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INTRODUCTION

Most families of polychastes Are homogeneous, but
there 1s none more so than the Nephtyldae, The smallest
specles 1s only a few millimetres long, the largest a foot
long, but apart from thls size difference, one member of
the family looks much 1like another, Most systematists
(e.g. McIntosh, 1908; Fauvel, 1923) have regarded the family
" as monogenerlc, though in\the most recent monograph (Hart-
man, 1950), it has been divided into three genera, one of
them comprising a single specles, Whether the family should
be regarded as mono- or trigenerlc, the differences separat-
ing gehera and species ars trivial, The only characters
on which taxonomists can rely are the number and disposition
of the branchlae, the form of the parapodial lobes and
chaetae, and the number of paplllae on the proboscis, This
uniformity of external morphology 1s undoubtedly a reflection
of the fact that all the speclies live in much the same habltat
and, from what 1little 1s known of them, have similar habilts,
Nephtys lives in intertlidal or sublittoral sand or mud; it
does not occur among rocks or debris, It probably does not
form a permanent burrow, but lives in the surface of the
substratum which it may leave for spawning or other ex-

cursions since it is an active swimmer.
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The structure which a priori one would expeét to
vary least in such a famlly is the nervous system, Not
only 1s this regarded as a comparatively conservatlve part
of the animal, so far as evolution is concerned, but, if the
behaviour 1s more or less the same from'bne specles to
another, one would expect that even in detailed structure the
brains of all nephtyids would be the same, This 1s not the
case however, Even in gross morphology the supra-oesophageal
ganglion and 1its assoclated structures are extremely variable
and there are several obvious differences in the minute
structure of the ganglion in different species, In this
study attentlion has been directed primarlly towards a palr
of posterior lobes of the supra-oesophageal ganglion which
are found in some specles but not in others,

From the brief consideration of the structure of the
gangiioﬁ which precedes the account of the posterlor lobes,
1t appears that, apart from the latter, the posterlor half
of the gaﬂglion is relatively constant throughout the family

and that it bears a strong resemblance to the posterlior part

- of the nereld braln. The most iImportant features of this

region of the brain are the eyes and groups of neurosecretory
cells, Morphologlcal and experimental evidence will be
presented which suggests that these structures are homologous
In the two famililes, In particular, one group of neuro-

secretory cells in the brain of Nerels appears to be
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homologous with the posterior lobes of Nephtys, and this
fact provides a basis for a re-examination of the current
concepts about the fundamental nature of neurosecretory

cells,
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HISTORICAL

There have been some half-dozen accounts of the
morphology of the brain of the Nephtyldae, all but one of
them nineteenth century works, Although they deal with

only three specles, Nephtys caeca Fabricius, N, hombergil

Aud, & Edw., and N, cirrosa Ehlers, the accounts differ in

almost every detall, Certainly none of the nineteenth
century authors anticipated'great Iinter-specific varlation,
and Indeed, most of the controversy that was aroused was
based essentlially on the suppositlon that the supra-oeso-
phageal ganglion would be identical in all specles of
Nephtys. However, although inter-specific differences
account for some of the differences between the descriptions
of various authors, they do not account for them all;
several of the accounts are concerned with the same speciles
and st1ll conflict.

The first sccount of the brain of Nephtys was that
by Delle Chiaje (1825) who described and published drawings

of the nervous system of N, hombergi (under the name of

Nerels scolopendroides). It 1s now only of hlstorical

interest, for the illustration (fig.lA) shows an enormous,
heart-shaped sub-oesophageal ganglion, a quadrilobed supra-
oesophageal ganglion, and circum-ocesophageal connectlves

wlth a pair of ganglla on each, such as never existed in any
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polychaste, However, Delle Chiaje must be gliven credit
as one of ﬁhe first Invertebrate zoologlsts to describe
the supra- and sub-oesophageal genglia in any annelid,
He failed to notice that the venﬁral nerve cord was a double
structure, but this 1s difficult to observe In Nephtys with-
out cutting sections of the animal,

The earliest account of any significance was that by
Quatrefages (1850), who described a remarkable brain in

