of four distmct ganglia so placed that

they constitute a series extending from the retina toward the brain

(PI. 1 Fig. 27). These ganglia have been designated, beginnìng with

the most distai one, as the first, the second, the third, and the fourth

optic ganglion (I—IV). The retina is connected with the first of

these by the retinal fibres (fbì\r), and from the fourth the optic

nerve {ti.opt) extends proximally to the brain. The three Spaces

between the ganglia are bridged over by Systems of nerve fibres.

The chief constituents of the ganglia are ganglionic cells, nerve

fibres, and »Punktsubstanz«; but, in addition to these, the ganglia

also contain capillaries, connective tissue cells, and possibly a neu-

roglia.

The capillaries that ramify in the substance of the ganglia

are derived from the subdivision of a single small artery that makes

its way over the posterior face of the ganglionic mass. In pre-

parations in which these capillaries have been injected with haema-

toxylin, it is easy to demonstrate the distribution of these vessels.

They are about as abundant in the fibrous regions between the

ganglionic centres as in these centres themselves, and within

each ganglion they are noticeably more numerous in the «punkt-

substanz« than among the surrounding ganglionic cells.

Connective tissue cells occur not infrequently throughout

the ganglia, being rather more abundant on the periphery of these

structures and among the nerve fibres between them than in other places.

The presence of a neuroglia like that in Vertebrates will be con-

sidered in connection with the first ganglion, in which this kind of

tissue probably occurs.

The ganglionic cells are superficial in position, forming an

incomplete external coating to each ganglion. They are always

absent from the distai and proximal faces of these structures, and, in the

cases of the second and third ganglia, from the posterior faces also

(PI. 1 Figs. 34, 35, 36); the remainder of the ganglionic surfaces is

covered with cells. The ganglionic cells can be satisfactoiily studied

in preparations stained with methylen blue, and in such preparations

two types of cells can be distinguished : apolar and unipolar.

The apolar cells, which are unquestionably shown to be such
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by the clearness of their outlines in well-stained preparations, are

distingui shable from the unipolar cells only in that they possess no

processes. They oceur in regions where the ganglia are still growing;

for, as will be shown presently, these structures increase by the

addition of new elements even after the animai has reached maturity.

It seems to me probable that the apolar cells represent the undifferen-

tiated material from which unipolar cells will be ultimately formed.

If this be so, then the apolar cells as such have no physiological

role to play in the nervous functions of the ganglion.

The unipolar cells (PI. 2 Figs. 48, 49, 51), which are vastly

more numerous than the apolar ones, are of an extremely simple

type. They consist of roundish or oval masses of protoplasm con-

taining a single relatively large nucleus. Their single process is so

simple and their surface so smooth that there is nothing that can

be interpreted in the sense of protoplasmic processes. In this respect

they agree very closely with the great majority of cells from the

central nervous system of the crayfish, which, as Eetzius (90, pag. 49)

has already showD, are, as a rule, of this simple unipolar type.

Two kinds of unipolar cells, large and small, can be distin-

guished. Almost all the cells of the first, second, and third ganglia are

small (PI. 1 Figs. 34, 35, 36, cl.gn) , there' being only a few large

ones in the last two ganglia named (Fig. 36, x). Conversely, almost

all the cells of the fourth ganglion are large (Fig. 37, cl.gn). So far

as I have been able to observe, small cells are always associated

with fine short fibres, and large cells with coarse and usually long

fibres. This relation is so invariable that the size of a ganglionic

cell is a sure indication of the character of the fibre connected with

it and vice versa
; thus the large ganglionic cells that cover the fourth

ganglion belong to the fibres that constitute the optic nerve and that

are the longest fibres in the optic tracts, whereas the small cells that sur-

round the first, second, and third ganglia are connected with the smaller,

shorter fibres that intervene between the retina and the fourth ganglion.

The nerve fibres that enter into the composition of the optic

ganglia are essentially similar to those found in other parts of the

crayfish. Each fibre consists of a relatively large axis cylinder sur-

rounded by a Schwann's sheath, the nuclei of which occur at rather

irregulär intervals. Different fibres vary considerably as far as the

development of their Schwann's sheaths are concerned. In one part

of the optic nerve (PI. 2 Fig. 38, n.d]^ for instance, the] axis cylin-

ders are nearly devoid of sheaths and are so intimately pressed
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together that it is often impossible to distinguisi! their exact limits,

whereas, in the other parts of this nerve, each axis cylinder usually

has a perfectly discrete sheath of its own. In the fresh condition

the axis cylinders seem to be composed of a homogeneous substance

in which there is no evidence of fibrillation, but in those treated

with osmio acid a faint but distinct longitudinal striation is visible.

The third essential constituent of the ganglia, the »Punkt-

substanz«, is separated into four masses, which form, so to speak,

the cores of the four optic ganglia (PI. 1 Fig. 27, I—IV). As is well

known, this material is composed of a vast number of extremely fine

fibrils, which, in preparations stained with methylen blue or made

by the Golgi method, can be shown to result from the repeated

division of the axis cylinders of the innumerable nerves which enter

it. In no instance that came under my Observation was there any

evidence of direct union between different Systems of fibrils; appa-

rently, fibrils derived from different nerve fìbres are at most only in

contact with one another. In addition to the fibrillar material, which

is, of course, the essential portion of the »Punktsubstanz«, the latter

also contains a few connective tissue cells and a rather rieh supply

of capillaries.

Before proceeding to a description of the optic ganglia, it is

necessary to say a word or so about the general relations of the

three nervous Clements already described. So far as I am aware,

ali the functional ganglionic cells in the optic ganglion of the cray-

fish are unipolar. Moreover, the one process that each of these cells

gives rise to is always directly continuous with a nerve fibre. This

process, however,. does not represent one end of the fibre, but rather

meets that structure somewhere on its length as the upright of a

lettor T meets the transverse part. The nerve fibre at its two ends,

which correspond of course to the tips of the arms of the T, breaks

up into fibrillations thus giving rise to a portion of the »Punktsub-

stanz«. The nervous fibrillar constituent of the »Punktsubstanz«

seems always to arise from the repeated division of a nerve fibre,

and there are no nerve fibres that are not connected with ganglionic

cells; hence, fibrillae, as well as nerve fibres, may be regarded as

processes from ganglionic cells. Nervous cells with their appended

processes, as I bave already mentioned, bave been designated by

Waldeyer as neurons, and, as this term is a convenient one, I

shall adopt it in the foUowing description.
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b. Topography of Ganglia.

First Optic Gangli OD. The first optic ganglion (Fig. 27, I)

is a relatively tliin, dome-shaped structure with a convex distal face

and a concave proximal one, in both of which the curvature con-

forms very closely to that of the retina. In passing through the gang-

lion from its proximal to its distal side, four layers can be distin-

guished. v^hich may be designated as foUows: the external nuclear

layer (PI. 2 Fig. 46, 2), the fibrous layer (3), the internal nuclear layer

(4), and the layer of »Punktsubstanz« (5). The retinal fibres make

their vray into the ganglion through its distal face , and from its proxi-

mal one emerge the fibres that connect it with the second ganglion.

The distal nuclear layer, which forms, of course, the distal

surface of the ganglion, consists of a number of large oval or roun-

dish nuclei imbedded in what is apparently an irregularly fibrous

mass (PI. 2 Fig. 41). Berger (78, pag. 199) noticed in Squilla the

resemblance between these nuclei and the nuclei of connective tissue

cells, and much the same Interpretation of them is implied by Gre-

NACHER (79, pag. 120) in his account of the ganglion in Mysis,

ViALLANES (92a, pag. 395), however, who has studied them in Pali-

nurus^ regards them as true ganglionic nuclei. In Golgi preparations

(PI. 2 Fig. 46, fhr.r]^ the retinal fibres can be seen passing between

these nuclei without entering into any definite relations with them.

In preparations stained in methylen blue, the cells to which these

nuclei belong are often clearly outlined; they are usually spindle-

shaped with their longer axes parallel to the retinal nerve fibres,

with which, however, they show no connections. The fact that

these cells do not send processes into the »Punktsubstanz«, as

well as their lack of connection with nerve fibres, justifies the con-

clusion, I believe, that they are not nervous, but rather sustentative

in function. The layer that they form can be traced directly into

a mass of ectodermic tissue that lies on the anterior face of the-gang-

lion, and the resemblance between the nuclei in the distal nuclear

layer and those in the ectodermic mass is so striking that, though

these cells are most probably sustentative in function, I believe them

ectodermic in origin. If this is so, it is probable that we have to

do in this instance with a tissue not unlike the ectodermic neuroglia

in vertebrates.

The second or fibrous layer (PI. 2 Fig. 46, 3) is composed of

a dose feit of fibrous material almost entirely devoid of cellular
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elements. As one can see in Golgi preparations (Fig. 46), as well

as in ordinaiy transverse sections (Fig. 42), this layer is completely

penetrateci by the bundles of retinal fibres.

The proximal nuclear layer (Fig. 46, 4) is precisely similar to

the distai one except that it contains on the whole fewer cells.

What has been said concerning the nature of the distai cells applies

with equal force to those in this layer. These two nuclear layers,

the distai and the proximal, bave the appearance of having been ori-

ginally a single layer, which became divided by the formation of

the fibrous layer. The fact that the fibrous layer contains almost

no cells leads one to look for the elements from which it arose in

the layers adj acent to it. Whether it is a joint product of the two

nuclear layers or not is stili to my mind an open question, though

the Position that it occupies inclines me strongly to the opinion that

it is produced by these layers.