Nephtys bononensis (= N, caeca). His 1llustration 1s shown

in fig.1B, In the posterlor part of the prostomium, he
found an elongate, oval structure, evidently the supra-oceso-
phageal ganglion, from the anterior margins of which arose
the circum-oesophageal connectives, In addition, he
described a further nervous mass in the anterior part of the
prostomium, Thls consisted of a transverse chain of seven
genglia, a group of three on elther side near the bases of
the anterior antennae, and a seventh, transverse ganglion
joining them, The only connectlon between these anterior
ganglla and the supra-oesophageal ganglion was by way of

two small nerves running from the most lateral of the anterior
ganglla to the circum-ocesophageal connectives on each side,
The antennary nerves were described as arising from the
anterior chain of ganglila, Quatrefages also descrlbed a
palr of eyes In the posterior part of the supra-oesophageal

ganglion, While there are eyes in approximately the
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position he shows, they are embedded within the ganglion
and are not visible unless the ganglion 1is -cut open.
Quatrefages did not suggest this and he may well have con-
fused the nuchal organs with eyes, a mistake made by some
later authors also,

Claparéde (1868) re-examined N, hombergl. He was

unable to find any structures resembling the anterior chain
of ganglla described by ngtrefages In N, csecsa, Although
he examined a different specles, he concluded that Quatre-
fages had been mistaken and that the anterlor ganglia did
not exist in any Nephtys. He found that the antennary
nerves arise from the anterior margin of the ganglion
(Quatrefages had described them as emerging from the anterior
ganglionic chain) and also notlced that the posterior

margin of the ganglion was bifurcate (fig.iC).

Ehlers (1864-8) described the bfain of N, caeca and
was the flrst to record the two c¢ylindrical processes which
extend caudally from the posterior margin of the supra-
ossophageal ganglion to the fifth segment (f1g.1E). He
gdgreed with Claparéde that the antefior ganglia described
by Quatrefages did not exist, but disagreed with him on
several other points, Clabaréde had described the brain as
elongate and bifurcated posteriorly; Ehlers observed that
it was short, trapezoldal and had two long posterior pro-

cesses. The two authors studied dlfferent species and
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certainly, the differences between the two descriptions of
the supra-ocesophageal gangllia were too great to be attri-
buted to faulty observation; they could only be due to
Inter-specific differences In the morphology of the ganglion,
Ehlers evidently mistook the nuchal organs for eyes, for he
described them as being located at the posterior margins
of the prostomium, in the position actually occupled by the
nuchal ofgans, and as having a lens, which they lack,
Ehlers' observations were substantlally confirmed by
Schack (1886) in his study of the same specles, Schack
also described briefly, and incorrectly, the histology of
the posterior lobes of the brain and stated that they were
filled with large cells which he supposed tq be neurones,
His examination was superficial, however, for he falled to
nétice the eyes embedded In the ganglion and repeated
Ehlers' mistake of confusing the nuchal'organs with them,
He also falled to notlce the very obwvious tract of processes
running from the cells in the posterlor lobes along the
sides of the ganglion to the lateral walls of the prostomium,
| All the earlier work was reviewed by Pruvot (1885)
who gave a detailed account of the central nervous system

of N, hombergi (figs.lD and F) and attempted to reconcile

the conflicting views of the previous authors, He
described a flattened mass of connective tissue which lay

between the circum-oesophageal connectives in the anterior
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part of the prostomium, and from which two falrly thick
bundles of connectlve tlssue ran into the antennae. There
can be no doubt that Pruvot was right, up to a point, in
suggesting that this mass represented Quatrefages' seven
anterior 'ganglia', In fact the tissue 1s not connective,
but is composed of epidermal mucus cells, but once Quatre-
fages had made the inltial mistake of supposing 1t to be
nervous tissue, the disceming of ganglla in it followed
almost as a matter of course. Pruvot also suggested that
Ehlers too had mistsken this anterior mass for nervous
tissue, He was unable to find the posterior lobes of the
supra-oesophageal ganglion of N, hombergil and supposed that

there were none in any speclies of Nephtys. He proposed
that what Ehlers had called the supra-oesophageal ganglion
was, in fact,the mass of glandular tissue in the anterior
part of the prostomium and what he had called the posterior
lobes was the real supra-oesophageal ganglion, which in