The last layer in the ganglion is the layer of »Punktsubstanz«

(Fig. 46, 5). To this the retinal fibres make their way and from it

emerge the fibres that connect the first and second ganglia. The

»Punktsubstanz« of this layer is not of uniform consistency, but is

divided into small masses that are so regularly arranged that in

transverse sections (PI. 2 Fig. 44) they bave somewhat the appea-

rance of honey comb. Their arrangement and size are such that the

question naturally suggests itself, are not these bodies the ganglionic

representatives of the retinal ommatidia? Viallanes (92a, pag. 391),

who has studied them in Palinurus^ believes that they do correspond

to ommatidia and Supports this opinion by the statement that each

ganglionic body, which he calls by the very appropriate name of

neurommatidium, contains seven fibres, the exact number given out

by each ommatidium. Owiug to the unfavorable condition presented

by the ganglion in the crayfish, I bave been unable to obtain decisive

evidence for or against this opinion, and the only pertinent Obser-

vation that I was able to make was in regard to th-e total number

of retinal and ganglionic elements. In an eye with 1798 ommatidia

the estimated number of neurommatidia was 1833. This, though

not a perfect coincidence, is near enough to lead me to believe that

Viallanes is correct in bis opinion that the neurommatidia agree

in number with the ommatidia.

Another question of importance concerning the «Punktsubstanz«

has to do with the fibres that enter and leave it. Viallanes (92a,

pag. 392) States that the retinal fibres pass directly through the first
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ganglioD, their continuations serving to connect that ganglion witli

the second one. Grenacher (79, pag. 120) makes a more guarded

statement when he says that in Mysis the retinal fibres become lost

in the first ganglion. He is, moreover, nnable to decide whether they

pass completely through the ganglion or not. To any one that has

studied ordinary histologieal preparations of these structures, the

difficulties in the way of deciding such a question must be obvious,

and it was not nntil I had seen preparations made by the Golgi

method, as well as those stained in methylen blue, that I was able

to answer the question to my own satisfaction. In such prepara-

tions all the stained distal (retinal) fibres ended in a fibrillation in

the ganglion (PI. 2 Fig. AQ^fbr.r); moreover, all fibres that emerged

from the proximal side of the ganglion took their origin in fibrilla-

tions (Fi^. AI
^
fbr.n) ^ and in no case did I observe a fibre that

passed through the ganglion. These observations lead to the conclu-

sion that all optic fibres are interrupted in the first optic ganglion.

It will be remembered that the retinal nerve fibres are really proxi-

mal processes from the proximal retinular cells and that these cells

with their processes constitute the most distal set of neurons in the

optic apparatus of the crayfish. For convenience they may be desig-

nated as neurons of the first order, while .those fibres that lead

centrally from the first ganglion mark the beginnings of neurons of

the second order. The first optic ganglion may, therefore, be defined

as the structure in which the neurons of the first order end and those

of the second order begin.

First Decussation. Although the retinal fibres take the most

direct course from the retina to the first optic ganglioD, being arranged

like the radii of a spherical system, the fibres between the first and

second ganglia have such peculiar relations to the two masses of

» Panktsubstanz « that, in their passage from one to the other, as

Berger (78, pag. 199) long ago pointed out, they decussate more or

less completely. The exact character of this decussatiou, though

described and figured by several more recent investigators, has never

been more accurately portrayed than by Grenacher (79, pag. 120),

whose account I can confirm in every respect.

In the crayfish the decussation is most satisfactorily studied in

sections made through the axis of the optic stalk in its anteroposte-

rior plane (PI. 1 Fig. 27). In such a section the first and second

ganglia would be seen cut from their anterior to their posterior

edges. The arrangement of fibres is such that one which Starts from
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the extreme posterior edge of the first ganglion passes to the extreme

anterior edge of the second gauglion; and, conversely, one from the

extreme anterior edge of the first ganglion passes to the extreme

posterior edge of the second one ; the two fibres thus cross one

another like the arms of a lettor X. The other fibres occupy inter-

mediate positions, i. e., in proportion as the fibre's point of origin in

the first ganglion is removed from the anterior end of that ganglion

,

so is its point of Insertion in the second ganglion removed from the

opposite end of the second ganglion. It follows from this that a fibre

Coming from the centre of the first ganglion should enter the centre

of the second one, and, as a matter of fact, such is the case. These

relations will perhaps become clearer on Consulting the diagrammatic

figure 59 (PI. 3), as well as figure 57 (PI. 2), in which the courses of

a few fibres are giyen.

The decussating fibres form bundles that lie almost entirely in

the anteroposterior piane, and consequently the decussation is best

seen in sections cut in this piane (PI. 1 Fig. 27) ; when the ganglia

are cut dorsoventrally (Fig. 26) , all traces of the decussation are

lost, as is also the case in transverse sections of the fibrous regions

(PI. 1 Fig. 34, ex. 1). Such sections when more highly magnified

(PI. 2 Fig. 45) show usually some bundles of fibres parallel to the piane

of section and others cut either transversely or more or less obliquely.

Ali the fibres that enter into the distai decussation bave their

origins, as I mentioned before, in the »Punktsubstanz« of the first

ganglion (PI. 2, Fig. 47, fbr.n)
,

and, so far as my observations go,

they ali terminate in fibrillations in the second ganglion. Each fibre

is attached to a ganglionic celi (PI. 2 Figs. 48, 49) , and these cells

together constitute the horseshoe - shaped mass that surrounds the

second ganglion (PI. 1 Fig. 35). The cells and fibres bave a rather

definite arrangement, which has been represented in the diagram-

matic figure 59. The fibres that arise from the posterior end of

the first ganglion bave their cells in the most proximal portion of

the cellular mass, and those from the anterior portion of the gang-

lion are connected with cells in the distai portion of the mass.

Fibres intermediate in position are, of course, united with cells in

a middle place in the cellular mass. Although the great majority

of cells are of the small type (PI. 2 Fig. 48), the proximal portion of

the ganglion contains usually a number of the larger kind of cells

(PI. 2 Fig. 49). These are connected with large nervo fibres that extent

from the posterior end of the first ganglion to the anterior endofthe second.
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It is interesting to observe (cf. Fig. 49) that Ihe body of these large

fibres seems to pass over directly and almost entirely into their

fibrillations and that the ganglionic cell is attached to the fibre by

a relatively delicate process. This condition rather favors the idea

that the ganglionic cell do es not participate directly in the nervous

functions and that the latter have their seats in the fibre and the

»Punktsubstanz«.

By way of summary, it may be Said that the fibres of the distal

decussation begin in the first ganglion and terminate in the second

one and with their attached ganglionic cells constitute a series of

neurons that, from their relation with those connecting the retina

and first ganglion, may be called the neurons of the second order.

Second Optic Ganglion. The mass of »Punktsubstanz« that

forms the centro of the second ganglion is much thicker than that

in the first ganglion; it is slightly convex distally and concave

proximally and usually rests in a position somewhat oblique to the

axis of the optic stalk, its anterior edge being proximal to its pos-

terior one (PI. 1 Fig. 27, II). In structure it is much simpler than

the »Punktsubstanz« of the first ganglion. It is not surrounded by

anythiug that can be called a neuroglia and its substance is not

divided into neurommatidia. It cousists, in fact, of a rather uniformly

matted mass of fibrillae derived from the two sets of nerve fibres

in connection with it and surrounded laterally by ganglionic cells

(PL 1 Fig. 35).

Second Decussation. The nerve fibres that emerge from

the proximal side of the second ganglion decussate in their passage

to the third ganglion in almost exactly the same way as do those

in the first decussation. Even the plane in which this crossing

occurs, the anteroposterior, is the same in the two cases. Each fibre,

so far as my observations go, is connected with a ganglionic cell

usually of the small type and the layer formed by these cells sur-

rounds the »Punktsubstanz« of the third ganglion in the character-

istic horseshoe pattern (PI. 1 Fig. 36, cl. gn). All these fibres begin

in the fibrillar material of the second ganglion and almost all of them

end by breaking up into fibrillae in the third ganglion; a few,

however, pass proximally beyond this ganglion. In preparations

stained with raethylen blue, it is not uncommon to find one or two

large fibres (cf. PI. 3 Fig. 59, green) extending from the anterior end

of the second ganglion to the posterior end of the third, where they

each are unitcd with a ganglion cell, in this instance of the large
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type (PI. 1 Fig. 36, x) , and whence they proceed by a superficial

course to pass obliquely over the dorsal face of the fourth ganglion

tili they fìnally enter the dorsal part of the optic nerve and make

their way to the brain. The fibres of the second decussation together

with their appended ganglionic cells constitute the neurons of the

third order.

Third Optic Ganglion. This ganglion (PI. 1 Fig. 27, III)

consists of a nearly spherical mass of »Punktsubstanz« almost iden-

tical in composition with that of the second ganglion. The great

majority of the neurons of the third order enter it distally and ter-

minate in it; some few, however, as already mentioned, pass over

it and enter the optic nerve directly. From its proximal face spring

the fibres that connect it with the fourth ganglion. It is surrounded

laterally, except on its posterior side, by small ganglionic cells

(PI. 1 Fig. 36, cl.gn)^ which belong, as already mentioned, to the

neurons of the third order. Near its posterodorsal angle is a group

of large cells [x]^ to which are connected the fibres that pass directly

from the second ganglion to the brain.

Third Decussation. This decussation, as Grenacher (79,

pag. 121) long ago pointed out, is by no means so regulär as the

first and second, and, in fact, the fibres cross in such an erratic way
that it is almost impossible to be sure that there is a true decus-

sation present. The most that can be said about the character of

the Crossing is that the fibres from the posterior end of the third

ganglion pass over to the dorsal part of the fourth and that those

from the anterior end of the third gain a ventral position in the

fourth. Beyond this it is difficult to make any very definite State-

ments, and this, as will be seen, involves only a partial crossing of

the fibres. Excepting the few fibres already mentioned as passing

directly from the second ganglion to the optic nerve, ali the fibres

in the third decussation take their origin in the »Punktsubstanz« of

the third ganglion and terminate in that of the fourth. They are

connected with ganglionic cells of the small type, which fili the space

between the third and fourth gangiia, and, together with these cells,

constitute a system of neurons of the fourth order.

Fourth Optic Ganglion. This ganglion, the largest of the

four masses, differs from the others in several important particulars.

Its surface, except about its distai and proximal ends, is irregularly

covered with large instead of small ganglionic cells (PI. 2 Figs. 55,

56, cl.gn)\ and the substance of the ganglion, instead of consisting
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of almost pure fibrillar material, is a confuseci mass of fibrillae and

nerve fibres. Facts concerning the courses taken by the fibres in

this ganglion are rather scanty. So far as my observations extend,

ali the neurons of the fourth order terminate in this ganglion, and,

excepting the fibres that enter the optic nerve directly from the second

ganglion, ali optic fibres likewise terminate here. The courses taken

by the fibres are, however, not easily worked out. The fibres that

come from the posterior end of the third ganglion (neurons of the

fourth order) make their way into a relatively small eminence on the

dorsal side of the fourth ganglion (PI. 2 Figs. 55, 56, x), and termi-

nate there in the characteristic fibrillation. From this eminence a new

and peculiarly marked set of fibres (Fig. 56, n.d) proceeds proxi-

mally through the ganglion to the dorsal part of the optic nerve,

whence they can be traced to the brain. A second system of fibres,

though less easily demonstrable, can be traced through the ventral

part of the ganglion. The fibres from the anterior portion of the

third ganglion terminate in the ventral part of the fourth ganglion,

from which region a new set of fibres passes directly to the brain

through the ventral part of the optic nerve. These two Systems are

the only ones about w^hich I can speak wìth confidence; the others

that must occupy intermediate positions I bave been unable to iden-

tify w^ith certainty.

e. Optic Nerve.

The optic nerve, a conspicuous structure in ordinary dissection,

extends from the fourth optic ganglion to the optic lobe of the brain.

Its finer structure is best understood from transverse sections (PI. 2

Fig. 38), where it v^ill be seen to be composed of a vast number of

fibres, of w^hich the dorsal ones {n.d) form a peculiar group eccen-

trically surrounded by the others. These dorsal fibres arise, as ai-

ready mentioned, in an eminence on Ihe dorsal face of the fourth

ganglion and make their way through the dorsal part of the optic

nerve to the brain. They were recognised long ago by Dietl

(76, PI. 37 Fig. 24), and they differ from the other fibres of the

optic nerve in that their individuai limits are very poorly defìned.

This is due, I belìeve, to the imperfect development of their sheaths

of Schwann. If the frequency with which the nuclei of these

sheaths occur be taken as an indication of the degree to which the

sheaths are developed, a striking difference in this respect will be

noticed between the two parts of the optic nerve. Comparing the
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averages from ten enumerations made on equal areas in the dorsal

and in the ventral parts of the nerve, it was found that, when the

nuclei in the ventral part were represented by 9, tbose in the dorsal

part were represented by only 5.3. This difference leads me to

believe that the sheath of Schwann are poorly developed in the

dorsal part of the nerve and that, in consequence of this, the limits

of the separate fibres are more poorly marked there than in the

ventral part.

Excepting the few fibres that enter the nerve directly from the

second optic ganglion, ali optic fibres take their origin, so far as I

am aware, in the fibrillations of the fourth ganglion (Pi. 2 Fig. 51)

and terminate in a similar way in the optic lobes of the brain

(Fig. 54). Whether there is a partial optic chiasma in the brain, as

mentioned by several authors, I am unable to say. Although I

bave seen appearances which indicate that there is one, in neither

Golgi nor methylen blue preparations bave I ever seen an optic

fibre enter one side of the brain and pass across to the other side

before breaking up into a fibrillation. Of the many preparations

studied ali bave shown the optic fibres to terminate on the same

side of the brain as that which tbey entered.

The relation of the fibres in the optic nerve to ganglionic cells

is not easily determined. In preparations of the fourth ganglion

stained with methylen blue, the fibres of the optic nerve are seen to

terminate in three ways: first, in a ganglionic celi of the large type

and in a fibrillation (Pi. 2 Fig. 51); secondly, in a ganglionic celi

only (Fig. 52); and, thirdly, in a fibrillation only (Fig. 53). In the

optic lobe of the brain these fibres, so far as my observations extend,

always terminate in fibrillations (Fig. 54) and are unconnected with

ganglionic cells. As every fibre very probably has a ganglionic celi

directly connected with it, and as the region for these connections

seems to be the fourth ganglion, I bave regarded preparations such

as that represented in figures 53 as incompletely stained; and. had

the process been completed, I believe a ganglionic celi would bave

been found connected with the fibre. Similarly, preparations such

as those seen in figure 52 are probably instances in which the fibril-

lation has failed to take up color, though the celi and fibre bave.

It seems to me probable that the whole truth of these relations is

* shown in figure 51 and that the other conditions (Fig. 52 and 53) are

but partial representations of it. These observations lead me to

conclude that those optic nerve fibres that connect the fourth gang-
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lion with the brain terminate in each of tbese places in fibrillations

and are connected with ganglionic cells only in the region of the

fourth optic ganglion.

This Statement, however, may not be without its exceptions, for,

according to Retzius (90, pag. 37), in some cases at least, the optic

fibres are connected with cells in the brain. Granting that there

are such fibres, then terminations in the fourth ganglion without

ganglionic cells (Flg. 53) would be a normal relation, for it is im-

probable that a nerve fibre is connected with ganglionic cells both

in the brain and in the fourth optic ganglion. Although I am un-

able to give a final decision on this question, I feel confident that,

w^hile a few optic nerve fibres may possess ganglionic cells located

in the brain, the great majority of them are connected with cells in

the fourth optic ganglion only. Whether these fibres have their cells

in the one position or in the other, they represent the last system of

neurons between the retina and the brain, neurons of the fifth order.

Before leaving the subject of the optic nerve, it is necessary to

say a word or so about certain of its peculiarities. Although most

of its fibres are true optic fibres, it contains a few belonging to other

categories. Immediately before the fourth ganglion is reached, the

optic nerve gives off a few fibres to the muscles that move the optic

stalk. These fibres can be traced easily to their distribution among

the muscle fibres, and I have no hesitation in pronouncing them

motor fibres. There are probably not more than eight or ten of

them in the whole nerve. They are unconnected with ganglionic

cells outsjde the brain, and, as they are probably united with cells

within this structure, it may be possible that these were the fibres

that Retzius observed to be connected with cerebral cells.

Another peculiarity of the optic nerve is the possession of a few

delicate fibres that, taking a superficial course, extend over the sur-

face of the optic ganglia even to the first of these and terminate in

cells from v^hich a few branching processes extend still further

over the ganglionic mass (PI. 2 Fig. 58). These nervous elements,

which represent single neurons, terminate in the brain with the

optic fibres and yet apparently have no direct connection with the

optic mechanism, for they do not pass through the decussations nor

reach the retina. I regard them as similar to nervi nervorum, i. e.,

deep-seated sensory neurons surrounding the delicate optic ganglia.

Judging from the number that appear stained, these elements cannot

be very numeroup, possibly as numerous as the motor fibres.
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The optic nerve of the crayfìsh must, therefore, be regarded as

mix e din character; for, in addition to its multitude of optic fibres^

it coutains eight or ten motor fìbres and a few special sensory fibres

resembling nervi nervorum.

d. Systems of Neurons.

So far as the succession and course of the neurons are concerned,

the diagrammatic figure 59 (PI. 3) may be taken as a convenient

summary of the preceeding description. The four masses of »Punkt-

substanz« represent as many interruptions in the course of the nerve

fìbres from the retina to the brain; in other words, each mass marks

the end of one system of neurons and the beginning of another.

An impulse in passing from the retina to the brain would, therefore,

ordinarily travel over five neurons beginning with one of the first

order and ending with one of the fifth. The only exception to this

statement is to be found in the case of those peculiar fibres that,

starting from the anterior end of the second ganglion, pass over the

third and fourth and make their way directly to the brain. In this

case the impulse would necessarily pass over only three neurons.

Whether in any part of the eye there is a series of four neurons, in-

termediate between this series of three and the usuai one of five, or

not, is a question on which I bave no conclusive evidence. If there

were such a series, one might expect the distai three of its members

to extend, as the ordinary neurons do, from the retina to the third

ganglion, from which the fourth one would make its way directly to

the brain. I bave never seen any conclusive evidence on this ques-

tion, but among my earlier observations is recorded a fibre that

extended directly from the optic nerve to the third ganglion, where

it separated into fibrillae, precisely what would be expected if a

series of four neurons were present. The fact that this Observation

is a single one and that it was made before I fully appreciated the

significance it might bave, leads me to refrain from concluding that

a series of four neurons does exist, though it seems to me highly

probable that such may be the case.

Finally, the connections established by the different series of

neurons may be thus briefly summarised. The series beginning at

the posterior side of the retina (PI. 3 Fig. 59, green) passes first to

the corresponding side of the first ganglion, then to the anterior side

of the second ganglion, to the posterior side of the third ganglion,

MittheHungen a. d. Zoolog. Station zu Neapel. Bd. 12. 4
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to the dorsal side of the fourth ganglion, and, finally, through the

dorsal part of the optic nerve to the brain. The series beginning

at the anterior side of the retina (Fig. 59, black) passes from that

side of the retina to the corresponding side of the first ganglion,

then to the posterior side of the second ganglion, to the anterior side

of the third ganglion, to the ventral side of the fourth ganglion, and,

finally, through the ventral part of the optic nerve to the brain.

The series starting from near the middle of the retina (Fig. 59, blue)

passes through the middle regions of all four ganglia and probably

of the optic nerve.

e. Numerical Relation of Nerve Fibres.