N. hombergl has a fairly well-marked groove along its ventral

surface, While Pruvot was certainly right in his criti-
cism of Quatréfages, the observations of Ehlers could not
be dismlssed so lightly, the more so after Schack had
described in some detail precisely the same structures that
Ehlers had seen,

Pruvot had exemined the nervous system of N, hombergl

and Ehlers and Schack that of N, caeca, so that the dis-
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crepancles may well have been due to speciflc differences
in brain structure in the two worms, This possibility
does not seem to have occurred to Pruvot. However, In
1894 Baron de Salnt-Joseph published descriptions of the

nervous systems of i, caeca, N, hombergl and N, cirrosa

which should have declided the conflict as he was the first

person to examine both N, caeca and N, hombergi (fig,1G).

However, he falled to find the posterior lobes in any
speclies and agreed in the main with Pruvot. =~ In his des-
cription, he says that the ganglion of N, caeca extends to
the boundary between the first and second segments where

it bifurcates, i.e, it 1s essentially the same as the supra-

oesophageal ganglion of N, hombergl,

From the work of the latter half of the nineteenth
century we are left with a series of contradictory state-
ments about the structure of the brain of Nephtys. Sone ,
though not all, of the dlscrepancies can be attributed to
the fact that different observers studied different species,
It is a little surprising to find Pruvot, who gave a de=-
tailed and careful account of the brain of N., hombergi,

suggesting that Ehlers, who was usually a very exact obser-
ver, mistook a mass of connective tlssue for the supra-
oesophageal ganglion, qulte overlooking the fact that Ehlers

was working with N, caecsa. The fact that some authors
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assumed, incorrectly,.that the nervous system was the same
In all species of Nephtys, does not account for all the
discrepancies however, The descriptions of the nervous

system of N, hombergi given by Clarparéde, Pruvot and

Saint-Joseph are all more or 1esé congruent and are essen-
tially correct, But the descriptions of N, casca by
Quatrefages and Salnt-Joseph differ 1In lmportant respects
from those given by Ehlers and Schack, The French authors
‘describe the supra-oesophageél ganglion as belng elongete,
extending back to the boundary between the first and second
segments, and belng bifurcate posteriorly, whereas Ehlers
~and Schack agree that 1t 1s relatively shbrt, confined to
the prostomium, and that there are two.long, cylindrical
processes extendling from the posterior margin of the
ganglion, |

Rullier (1947) re-examined N. caeca and N, hombergl

and found that there are indeed posterior lobes of the
supra-oesophageal ganglion of N, caeca and that the descri-
ptions of the brain of that specles by Quatrefages and de
Saint-Joseph bear a much greater resemblance to the brain

of N, hombergi. Rullier also examlned the brains of

N. cirrosa and N, hystricls and found that they, too, were

provided with posterlor lobes, He concluded therefore that
posterior lobes were a hcrmai feature of the brain of |

Nephtys and that the Inter-speclfic varlation resided solely
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in the degree to which the lobes were developed; it will

be recalled that the ganglion of N, hombergi is slightly

bifurcated posteriorly although there are no elongated
lobes such as are found in N, caeca. This analysis is
not quite true, as we shall show, for the posterior part

of the brain of N, hombergi is composed of neuroglial

' fibres, whlle the posterlor lobes of N, caeca are filled
with mucus cells,

It appears, as Rulller suggested, that both Quatre-
fages and Seint-Joseph mis-identiflied the worms they
studled and did not examine N, caeca at all,” The alter-
native explanatlon is that there 1s considerable intra-
specific variation in this species and that the North
German specimens have posterior lobes and the French ones
have not, Since spécimens of N, caeca from the east and
west coasts of Scotland, the south of England and north-
east Bacific all have posterior lobes which are as Ehlers

described them, this seems most unlikely,
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CAPTIONS TO FIGUERES

A, The anterior nervous system of Nephtys
hombergl according to Delle Chiaje (1825).