From several Standpoints it vrould be of considerable interest

to determine the number of neurons in the series of five Orders

extending from the retina to the brain. The arrangement of the

nerve fibres weithin the ganglionic mass is, however, so complicated

that such an enumeration was impossible and I succeeded only in

ascertaining the number of retinal fibres and the number of fibres

in the optic nerve, i. e., the number of fibres that enter the optic

ganglia as a vv^hole and the number that emerge from them.

The determination of the number of fibres that leave the retina

is a comparatively simple process. As previously shown each omma-

tidium gives rise to seven fibres ; as the number of ommatidia equals

the number of corneal facets it follows that seven times the number

of corneal facets must equal the number of fibres leaving the retina.

These fibres remain distinct from one another in their passage to

the first ganglion, and hence as many fibres enter that ganglion as

emerge from the retina.

The enumeration of the fibres in the optic nerve is by no means

so simple an Operation. This nerve, it will be remembered, is com-

posed of two parts (PI. 2 Fig. 38), in one of w^hich the outlines of

the fibres are clearly marked and their enumeration a simple matter

of counting, vrhile in the other the fibres are so indistinctly outlined

that, though I have attempted to count them, I believe a method of

estimates has yielded better results. In making these estimates the

number of fibres and ommatidia were accurately compared in two

crayfishes of different ages. The two specimens on which the

enumerations were carried out may be called specimen A and spe-

cimen B; the former was a crayfish 3 centimetres long, and the

latter was 7.9 centimetres in length. In both the right eye was studied.

© Biodiversity Heritage Library, http://www.biodiversitylibrary.org/; www.zobodat.at



The Retina and Optic Ganglia in Decapods, especially in Astacus. 51

Specimen ^ had 1155 corneal facets, and the number of retinal

fibres must, therefore, bave been seven times as many or 8085. Spe-

cimen B bad 2375 facets, and its retinal fibres must bave numbered

16,625.

In determining tbe number of fibres in the optic nerve it is

important to bear in mind the two parts of the nerve: the dorsal

portion, in which the separate fibres are distinguishable only with

difficulty, and the ventral part, in w^hich the individuai fibres are

clearly outlined. As I shall shov^ presently, it is to the ventral part

that new fibres are added.in the graduai growth of the optic nerve,

the dorsal part being unafi'ected by these changes. In specimen

the ventral part of the nerve contained by actual count 1291 fibres;

the corresponding part of the nerve of specimen B contained 3430

fibres. To form some idea of the number of fibres in the dorsal

parjs of the two nerves, I proceeded in the following manner. The

difference in the number of facets in the two specimens, 2375 less

1155, or 1220, shows the number of new ommatidia that bave been

added to the retina of specimen B in its growth beyond the condition

represented by specimen A. The difference between the number of

fibres in the two optic nerves, 3430 less 1291 , or 2139, shows the

number of new fibres added to the optic nerve in this growth. The

ratio between the new ommatidia and the new optic nerve fibres is now
easily found by dividing 2139 by 1220, the result being that the omma-
tidia are to the fibres of the optic nerve as 1 to 1.75. Assuming this

relation to be Constant for the retina as a whole, the total number of

fibres in the optic nerve can easily be estimated from the number

of ommatidia. Thus in specimen A with 1150 ommatidia the total

number of optic nerve fibres would be 1.75 times the number of

ommatidia, or 2021 ; and in specimen B with 2375 ommatidia the total

number would be 4156. That these estimates come very near the

truth is seen from the following relation. I bave already stated

that the dorsal part of the nerve does not receive new fibres in

the further development of the optic apparatus, but the new fibres

are added to the ventral part. The difference, then, between the

total number of optic fibres and the number in the ventral part ought

to be about the same in specimens A and B^ provided the estimates

are nearly correct. Taking 3430, the number of fibres in the ventral

part of 5's nerve, from 4156, the estimated total for the same nerve,

a difference of 726 is obtained. Applying the same Operation to

the case of specimen B, a difference of 730 appears. These results

4*
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seem to me to argue strongly for the accuracy of the total number

of optic fibres as estimated in the way described, and, further, they

show that the number of fibres in the dorsal part of the nerve is

approximately 700. The one actual enumeration of this region that

I have made was carried out on specimen B and gave as a result

506 fibres. Where it is difficult to distinguish fibres, it is more

probable that an actual enumeration would fall short of the real

number than that it would exceed it, and the discrepancy between

the estimated number and the number obtained by actual enumeration

is to be explained, I believe, in this way.

The following table gives by way of summary the results of the

preceding enumerations.

Length Ommatidia Retinal Fibres
Optic Nerve

Fibres

3 cm. 1155 8085 2021

Specimen JB 7.9 cm. 2375 16 625 4156

Ratio of fibres to ommatidia . . . 1 7 1.75

As this table indicates, seven retinal fibres extend from each omma-

tidium to the first optic ganglion, and fibres to the proportion of

1.75 for each ommatidium connect the fourth optic ganglion with the

brain. Granting that each ommatidium originates a single visual

impulse, the 1155 Impulses produced in the retina of specimen A, to

take a specific example, are transmitted, probably, over ali the 8085

retinal fibres to the first optic ganglion, and are transferred from the ^

fourth optic ganglion to the brain over the 2021 optic nerve fibres.

This reduction in the number of fibres concernèd with the transmis-

sion of the Impulses, as they pass through the optic tracts from the

retina to the brain, is the chief observable anatomical change effected

in the optic ganglia. It is of interest to notice that in do place in

the course of the optic tracts is there a smaller number of fibres

than the assumed number of retinal Impulses.

6. Comparison of Optic Ganglia in Crustaceans.

In attempting to gain some understanding of the complicated

structure of the optic ganglia in the crayfish, a comparative study

of the corresponding organs in other crustaceans naturally suggests
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itself. To carry out such a line of research to anything approaching

completeness would, however, extend the present investigations far

beyond what I originally set as their limits, and I content myself,

therefore, with a few brief comparisons , in the belief that they

will indicate the more iraportant conclusions to which such studies

would lead.

For raatters of comparison with the crayfìsh one of the most

instructive crustaceans is Branchipus. The optic ganglia of this

animai have already been carefully studied, especially by Claus (86),

and there is little to add to his extended account of them. As can

be seen in Figure 28 (PI. 1), the ganglionic mass in Branchipus

consists of two portions; the distai of these is tongue-shaped (I),

receives the retinal fibres, and gives off from its proximal face fìbres

that connect it with the second or proximal portion; this (II) is

considerably elongated and tapers proximally into the optic nerve

(n.opt), These two masses are not only connected by bundles of nerve

fibres, but they are actually confluent at their dorsal extremities [x).

In spite of repeated attempts, I never succeeded in obtaining

good preparations of the optic ganglia in Branchipus stained either

with methylen blue or by the Golgi method, and I am, therefore,

obliged to depend entirely upon ordinary preparations for the finer

anatomy of these organs.

The distai ganglion in Bra?ichipus has many resemblances to the

first optic ganglion in the crayfìsh. Like the latter, it is dome-

shaped with its convexity facing the retina. It is composed of two

layers, a distai one of nuclei closely set and a proximal one of

»Punktsubstanz«. In position the nuclear layer corresponds to the

two nuclear layers and the fibrous layer in Astacus, for the single

layer in Branchipus exiends from the distai surface of the ganglion

to the »Punktsubstanz«. It is also penetrated by the retinal fìbres as

the three layers in Astacus are. If these three layers in Astacus

are equivalent to the single one in Branchipus^ the condition in the

latter probably represents the more primitive one, an assumption

agreeing well with what is known about the relations of these two

crustaceans. The »Punktsubstanz« in Branchipus is divided into

neurommatidia as in Astacus; the retinal fìbres pass into it, and

from it emerge the fìbres that lead to the next ganglion as in

Astacus. These facts seem to me to show that what I have called

the distai ganglion in Branchipus is without doubt homologous with

the fìrst optic ganglion in Astacus.
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The homologies of the proximal ganglion in BrancJiipus are,

perhaps, not so easily determined. This ganglion may be said to

he composed of three layers: on its ventral face is a layer of nerve

fibres (Fig. 28 /Z»r.^) derived in part at least from the first ganglion,

next to this dorsally is a layer of »Punktsubstanz« (II), and finally

on its dorsal side is a layer of ganglionic cells [d.gn). In regarding

this ganglion from a comparative Standpoint, the question arises: does

it correspond to some one of the remaining optic ganglia in Astacus

or to several of them united? An answer to this question could. of

course, be found if the exact extent of the neurons were known in

BrancJiipus. Unfortunately , I have been unable to determine this,

but there is still other evidence, beside that derived from Golgi or

methylen blue preparations, that may lead to a satisfactory conclusioD.

In Branchipus there are, as I have just mentioned, two masses of

)) Punktsubstanz«, that in the first ganglion and that in the one in

question. These masses, judging from the conditions in Astacus^

must represent the termination of one system of neurons and the

beginning of another, and it is, therefore, probable that in passing

from the retina to the brain in Branchipus three sets of neurons

would be traversed. An inspection of figure 28 (PI. 1) will show

rather clearly the extent these three neurons must have. The neurons

of the first order would be represented by the retinular cells and

their processes, the retinal fibres, which together reach from the

retina to the «Punktsubstanz« of the first ganglion. The neurons of the

second order would reach from the »Punktsubstanz« of the first

ganglion to that of the second one. As the most ventral of these

terminate at the proximal end of the « Punktsubstanz « of the second

ganglion, one is justified, I believe, in assuming only another set of

neurons to reach to the brain. These neurons would be represented

by the fibres of the optic nerve and would constitute a third order.

In Branchipus^ therefore, only three neurons are necessarily con-

cerned in connecting retina with brain. These observations lead

me, therefore, to conclude that the whole of what 1 have called the

proximal ganglion in Branchipus is homologous with the second optic

ganglion in Astacus and that the tbird and fourth optic gauglia in

the crayfish are not represented in Branchipus.

Although the first and second optic ganglia in Branchipus

show many points of resemblance to the homologous structures in

Astacus^ there are, nevertheless, some important differences. It will

be remembered that in Astacus a decussation occurs among the
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fibres between the first and second ganglia. In Branchipus^ liowevei\

as figure 28 shows, there is no indication of such a crossing; the

fibres that arise from one end of the first ganglion extend to the

corresponding end .of the second one, not to the opposite end as in

Astacus. Claus (86, pag. 311, PI. 30 Fig. 4), in his account of

Branchipus^ describes and figures a crossing of fibres (Faserkreuzung)

between the first and second ganglia, but does not commit himself

to the statement that this crossing represents the first decussation

in the higher crustaceans. A criticai comparison of his figure with

one showing the decussation as in Astacus ^ will demonstrate at once

that the crossing figured by Claus lacks the essential features of a

true decussation. Moreover, in spite of careful search I bave faiied

to detect in Branchipus even the crossing described by Claus.. The

fibres that enter the »Punktsubstanz« of the second ganglion often

cross those lying parallel to the surface of this structure, but such

crossings are so limited that they could not give rise to the general

appearance figured by Claus. I cannot, therefore, confirm his Obser-

vation, and, being thrown back upon my own, I conclude that, between

the first and second ganglion in Branchipus^ there is, in contrast to

Astacus^ no real decussation and only a limited crossing of fibres.

Another difference between Astacus and Branchipus is in the

sequence of the materials of the second ganglion. In passing trans-

versely through the ganglion in Astacus (PI. 1 Fig. 35), the materials

are met with in the following order: ganglionic cells [cl.gn]^ nerve

fibres [cx.l]^ »Punktsubstanz« (II); in Branchipus (PI. 1 Fig. 28) the

sequence is ganglionic cells [cl.gn)^ »Punktsubstanz« (//), nerve fibres

(fbr,n)^ the last two constituents being inverted in their relations to

each other.

The structure of the optic ganglia in Branchipus^ as this account

shows, is obviously much simpler than that in Astacus. Of the four

optic ganglia in the crayfish, only the first and second are repre-

sented in Branchipus. In the first, a single nuclear layer represents

the two nuclear layers and the fibrous layer in Astacus. The decus-

sation present between the first and second ganglia in Astacus is

lacking in Branchipus. A further point of difference between the

two forms is that the nerve fibres which enter the second ganglion

in Branchipus are external to its »Punktsubstanz« instead of being

between this and the ganglionic cells as in Astacus.

Of the other crustaceans the structure of whose optic ganglia

I am acquainted with either from Observation or from the work of
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other investigators, all may be classed under either the type of

Branchipus or that of Astacus, Ganglia esseotially like those in

Branchipus are to be found in Apus, Estheria^ Argulus^ and, judging

from the figure given by Claus (76, PI. 26 Fig. 10), in Daphnia,

Ganglia of the type in Astacus occur in Squilla aecording to the

figure given by Bergee (78, PI. 16 Fig. 32) , in Mysis aecording

to Grenacher (79, pag. 120), and, though somewhat differently

described, in Nehalia aecording to Claus (88, pag. 65), the last two

cases being confirmed also by my own observations. Ganglia of

this type are likewise found in the decapods Palaemon and Homarus

and in the isopod Anilocra, The optic ganglia in the amphipods

are so crowded together that they are extremely unfavorable for

study. Della Valle (93) , in his exhaustive account of the Gammarini,

does not even give the number of ganglia present, nor have I been

able to determine it.

Meagre as these observations are, it will be seen at a glance

that so far as present Information extends, the type represented by

the optic ganglia in Branchipus is characteristically entomostracan,

vvhile that represented in Astacus is peeuliar to the malacostraca.

Notwithstanding the fact that these conclusions are based upon the

examination of comparatively few Speeles, their validity seems to me
largely assured by the fact that the species have been chosen from

V7Ìdely separated groups.

Although not directly connected vrith this question, it is of

interest to observe that the optic ganglia in hexapods are almost

identical in their structural features with those in Astacus, the simi-

larity being so striking that one is tempted to hypothecise a direct

derivation of the ganglia in insects from those in crustaceans, though,

as will be seen from the next section, this resemblance may also be

explained by assuming that the requirements of growth for these

nervous structures have been similar in the two groups of organisms.

7. Growth of Retina, Ganglia, and Optic Nerve.

Several investigators, notably among them Claus, have suggested

that the anatomical complications of the optic ganglia in the higher

crustaceans were to be explained as a mechanical necessity of the

method of growth in these structures; but no one, so far as I am
aware , has attempted to formulate the exact Steps by which this
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degree of complication could be arrived at. It is the purpose of

this section to attempt such a formulation.

The growth of the optic tracts in Astacus can be satisfactorily

studied only at two places, the retina and the optic nerve. These

will be considered separately, beginning with the growth of the retina.

The retina in an adult crayfish, as will be remembered, has an

elongated form, its anteroposterior dimension when measured in om-

matidia being about 58, its dorsoventral extent, when similarly mea-

sured, approximating 31. If, with the intention of ascertaining how

these dimensions bave been produced, the corneal cuticula on the

margin of the retina be examined, it will be seen that on the dorsal,

ventral, and posterior edges the transition from the faceted to the

non-faceted cuticula takes place abruptly or at least with the inter-

vention of only a very few imperfect facets (PI. 1 Figs. 30, 31, 32) ;

on the anterior edge (Fig. 33), however, the region of transition is

conspicuous and contains a considerable number of irregulär facets

and outlines of cells apparently in process of forming facets. This

condition is characteristic of the whole anterior edge as contrasted

with the other three edges, and suggests at once that the excessive

anteroposterior extension of the retina is due to continued growth on

this edge.

To ascertain whether the retina has grown in this way or not,

the eyes in several young crayfìshes were examined. In a newly

hatched specimen measuring 8.5 mm. from the tip of its rostrum to

the end of its telson, the retina contained in its dorsoventral curva-

ture 29 ommatidia and in its anteroposterior 27. When these num-

bers are compared with the corresponding ones in an adult, it will

be observed that, though at this early stage the retina has acquired

almost the full number of ommatidia in its dorsoventral curvature,

in its anteroposterior dimension it has only about half as many as

it must bave ultimately; so that, between this stage and that of an

adult, the ommatidia must approximately double their number and

the growth must be either on the anterior or on the posterior edge

of the retina or on both. When these two edges were compared in

the young crayfish just mentioned, the mass of hypodermal cells,

as well as the occurrence of small ommatidia on the anterior edge

and the absence of these peculiarities from the posterior one, left

no doubt that only the anterior was concerned in the extension of

the retinal area.

In an older crayfish whose length was 2.4 cm., the dorsoventral
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curvature contained 28 ommatidia, the anteroposterior 39, or 12 more

than in the corresponding dimension of the previous stage. In a

still larger and presumably older crayfish measuring 3 cm. in length,

the number of ommatidia in the dorsoventral rows was 29, while in

the anteroposterior ones there had been an increase to 43. In both

these animals the growing edge of the retina was the anterior one,

and it therefore seems safe to conclude that after the crayfish has

been hatched the retina continues to grow only on its anterior

margin. This method of growth probably also characterised the

development of the retina previous to hatching; at least, such is the

case in the closely allied genus Homarus^ and I believe we would

not be far wroug in assuming that the anterior edge has always

been the growing edge and that the posterior one represents approxi-

mately the region from which the retina has grown ; in other words,

the posterior edge is ontogenetically the oldest and the anterior the

newest part of the retina.

In dealing with the growth of the optic nerve, it is necessary

to keep clearly in mind the two parts of which it is composed: the

smaller dorsal portion (PI. 2 Fig. 38 n.d) and the larger ventral one.

In a young crayfish whose length was 3 cm. the area of the ventral

part of the nerve as seen in transverse section was about =2.3 times

that of the dorsal portion (Fig. 39). In the adult these proportions

are considerably changed (Fig. 40) ;
for, while the area of the dorsal

part has increased by about one third (from 1 in the young to 1.34

in the adult), the area of the ventral part has nearly tripled (from

2.3 in the young to 6 in the adult). This general increase has pro-

bably been produced by two causes: first, the individuai fibres, like

the retinal element, have simply each increased in calibre slightly,

thus enlarging the whole nerve; and, secondly, the addition of new
nerve fibres has certainly increased parts of the nerve. There is no

evidence that new fibres are added to the dorsal part of the nerve,

and I believe that the slight increase in that region is due entirely

to the enlargement of individuai fibres; in the ventral part, however,

the fibres have multiplied nearly three times, from 1291 in the young

to 3430 in the adult; i. e., the increase in the number of fibres has

been about in the same proportions as the increase in the area of

transverse section. These observations lead to the conclusions that

the optic nerve grows by the addition of new fibres to its ventral

part, a unilateral method essentially like that in the retina, and that

the dorsal part of the nerve may be regarded as ontogenetically older
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than the ventral part. It is probable indeed that the dorsal part

represents what may be called the embryonic optic nerve, i. e., that

part of the nerve formed during embryonic development, a time when

individuai fìbres are less likely to gain mesodermic sheaths than

later. This Interpretation, though somewhat gratuitous, does not

clash with any facts known to me about the optic nerve, and

offers an explanation for several peculiarities otherwise diffìcult to

nnderstand.

In this connection it is of considerable importance to observe

the relation» between the various parts of the retina and of the optic

nerve as established through their nervous connections. These

connections have already been described (cf. Fig. 59), and it need

only be mentioned bere that the fìbres which leave the part of the

retina ontogenetically oldest (green) pass into the oldest part of the

optie nerve, and, conversely, fìbres from the newest part of the retina

are connected with fìbres in the newest part of the nerve; in other

words, the retina and the optic nerve have increased hand in band.