B, The anterior nervous system of Nephtys caeca

according to Quatrefages (1850),

C. The prostomlum of Nephtys hombergi, showing

the supra-oesophageal gangllon by transparency.

Claparéde (1886)., b, nuchal organs, ¢, eyes.

D, The anterior nervous system of Nephtys hombergi

according to Pruvot (1885),

E,. The supra-oesophageal gangllon of Nephtys
caeca according to Ehlers (1864-8).

', The supra-oesophageal ganglion of Nephtys
hombergl according to Pruvot (1885), n, n' are two
areas of neuropile from which the circum-oesophageal

connectives arise, 0. eyes,

G. The anterior end of Nephtys caeca according to

Saint-Joseph (1894) showing the supra-oesophageal

ganglion by transparency.



12.



MATERIALS AND METHODS



13,
MATERIALS AND METHODS

The histological study has been based on an examina-

tion of the specles of Nephtys and Aglaophamus listed be-

low, The two genera are regarded as sub-genera by some
taxonomlsts, I have had no opportunity to examine HMicro-
nephtys, the third genus in the familly, The speciles
marked wlth an asterlsk have been taken from museum col-
Ilections and are therefore Ilnappropriately fixed for care-
ful histological work,

caeca (Fabricius)

: caecoides Hartman
. calliforniensis Hartman

clrrosa Ehlers
cornuta Berkeley & Berkeley
. cornuta franciscana Clark & Jones
. ferruginea Hartman
. 2labra Hartman
N, hombergl Aud, & Edw,
N, incisa Malmgren
N, longosetosa Oersted
#*N, magellanica Hartman
N, parva Clark & Jones
N, picta Ehlers
N. punctata Hartman
#¥N, rlckettsi Hartman
*N, squamosa Hartman
#Aglaophams diclrris Hartman
*A,erectans Hartman
#A, virginls (Kinberg)

H, rickettsi is synonymous with N, discors Ehlers according

to Pettibone (1954).
The gross morphblogy of the anterior nervous system

with 1ts associated structures has been determined by
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dlssection, As the entire dorsal part of the supra-oeso-
phageal ganglion 1s in contact with the cuticle of the
prostomium, it is most convenienﬁ to make lateral in-
cisions of the body wall as far forward as the first seg-
ment, to reflect the dorsal body-wall forwards and to
dissect the brain from its ventral surface.

Except for the museum specimens, worms have been
fixed in Bouiln's fluld, made up in sea-water, and trans-
verse and frontal serial paraffin sections have been pre-
pared at 7 or 10 n thickness, They have been stained as
a matter of routine with paraldehyde fuchsin. This tech-
nique has been developed by Gomori (1950), Halmi (1952)
and Dawson (1953), for the study of neuro-secretory products,
I have used Gabe's (1953Db) method of preparing the par-
aldehydse fuchsin, The final method 1s thus:

1, Remove paraffin and hydrate sections.

2. Refix in Zenker-formaldehyde (Helly), 1-2 hours,

3, Lugol's solution, 5 minutes, .

4, Rinse in water.

5. 5% sodium thiosulphate, 2 minutes,

6. Rinse in water,

7. Oxidise 1n acld permanganate, 1 minute
Potassium permanganate 3 gn,
Conc, Sulphuric acid S ml,
Distilled water - 1000 ml,

8. Rinse in water, ,

9., Decolorise in 2.5% sodium bisulphite,

10, Wash in water,

11, Staln in paraldehyde fuchsin, 10 minutes,

The paraldehyde fuchsin 1s made according to the
directions given by Gabe (1953b) The stock
solution consists of a 0,75% solution of
paraldehyde fuchsin in 70/ alcohol, The stain-
ing solution found best for polychaete material
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is:
Stock solutlion 15 ml,
70% alcohol 150 ml,
Glacilal acetic acid 2 ml,

(For vertebrate material the stock solution
should be diluted only 3 or 4 times with
70% alcohol,) )
12, Vlash 1n two changes of 95% alcohol,
13, Rinse in 0,25% hydrochloric acid in absolute alcohol,
15 seconds.
14, Rinse In distilled water,
15, Mordant in phosphotungstic-phosphomolybdic acid,
10 minutes,