It is also of interest to observe that that part of the optic tract which

is ontogenetically the oldest presents a very different condition from

the rest. As can be seen in the diagrammatic fìgure 59, an impulse

starting from the newer parts of the retina (red, blue, or black)

would necessarily pass over fìve neurons in reaching the brain, whereas

one Coming from the older part (green) would necessarily pass over

only three neurons. In Branchipus an impulse may reach the brain

from any part of the retina by passing over three neurons. This

primitive condition is reproduced in Astacus only in the onto-

genetically oldest part of the optic tracts, a position, however, in

which, if a primitive condition occurred at ali, one would expect to

fìnd it.

The essential similarity in the method of growth followed by

the retina and the optic nerve suggests at once the idea that the

intervening ganglia probably likewise follow the same lines of

growth. In fact by tracing the course of the newest fìbres it is

comparatively easy to state which is the growing end of most of the

ganglia. Thus the fìrst ganglion (cf. Fig. 59) grows like the retina

anteriorly, the second posteriorly, and the third again anteriorly.

The direction of growth in the fourth ganglion is less easily defìned,

and the most that I can state is that the growth must be in a ven-

tral direction, at least where the optic nerve emerges.

In Branchipus^ as might be expected, the growth of the optic
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tracts is simpler than in Astacus. As can be seen in dorsoventral

sections (PI. l Fig. 28), the retina in Branchipiis continues to grow

along its dorsal margin, a region that, as Claus (86, pag. 310) has

clearly shown, has been the region of growth even from the earliest

stages of development. Further, from this same region, material is

also added to both ganglionic masses, so that all the nervous struc-

tures in the stalk, the retina and the two optic ganglia may be said

to originate from this one centre. In Branchipus^ then, the piane of

growth is dorsoventral, and the growing ends in the three nervous

structures just mentioned are the dorsal ones.

In comparing the method of growth in Branchipus and in Asta-

cus several important differences will be observed. In Branchipus

the piane of growth for ali the nervous structures of the stalk is

dorsoventral; in Astaciis only the optic nerve grows in this way, the

retina and the first, second and third ganglia growing in the antero-

posterior piane. This difference, which might at first sight seem

fundamental, is, however, readily explained if it be admitted that

the stalk in Astaeus^ together with much of its distai contents, has

been twisted on its axis, so that what is dorsal in Branchipus has

come to be anterior in Astacus. Such a change as this, which in

itself is easily conceivable, would offer a sufficient explanation for

the fact that the retina and the first three ganglia in Astacus bear

the same relation to the anterior face of the optic stalk in that animai

as the corresponding structures in Branchipus bear to the dorsal face

of the stalk in this form. It would also explain the imperfect de-

cussation of fibres between the third and fourth ganglia, the region

in which the twisting is actually felt, as well as the fact that the

optic nerve, the portion of the optic tracts too deep to be effected

by the twisting, retains the primitive dorsoventral piane of growth.

Another difference between Branchipus and Astacus concerns the

centre s of growth. In Branchipus^ ali the nervous organs in the

optic stalk grow from a common centre. In Astacus^ there is a

centre of growth for the retina and for each ganglion: thus, the

retina grows from the hypodermis, and each ganglion from the

ganglionic cells that surround it. This more differentiated cpndition

of the centres of growth in Astacus offers, however, no serio us ob-

stacle to the comparison of the sets of organs in the two animals,

but is in harmony with the more complex Organisation in Astacus,

In the development of the optic stalks, Astacus^ together with other

decapods, passes through a stage that strongly recalls the permanent
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condition in Branchipus. At an early stage in the growth of the

optic lobes in Astacus^ as the researches of Reichenbach show, an

area of celi proliferation appears in a position corresponding to that

seen permanently in Branchijms. This proliferation is in fact accom-

panied by a temporary Involution, and the cells resnlting from it

go in part into the growing retina and in part into the optic ganglia.

The same is true of the optic lobes in Homarus (cf. Parkee, 90,

pag. 34), except that in this instance no involution has been observed,

and the conditions in this respect are almost identical with those in

Branchipus. Eventually in Homarus and probably also in Astacus

the ganglia lose their connection with this centre of growth, which

continues as a growing area for the retina only. It is incidentally

of interest to observe that, of the two conditions shown by the

decapods, the one in which there is a simple cell proliferation, as

exemplified in Homarus
,
reproduces the primitive condition in Bran-

chipus more accurately than the involution in Astacus does: in the

latter a centre of celi proliferation has apparently beeu replaced by

an involution cenogenetically acquired rather than the reverse.

The last important point of comparison in the optic tracts of

Branchipus and Astacus pertains to the direction of growth in the

different parts. The third and fourth ganglia in Astacus^ as already

indicated, bave no homologues in Branchipus and it is necessary,

therefore, to consider only the first and second ganglia. Admittiug

that . the dorsal side of the stalk in Branchipus corresponds to the

anterior side in Astacus^ the direction of growth in the retina and

the first ganglion is the same in both, namely dorsal in Branchipus

and anterior in Astacus. In the second ganglion, however, a very

different condition of afPairs obtains, for this ganglion in Astacus^ at

least so far as its »Punktsubstanz« is concerned, grows posteriorly,

a direction, mutatis mutandis, precisely contrary to that taken by

its homologue in Branchipus. Coupled with this peculiarity in the

growth of the second gauglion in Astacus^ is the fact that the fìbres

which enter or leave it are involved in either the first or the second de-

cussation, an arrangement altogether different from that in Branchipus^

where, as before mentioned, there is no indication of a true decus-

sation. If, then, with a change in the direction of growth in a

ganglion, decussations appear on either side of it, one would natar-

ally suspect that the new method of growth had some connection

with the formation of the decussations. Precisely what this connection

may be can be clearly seen, 1 believe, if one attempts to convert a
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second gaüglion of the type in Branchipus into one of the type in

Astacus.

In attempting such a conversion it is necessary at the outset to

appreciate clearly the relations of the various structures involved. The

second ganglion in Branchipus (PI. 1 Fig. 28) is composed of a dorsal

layer of ganglionic cells [cl.gn]^ a middle layer of »Piinktsubstanz«

(II), and a ventral layer of nerve fibres (fbr.n). The first two of

these grow dorsally at their distal ends. In the second ganglion

in Astacus^ these three layers reappear. The ganglionic cells (Fig. 27,

cl.gn) occupy a position corresponding to that of their homologues in

Branchipus^ and, moreover, grow in a like direction (cf. Fig. 59). The

»Punktsubstanz« (Fig. 27, I), however, does not lie next the ganglionic

cells, as in Branchipus^ but projects and grows ventrally, allowing

the nerve fibres [cx. 1) from the first ganglion to intervene between

it and the ganglionic cells. These are the more essential dilferences

between the two types of ganglia, and any change that would lead

from one type to the other would obviously involve either »Punkt-

substanz« or nerve fibres.

Assuming as a beginning a stage in Branchipus in which a few

of the oldest fibres (the ventral ones) were established between the

first and second ganglia and in which the proximal end of the

»Punktsubstanz« of the second ganglion was formed, it is easy to

point out the paths by which, on the one band, the condition in

Branchipus will be realised and, on the other, that in Astacus. If

from this indifferent stage the »Punktsubstanz« grows distally and

dorsally, it will always remain between the nerve fibres and the

ganglionic cells as in Branchipus\ if, however, it grows ventrally,

it will pass between the nerve fibres already formed and finally

occupy a ventral position as in Astacus. Starting from this indiffer-

ent stage, then, the condition in either Branchipus or Astacus will

be arrived at depending entirely upon the direction that this growth

of the »Punktsubstanz« takes.

The change in the direction of growth by which the condition

in Astacus would be brought about would also induce the formation

of two decussations, one in front of and the other behind the second

ganglion, precisely as they occur in that crustacean. Thus, in the

growth of the optic tracts, any newly added fibres in the region

between the first and second ganglia would necessarily have their

distal fibrillations in the anterior end of the first ganglion and

their proximal ones in the posterior end of the second, thus
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requiring that the new fibres should cross the course of those already

established. Under such circumstances, the continuous additìon of

new fibres wonld only add to the fulness of the decussation. In the

same way the nerve fibres connecting the second and third ganglia

would suffer a decussation, since the third ganglion grows in the

same direction as the first. Thus both the first and second decus-

sation s may be said to be the result of the change in the direction

of growth in the second ganglion.

If this explanation of the origin of the decussations is true, it

follows that the two decussations should lie in the same piane and

that this piane should coincide with the piane of growth in the

given part of the optic stalk. As the preceding account has shown,

such is really the case: in both decussations in Astacus the fibres

cross in the anteroposterior piane and this piane is also the piane

of growth for the optic structures of that region. Moreover, this

explanation makes clear the course of certain anomalous nerve fibres

that have been observed in the second ganglion. These fibres (PI. 2

Fig. 57 x) connect what is ontogenetically the older part of the first

ganglion with the corresponding part of the second one, and repre-

sent the fibres between which the «Punktsub stanzte might be expected

to grow in gaining the position characteristic of it in Astacus. Such

fibres, as figure 57 shows, are either involved in the »Punktsubstanz«

or lie posterior (= ventral in Branchipus) to it, thus recalling the

primitive position occupied by these fibres in Branchipus. These

observations lead me to believe that the explanation which I have

offered for the two decussations is a true one.

What could have led to the change in the direction of

growth in the second ganglion is a question that I cannot defi-

nitely answer. Possibly the crowding of the first and second ganglia

on one another, as new nervous Clements were added, pressed the

)) Punktsubstanz « of the second ganglion into a new channel. But

such answers can be at most only suggestive. That the change in

the direction of growth in the second ganglion is an adequate ex-

planation of the two adjoining decussations seems evident enough.

Whether the cause of this change can be discovered or not is another

question.
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8. Deriyation of Ommatidia.