Phosphotungstic acid 4 gnm,
Phosphomolybdlc acld 1 gm.
Distilled water 100 ml,

16. Rinse 1n water,
17, Counterstain, 1 hour,
Light green (fast green) 0.4 gm,

Orange G 0.5 gn,
Glaclial acetlic acld 1.0 ml,
Distilled water 100 ml,

18, Rinse in 2% acetic acid in 95% alcochol,
19, Dehydrate rapldly, clear and mount,

Best results have been obtained with material fixed
in Bouln's fluid, but sublimate fixatives are also sultable,
though they usually require a stronger solution of par-
aldehyde fuchsin (dllute the stock solution only 4 or 5
times with 70% alcohol instead of 10 times), The times
suggested above are for Bouin-fixed material, Steps 2-5
may be omitted, but mordanting with Zenker-formaldehyde
Improves counterstaining.

More detailed histological and histochemical studles

have been made on N, californiensis, N, cirrosa and

N, hombergi. Specimens have been fixed in Zenker, Helly,

Bouin, Heidenhain's 'Susa', formaldehyde and 95% alcohol,
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All but the last two fixatives were made up in sea-water
as a means of reducing shrinkage and improving fixation.
A great variety of staining techniques have been used of

which the following have been found the most rewarding,

General methods for the nervous system: Azan, Heldenhain's

iron. haematoxylin, Holmes' silver impregnation technique
(Nicol, 1948a).

Neurosecretory products: by far the best results have been

obtained with paraldehyde fuchsin following Bouln fixation,
Gabe's (1953b) method, using pilcro-indigocarmine as a
counterstain, 1s raplid and stains most neurosecretory pro-
ducts sharply and distinctly, The method described in
detaill above takes mach longer, but 1t has the advantage

of differentlating tissues In the brain so that the same
préparations can be used for microanatomlical studies of the
ganglion, For an examination of the secretory cycles of
the cells it has been found preferable to fix the material
In Zenker and stain by the longer technique. This method
results In much less Intense coloration of the neurosecretory
products than when the specimens have been fixed in Bouln's
fluid, which 1s something of an advantage, for in Bouin-
and Helly-fixed material the staining of the secretion is
often so intense as to obscure the cell structure. Neither

of the other two techniques commonly used In the study of
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neurosecretion, acld chrome haematoxylin and phloxin
(Gomori, 1941) or Altmann's fuchsin and methyl green
picrate (Gabe, 1947), have been found particularly useful

with this material,.

Lipids: material has been fixed in formaldehyde, refixed
in 2 osmic acld solution and counterstained with nuclear
fast red, or else, fixed in formaldehyde, post-chromed for
24 hours at 37°C in saturated potassium dichromate solution
and stalned wlth sudan black B, This 1s essentially
Claccio's method as described by Pearse (1953),

Glucids, etc.: Materlal fixed in Bouln and also in Helden-

hain's 'Susa' was subjected to the following tests:
périodic acld schiff, with and wlthout previous digestion
with dlastase, and foliowing acetylation, with and without
saponification with KOH (MaclManus & Cason, 1950), Muci-
carmine (Southgate, 1927), dialysed iron (Hale, 1946),
alcian blue 8GS (Steedman, 1950) and toluidene blue have
been used to demonstrate acid mucopolysaccharides.
Experiments have been performed on N, caeca,

N, californiensis, N, cirrosa, N, cornuta franciscana and

N. punctata, Details of the experimental -technlques can

more sultably be described in the appropriate sections,
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THE SIZE, FORM AND STRUCTURE OF THE SUPRA-OESOPHAGEAL GANGLION
Factors Influencing the Form of the Ganglion

The supra-oesophageal ganglion of Nephtys 1s extra-
ordinarlily varlable in both its gross morphology and 1its
fine structure, By far the most conspicuous of the vari-
ations that are encountered is the development of a pair of
lobes at the posterior margin of the genglion, which in
some species are many times larger than the ganglion 1tself,
but in others may be mlssing altogether, As we shall show,
these lobes are usually fllled with mucus-cells, but there
are also Important variations iIn the nervous part of the
ganglion, These are attrlbutable, in the main, to two
factors: the great size range of members of the Nephtyldae,
end the presence of a large, eversible pharynx, |

The smallest species of Nephtys, N, cornuta, is 5 mm

long, the largest specles, N, californienslis, is 250-300 mm

long,. The size of the cells does not vary to anything
like the same extent, and, as a general rule, smaller
animals are composed of fewer cells than large ones,

While this is possible In most tissués of the body, it is
not possible in the brain, It is axiomatic that brains
capable of the same functions must contain approximately
the same number of cells, As a result of thls, the supra-

oesophageal ganglla of small specles are relatively larger
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than those of blg ones, Because the external body pro-
portions are roughly constant in members of this famlly,

the relatlvely larger brain of the small species cannot

be accommodated completeiy within the prostomium, In

fact, the ganglion cannot become very much wider or thigker,
it can only become longer, and so it tends to project into

the anterior body segments, In N, cornuta end N, parva,

for instance, 1t extends from the first to the third body
segments,

The influence of the proboscis 15 less obvious,
The pharynx of Nephtys 1s very long and very muscular and
it 1s commonly greater in diameter than the anterior seg-
ments through which 1t must pass as the proboscis 1is everted,
The mouth 1s accordingly modified. Externally 1t 1s T-
shaped and extends to the anterior margin of the fifth seg-
ment, It is bordered by lateral 1llps which are connscted
ventrally by a folded, muscular, gular membrane that 1s
tucked between the lateral llps when the proboscis is in-
verted, As it 1s everted, the lateral lips are thrust
aside and the gular membreane 1ls stretched. The sub-
oesophageal ganglion lles at the posterior end of the mouth,
in the fifth segment, and the clrcum-oesophageal connectives
and the clrcum-oral blood vessels run In the lateral lips
(see Appendix II) and so are dlsplaced, but not stretched

when the proboscls is everted. The result of this
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structural adaptation to the presence of a large pharynx
is that the circum-oesophageal connectives are very long,
and there has been a tendency for them to be shortened by
the movement backwards of the supra-oesophageal ganglion,
The posterior part of the prostomium 1s fused with
the first segment, but its.hinder limit 1s indicated by
the nuchal organs (Racovitéa, 1896; Holmgren, 1916;
Rullier, 1950), That part of the supra-oesophageal gangllon,
if any, which 1s In the prostomium is epldermal, i,e, it is
in contact with the prostomlal cuticle, Any part of the
ganglion which extends into the body segments is suspended
beneath the eplidermis by extensions of the epidermal base-
ment membrane which bound the whole ganglion, Including

the posterior lobes. Only in N, incisa and N. picta is

the ganglion found in its primitive position in the
prostomlum (figs, 2 & 3), and even in these speclies the
posterior tip of it extends into the first segment, In
all the other specles, part, or even the whole of the brain
lies posterior to the prostomium, Thus in N, caeca,

N, californiensis and N, cirrosa (figs. 4, 19 & 27) only

half the ganglion 1s in the prostomium; in N, caecoldss,

N, ferrugines, N, hombergl and N, punctata thé extreme

anterior tip alone is In the prostomium (figs, 5, 6, 7, 8),

while in the two small specles N, cornuta and N, parva the

entire ganglion lies in the segmental part of the body
(figs., 9 & 10).
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The Size of the Ganglion

. The supra-oesophageal ganglion of a small species
of Nephtys is not a replica in minilature of that of a large
species, The ganglion cells are certainly smaller, but
those in the smallest specles are only one-tenth to one-‘
fortieth the volume of corresponding cells in the largest
species, whereas the ganglion 1is two-hundred times smaller
(figs,11l, 12 & 13), And the smaller the worm, the larger
the fraction of the braln occupled by the neuropile which
is composed of the axons of these cells (fig.14). So,
not only are the ganglion cells relatively larger in a
small worm, but there 1s less space around the neuropile in
which to accommodate them,