The mimerical relations of the cells in the ommatidia of crus-

taceans, as I have already pointed out (cf. Parker, 91), have such

a remarkable uniformity that the idea of ommatidia! types definable

by the number and arrangement of their cells almost naturally

suggests itself. As an example of the most complex of these types,

the ommatidium in Astacus may be taken. The numbers of cells

that it contains, omitting the accessory pigment cells, are as follows :

corneal hypodermal cells, two; cone cells, four; distal retinular cells,

two; proximal retinular cells, seven functional and one rudimentary.

The arrangement of these Clements as seen in the longitudinal and

transverse aspect of the ommatidium is shown in the diagrammatic

figures 64 to 66. One of the simplect ommatidia is that in Bran-

chipus in which there are two corneal hypodermal cells, four cone

cells, and fiye retinular cells. In some ommatidia, notably those

in schizopods, the cones consist of only two cells, a condition which

suggests that the ommatidia in Branchipus^ at least so far as their

cones are concerned, probably do not represent the simplest type. The

least number of cells that we should be justified in assuming for the

simplest type of ommatidium would then be two corneal hypodermal

cells, two cone cells, and fiye retinular cells. The arrangement

of these Clements is indicated in figures 61 and 62.

These two types of ommatidia, the simplest and the most com-

plex, are without doubt genetically connected, and, as there is no

evidence to show that the former is a degenerate product of the

latter, it is probable that the simplest type is a primitive one from

which the other has been derived. The numerical relation of the

ommatidial cells indicates the way in which this derivation could

have been accomplished. Thus a cone composed of two cells could

be easily converted into one formed of four cells by a division of

each original cell into two, and the simpler group of five indifferen-

tiated retinular cells could by differentiation and division give rise to

the two distal and eight proximal retinular cells of the more complex

type (cf. Parker, 90, pag. 56).

The necessary steps in the conversion of an ommatidium of the

simpler type into one of the more complex type are indicated in

the diagrammatic figures 61 to 66. These changes effect only the

retinular and cone cells, the corneal hypodermal cells being essen-

tially alike in both types. The cone cells, originally two in number
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(Fig. 62), could by division (Fig. 63) become four (Fig. 65), and by

their elongation the rhabdome [rhl] would come to lie some consi-

derable distance from the cone proper (Fig. 64). These two changes,

the increase in number and the elongation, are the chief modifica-

tions noticeable in the cone cells. The changes in the retinular cells

are more complex. Each of the five retinular cells in the simpler

type (Fig. 61) gives rise to a part of the rhabdome and forms a por-

tion of the sheath of the cone. In the complex type, these two

functions are carried out by separate cells, the distai retinular cells

formiug the sheath of the cone and the proximal ones producing

the rhabdome. Beginning with the simpler type, it is conceivable

that one of its retinular cells (Fig. 62, 9—10] might come to be

chiefly concerned with sheathing the cone, while the remaining four

might become more or less limited to the rhabdome. If the retinular

celi that partially envelopes the cone were to divide, the ommatidium

would then contain two distai retinular cells and four proximal ones,

a condition precisely that found in Serolis (cf, Parker, 91, pag. 89).

From this stage, by a division of the four proximal retinular cells

into eight, a stage in which the numerical relations of the cells are

exactly those in Astacus would be reached. The elongation of the

cone cells would separate the proximal from the distai retinular cells,

the latter being limited to the cone, the former to the rhabdome

(Fig. 64). The details of this process are clearly enough shown in

the diagrammatic fìgures already referred to, and require comment in

only one particular. The position in the simpler ommatidial type of

the celi (Fig. 62, 9—10)^ from which the two distai retinular cells

of the more complex type were derived, is such that it is probable

that the two descendants of this celi do not remain in the same

ommatidium, but that one of them [10) applies itself to an adjoining

ommatidium, while thè other [9] remains with the ommatidium to

which it originally belonged (cf. Figs. 63 and 65).

The type of optic ganglia found in BrancMpus has already been

shown to be a primitive one, and the exclusive association of omma-
tidia containing only five retinular cells with this type is evidence in

favor of the primitive nature of the ommatidia. In a similar way,

the regulär occurrence of ommatidia of ten retinular cells with a

derived type of ganglionic structure, as in Astacus^ supports the con-

clusion already reached that these ommatidia, like the connected

ganglia, are also structures of a derived type. Deductions such as

these lead to the general conclusion that, beginniug with a stage

Mittheilungen a. d. Zoolog. Station zu Neapel. Bd. 12. 5
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somewhat like that in Branchipus^ the optic ganglia and retina in

-crustaceans have grown in complexity band in band tili a condition

like that in Astacus was reached. This mutuai growth is quite

natural when one reflects on the intimate physiological dependence of

the retina and the ganglia.

Aside from the question of the relation of ommatidia to one

-another is that concerning their origin. This topic has already been

discussed (cf. Parker, 91, pag. 118), and I recur to it only to add

some fresh evidence. This evidence bears directly upon the opinion

expressed by Watase (90) that each ommatidium is an elongated

ectodermic Involution whose cavity has been obliterated by the ap-

proximation of its walls, the cells of which, however, still retain

their power of secreting chitinous substance. The secretion of the

deeper cells forms the rhabdome, that of cells nearer the surface

gives rise to the cone, and the superficial cells produce the facet;

.in one sense, then, these three structures, rhabdome, cone, and

.facet, are homologous. I bave already advanced arguments against

this theory (cf. Parker, 91, pag. 128) : the arrangement of the cells

in different ommatidia does not favor this idea; the small number of

cells in the more primitive forms of ommatidia makes Involution

mechanically difficult ; there are no transitional forms between those

simple ocelli that are produced by Involution, and ommatidia; and,

finally, there is absolutely no embryological evidence that omma-
tidia are formed by Involution. To these objections I must now
add the further one that the composition of the rhabdome as por-

trayed in the preceding pages does not favor the idea that this

structure is in any wise a secreted body, but rather that it is a

living product of the retinular cell in much the same sense that

muscle substance is the product of a muscle cell. These objections

seem to me to afford sufficient ground for abandoning the theory

that ommatidia bave arisen by Involution. They offer no difficulty,

however, to the idea already expressed (Parker, 91, pag. 130) that

the simplest type of ommatidium has been derived from a

Cluster of cells in a continuous unfolded epithelium and that by a

process of ceir division and differentiation the simpler type of

ommatidium gave rise to the more complex.
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Explanation of Figures.

All the drawings were made with the aid of an Abbe camera.

Abbreviations.

a Anterior.

ax.n Fibrillar axis.

cl.con Cone cell.

cl.crn Corneal hypodermal cell.

cl.dst Distal retinular cell.

cl.gn Ganglionic cell.

cl.pg Accessory pigment cell.

con Cone.

cm Corneal cuticula.

da Cuticula.

cx.l First decussation.

cx.'2 Second decussation.

CX.3 Third decussation.

d Dorsal.

fhr.con Fibre of cone cell.

fhr.dst Fibre of distal retinular cell.

fbr.n Nerve fibre.

fhr'.n Nerve fibrilla.

fhr.r Retinal fibre.

Ibdrm Hypodermis.

la.a Anterior half piate.

Za.^ Posterior half piate.

mh.ha Basement membrane.

mu Muscle.

n.d Dorsal part of optic nerve.

nl.con Nucleus of cone cell.

nl.crn Nucleus of corneal hypodermal

cell.

nl.dst Nucleus of distal retinular cell

nl.ex Outer nuclei of I.

nl.in Inner nuclei of I.

nl.msdrm Nucleus of mesodermic cell.

nl.pg Nucleus of accessory pigment

cell.
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nl.px Nucleus of proximal retinular v Ventral.

cell. va.sng Blood vessel.

n.opt Optic nerve. I. Punktsubstanz of first ganglion.

p Posterior. II. » of second »

r Retina. III. » of third »

rhb Rhabdome. IV. » of fourth »

rhb' Rhabdomere.

The numbers 1 to 8 are used to designate the proximal retinal cells, the same

number referring always to corresponding cells.

Piate 1.

Fig. 1—6 are magnified 130 diameters; Figs. 7—22, 430 diameters; Figs. 23—25,

640 diameters. The figures of ali transverse sections are placed npon the

piate so that their upper edge is dorsal, their lower ventral, their right side

anterior, and their left posterior (cf. pag. 7j.

Figs. 1 and 2. Longitudinal sections of ommatidia showing the arrangement of

pigment as influenced by light (Fig. 1) and by darkness (Fig. 2). The
numbers at the right of Fig. 2 indicate the levels at which the sections

for Figs. 3—6 were taken.

Fig. 3. Transverse section through the corneal hypodermis; the tip of the cone

appears in the centre of the section.

Fig. 4. Transverse section through the cone cells at the level of their nuclei.

Fig. 5. Transverse section through the cone and nuclei of the distai retinular

cells.

Fig. 6. Transverse section through the cone cells proximal to the cone.

Fig. 7. Longitudinal section of a retinula; x cavity filled with fluid; the

numbers at the left indicate the levels at which sections for Figs. 8—20

were made.

Figs. 8— 13 represent consecutive transverse sections through the region occu-

pied by the nuclei of the eight proximal retinular cells.

Fig. 8. The most distai section in the series, containing parts of the nuclei

of cells 1, 3, and 7.

Fig. 9. The second section, containing, in addition to parts of the three nuclei

just named, part of the nucleus of celi 6.

Fig. 10. The third section, containing the proximal portions of the nuclei

in cells 6 and 7 and the distai part of the nucleus of celi 2.

Fig. 11. The fourth section, containing, in addition to a part of the nucleus

in celi 2, parts of the nuclei of cells 4 and 5.

Fig. 12. The fifth section, containing the proximal ends of the nuclei in

cells 4 and 5,

Fig. 13. The sixth section, containing, in addition to cells 1—7, the nucleus

of celi 8.

Fig. 14. Transverse section of a retinula at the level of the fluid-filled cavity

[x] distai to the rhabdome (compare Fig. 7), showing the two fibres

[fbr.dst] from the distai retinular cells, the four fibres [fhr.con] from

the cone cells, and a fibre {y) probably representing a proximal process

from the eighth proximal retinular cell. Depigmented in potassio hydrate.

Fig. 15. Transverse section from near the distai end of the rhabdome showing

the transparent central axis leading to that structure.
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Figs. 16 and 17, Transverse sections from the distal end of the rhabdome to

show the peculiar W-shaped outline of this structure; Fig. 17 was

taken from the section proximal to that from which Fig. 16 was

drawn.

Fig. 18. Transverse section of the proximal end of the rhabdome surrounded

by its seven proximal retinular cells and the four fibrous prolongations

of the cone cells. Depigmented in potassic hydrate.

Fig. 19. Transverse section from near the distal surface of the basement mem-
brane. The fibrous ends of the proximal retinular cells as indicated

by their fibrillar axes (ax.n) are forming groups of threes or fours pre-

paratory to passing through the basement membrane. The fibres be-

longing to one ommatidium are numbered 1 to 7. The axis of each

ommatidium is indicated by the slight elevation Ifbr.con) on the base-

ment membrane where the ends of the fibres from the cone cells

terminate.

Fig. 20. Transverse section of groups of three and four retinal fibres immedia-

tely proximal to the basement membrane.

Fig. 21. Transverse section of retinal fibres approximately halfway between the

retina and the first optic ganglion.

Fig. 22. Transverse section of a bundle of retinal fibres at the distai surface

of the first optic ganglion.

Fig. 23. Longitudinal section of a rhabdome cut in such a place that one set of

fibrillae appear in transverse section (dots) and another set in longitu-

dinal section (lines). Rapid Golgi method.

Fig. 24. Transverse section of a rhabdome in which the fibrillae belonging to

celi 2 and a few from celi 5 are colored. Rapid Golgi method.

Fig. 25. Transverse section of a rhabdome in such a piane that some Of the

fibrillae of both cells 1 and 7 appear. Rapid Golgi method.

Fig. 26. Right optic stalk of Astacus cut dorsoventrally; the right side is

ventral; the left, dorsal. X ^ö.

Fig. 27. Right optic stalk of Astacus cut anteroposteriorly ; the left side is

anterior; the right, posterior. X
Fig. 28. Right optic stalk of JBranchipus cut dorsoventrally; the left side is

dorsal; the right, ventral; owing to a twisting of the stalks, the antero-

posterior position in Astacus (Fig. 27) corresponds to the dorsoventral

one in Branchipus (Fig. 28); x region of growth. X
Figs. 29—33 represent pieces of corneal cuticula that were cleaned in potassic

hydrate and studied in water. X 1^^-

Fig. 29. Four facets from the centre of the corneal hypodermis, i. e., the

distai pole of the optic stalk. The figure is placed as though it

were a transverse section (see above).

Figs. 30—33. Pieces of corneal cuticula from the margins of the retina:

Fig. 30, from the dorsal margin; Fig. 31, from the posterior margin;

Fig. 32, from the ventral margin; and Fig. 33, from the ànterior

margin.

Figs. 34—37. Transverse sections of the optic ganglia. X^S.
Fig. 34. Transverse section through the first decussation (cf. Fig. 27), the

surrounding ganglioriic cells [cl.gn) , and the »Punktsubstanz« of the

first ganglion (I).
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Fig. 35. Transverse section through the »Punktsubstauz« of the second

= ganglion (II), a part of the first decussation {cx.l), and the sur-

rounding ganglion cells [cl.gn).

Fig.r 36. Transverse section through a part of the second decussation [cx.2),

the »Punktsubstanz« of the third ganglion (III), and the surrounding

ganglionic cells {cl.gn); x a group of especially largo ganglionic cells

whose fibres extend from the second ganglion directly to the brain

(cf. Fig. 59, green).

Fig. 37. Transverse section through the fourth ganglion: its substance is

composed of a mixture of fibres and »Punktsubstanz«.

Plate 2.

All figures of transverse sections are so placed that their dorsal edges are

above, their ventral below, their anterior to the right, and their posterior to

the left (cf. pag. 7).

,Fig. 38. Transverse section of the optic nervo at a piane midway between the

. fourth optic ganglion and the brain. The outlines of the individuai

fibjres, which are usually readily distinguishable, can scarcely be made

out in the dorsal part of the nervo [n.d). X ^^O.

Fig. 39. Transverse section of the optic nerve of a crayfish 3 cm. long. X
Fig. 40. Transverse section of the optic nerve of an adult crayfish. X
Figs. 41—44. Transverse sections at different levels through the first ganglion.

X 410.

Fig. 41. Transverse section at the level of the outer nuclei (cf. Fig. 46, 2).

Fig. 42. Transverse section at the level of the fibrous layer (cf. Fig. 46, 3).

Fig. 43. Transverse section at the level of the inner nuclei (cf. Fig. 46, 4).

Fig. 44. Transverse section through the »Punktsubstanz« of the first ganglion

showing four neurommatidia.

Fig. 45. Section from a part of the first decussation; the piane of section is

such that some bundles of fibres are cut longitudinally, some trans-

versely. X 410.

Fig. 46. Section through the first optic ganglion: 1) layer of retinal fibres;

2) outer nuclei; 3) fibrous layer; 4) inner nuclei; 5) »Punktsubstanz«;

and 6) nerves fibres of the first decussation. A retinal fibre {fbr.r) is

seen to form a fibrillation in the »Punktsubstanz«. yC^MQ.

Fig. 47. A section similar to that shown in Fig. 46, but in which a fibre [fhr.n]

from the first decussation is seen terminating in the »Punktsubstanz«.

X410.
Fig. 48. A nerve fibre and ganglion celi of the small type from the first decus-

sation; the fibrillation forms a part of the »Punktsubstanz« of the

second ganglion. Methylen blue. X ^40.

Fig. 49. A similar fibre and celi of the largo type. Methylen blue; fixed with

corrosive sublimate. X 140.

Fig. 50. Fibrillation of a fibre from the second decussation and of one from

the third decussation in the »Punktsubstanz« of the third ganglion.

. Eapid Golgi method. X 140.
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Fig. 51. Termination of a fibre from the optic nerve in its ganglionic cell and

in fibrillations in the fourth optic ganglion. Methylen blue. X 140.

Fig. 52. Termination of two optic nerve fibres in ganglionic cells of the fourth

ganglion without apparent fibrillations. Methylen blue. X 140.

Fig. 53. Termination of an optic nerve fibre in a fibrillation in the fourth ganglion

without any apparent connection with a ganglionic cell. Methylen blue.

X140.
Fig. 54. Fibrillation of an optic nerve fibre in the optic lobe of the brain. Eapid

Golgi method. X 140.

Fig. 55. Transverse section of the fourth optic ganglion showing the dorsal

eminence {x) into which pass fibres from the dorsal part of the optic

nerve {n.d) and from the cells [cl.gn] on the anterior face of the ganglion.

Vom Eath's method. X
Fig. 56. Longitudinal section of the fourth optic ganglion showing the dorsal

eminence {x) and the dorsal part of the optic nerve {n.d). Vom Rath's

method. X
Fig. 57. An outline of portioüs of a longitudinal section of optic ganglia in

which numerous fibres had been stained with methylen blue: fixed in.

corrosive sublimat; x a nerve fibre with an anomalous course. X
Fig. 58. Nervi nervorum (?) from the surface of the fourth ganglion. Methylen

blue. X 140.

Plate 3.

Fig. 59. A diagram representing the nervous structure of the optic tracts in

Astacus. The optic stalk is supposed to be cut on its axis in an antero-

posterior plane; in the fourth ganglion and in the optic nerve those

fibres and cells that would lie dorsal to the plane of section are drawn

in solid colors; those ventral to this plane are represented in dotted

lines. Whereas the path indicated by the green fibres involves only

three neurons between the retina and the brain, the other paths require

five. Although the diagram represents the actual conditions rather fully,

it must be born in mind (cf. pag. 52) that for each nerve fibre entering the

brain, there are about four emerging from the retina. The arrows

indicate the direction of growth. X 40.

Fig. 60. A diagrammatic figure of a neuron of the first order (cf. pag. 20); the

nervous portions are colored red.

Fig. 61— 66. Diagrams to illustrate the transition from a simple (Fig. 61) to a

complex ommatidium (Fig. 64). Dififerent kinds of cells are designated

by difi'erent colors: cone cells, green; the dorsal undifferentiated reti-

nular celi and its derivatives, the distai retinular cells, blue; the four

remaining unditferentiated retinular cells and their derivatives, the

proximal retinular cells, red; other parts, gray. The longitudinal

sections (Figs. 61 and 64) are supposed to be cut in the dorsoventral

piane. The transverse sections are placed with their dorsal sides upper-

most. The numbering of the retinular cells is such that in the simpler

type each cell that gives rise by division to two cells, is indicated by
the same numbers as are used to designate its descendants.

Fig. 61. Longitudinal section of an ommatidium of the simpler type.
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Fig. 62, Diagram showing the position of the cells in the transverse aspect

of an ommatidium of the simpler type.

Fig. 63. Diagram illustrating the necessary change in position and the

division of cells in passing from the simpler to the more complex

type. The planes of division are indicated by dotted lines.

Fig. 64. Longitudinal section of an ommatidium of the more complex type.

For the sake of simplicity the fibres of the distal retinular cells

(blue and gray) are not carried proximally farther than the distal

ends of the proximal retinular cells.

Fig. 65. Transverse section of an ommatidium of the more complex type

at the level of its cone.

Fig. 66. A similar section at the level of the rhabdome.
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