Thls situatlon 1s mitligated to some extent by a re-
duction in the amount of neuroglia and a closer packing of
the nerve cell bodies, It is impossible to measure the
volume occupled by glia cells, but even on' a superficilal

examination of a large worm like N, californlensis it 1s

obvious that a quarter or a third of the brain is occupied

by neuroglia, In N, parva and N, cornuta there 1s virtually

none, The ganglion cells are not arranged in discrete
groups, or nuclel, in any specles; they tend rather, to be
uniformly distributed in the ganglion, But iIn N, cali-

fornlensis, and several other large specles, discrets

nuclel can be discerned, though they are never as
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distinctlve as those in the brain of Nereils, for example,
In the smallest species of Nephtys even thls slight
structural organlsation in the brain is lacking and the
cells are packed uniformly and closely together, The loss
of neuroglia and of structural organlsation from the brain
of small specles of Hephtys achleves some economy of space
and compensates to some extent for the relatively larger
nerve cells that they possess, In spite of this, small
species have a relatively larger braln than big specles
(fig.15), and the brain becomes elongated.

Ve have assumed so far, that the number of nerve
cells In the brain is constant whatever the slze of the worm,
So far as the posterior part of the ganglion 1s concerned,
this appears to be jJustifiled. A count of nerve cells in
the groups posterior to the eyes in N, picta (ganglion
0,016 cu, mm, in volume) and the cells in the same groups

in a brain of N. californiensis (0.273 cu. mm,) gave totals

which agreed remarkably,. But in the anterior part of the
brain this is not so, Independently of any effect on the
brain caused by differences in the size of various species,

corpora pedunculata have evolved within the family. They

are composed of a very large number of extremely small
cells and, as in other polychaetes, they lile Just above the
origin of the clrcum-oesophageal connectives, They are

missing from N, cornuta, N, incisa, N, parva and N, picta,
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but they are modserately well developsd in N, caeca,

N, clrrosa and N, longosetosa. In N, caecoides, N, call-

forniensis, N, ferruginea and N, punctata there appears. to

be an Intermedlate condition in the development of thse
structures, for there are numerous gangllion cells in the
appropriate part of the brain, but they are not very
different in size from other small nerve cells in the

ganglion and they are not organised into mushroom bodies,
The Structure of the Posterior Part of the Ganglion

The arrangement of groups of gangllon cells in the
posteridr part of the brain, 1,e, posterlor to the photo-
receptors, can best be understood in a large worm like

W, californiensls. While the nerve cell-bodies do not

form dlstinct and separate nuclel, the axons enter the
neuropile at certain loci, and by traclng the axons back to
the cell bodies 1t is possible to find the approximate
boundary of each group. In smaller specles thils is much
more difficult beéause of the close packing of the cells,
However, once the structure of the brain of a large speciles
has been understood, any serious discrepancies 1in the
arrangement of the cells can be detected even in the smallest
worms, In fact, the same features occur in all the speciles

I have examined, and the supra-oesophageal ganglion

posterlor to the eyes 1s invariable iIn the essentials of
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its minute structure.
The following nuclei have been ldentified, They are

1llustrated in a slightly simplified form in fig,.16,

Nucleus 15, The optic nucleus, This group of cells ex-
tends above and below the gangllonic photoreceptors and 1s
Immediately posterior to them, The dorsal part of the
nucleus is composed malnly of small, pyriform cells; at
the level of the eyes, and ventral to them, large, almost
spherical cells predominate, The axons from the photo-
receptors and from all the cells in the optlic nucleus enter
the neuropile in a single group and are connected with the
nucleus of the other side by the optilc commissﬁre running

through the neuropile,

Nucleus 18, The nuchal nucleus 1s composed of small,
pyriform cells and lies at the level of, and ventral to the
eyes, Axons run into the neuropile in a compact bunch
where they form the nuchal commissures, the most posterilor
of the commlssures in the ganglion, There 1s & connectlion
between the optic and nuchal commissures, The nuchal nerve
runs dorsallj from the nuchal nucleus to the nuchal organ,
Since the latter 1s always at the posterior margin of the
prostomium where the ganglion 1s in contact with the cuticle,
the nuchal nerve consists of a tract of axons running

through the neuroglia for most of its course, and emerges

from the gangllon immediately below the nuchal organ
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(fig.17). The elongation of the brain of small worms and
the backward movement of 1t In others, have the effect of
increasing the distance between the nuchal nucleus and
organ, so the nuchal nerve becomes very long; but even so,
it emerges from the brain only at the level of the nuchal

organ in every speciles,

Nucleus 16, A small group of cells lle above and between

the optic and nuchal nuclei and close to the neuropille,

Nuclei 17 and 20, The postero-lateral and posterior parts
of the ganglion contain two Important groups of cells which
are also neurosecretory (see later section). Nucleus 17

1s the more dorsal but both are quite extensive and their
constituent cell-bodles are found in both dorsal and ventral
parts of the brain, It is difficult to distingulsh be-
tween the nuclei because the cells of each have the same
appearance and are contiguous, but there are two locl at

each side of the neuropile where the axons enter 1it,

Nucleus 22, A few cells In the posterlor ventral part of
the brain appear to send axons Into the neuropile separately
from those of nucleus 20, their lmmedlate neighbour. They

perhaps constitute a separate nucleus,

There are several excellent accounts of the minute
structure of the supra-oesophageal ganglion of nereilds,

members of a famlly closely related to the Nephtyldae.
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From the descriptions of the brain of Nerels by Holmgren
(1916) and Defretin (1955), it 1s apparent that so far as
the posterior part of 1t 1s concerned, there 1ls a consider-
able correspondence between 1t and the brain of Nephtys
(figs.16 and 18). The optic nucleus of Nerels lies im-
mediately behind the posterior optic nerve, and, according
to Defretin, 1s composed mainly of large, spherical cells;:
this 1s true of the ventral part of the nucleus in Nephtys,
The nuchal nucleus of Nerels 1s posterior and somewhat
ventral to the optiec nucleus, as in Nephtys. The small
nucleus 16 lies dorsal and Internal to the optic nucleus

in Nereils, but in Nephtys it 1s at the same level as the
eyes and is between the optic and nuchal nuclel, There
appeérs to be a slight difference in the relative posltions
of the nuclel 15, 16 and 18, but the axons enter the neuro-
pile in the same positions in the two worms, Nuclei 17
and 20 are extensive in Nereis and they are composed of
neurosecretory cells (Scharrer, 1936), as they are in
Nephtys, They occur in the same relative positions in the
two worms, . Defretin was unable to identify Holmgren's
nucleus 22 in Nerels, It is impossible to be certain that
the cells labelled as this nucleus in fig,16 should be
separated from nucleus 20, but they occur in the appropriate
position and their axons.run into the neuropile slightly
medlal to those from nucleus 20, Holmgren also described
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a further nucleus (21) in the dorsal part of the ganglion
and Defretin suggests that 1t 1s composed of neurosecretory
cells, There is no disérete group of cells in a correspond-
ing position in the brain of Nephtys, though there are
several large neurosecretory cells in the dorssl part of the
ganglion which have not so far been accounted for, It 1s
possible that they represent a rather diffuse 21lst nucleus,
Apart from a slight uncertalnty about the ldentity
of nuclel 21 and 22, and some shifting of the relative posi-
tions of other nuclel, there 1s an almost exact correspond-
ence between the posterlor halves of the bralns of Nephtys
and Nereis, The most striking difference is the absence
of an epidermal nucleus (19) from the brain of ﬁephyzs;
although 1t forms the most extenslve single nucleus in the
nereid brain, The nerve from this nucleus supplies the
lateral and posterior walls of the prostomlum of Nerels, but
In Nephtys the brain 1s epldermal, so 1t is not surprising
that thls nucleus and 1ts nerve should be missing, Ths
other obvious difference is that there are posterior lobes
on the brain of some species of Nephtys, but none 1in Nereils.
An examination of these differences will form the maln paﬁt
of this study of the posterior part of the brain of nephtyids.
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CAPTIONS TO FIGURES

The supra-oesophageal ganglion of N. Inclsa,
dissected from the ventral side, IO, level
at which the nuchal organs are found.

The supra-oesophageal ganglion

‘ of N, picta
from the ventral sids,

The supra-oesophageal ganglion of I, caeca
from the ventral side.

The supra-oesophageal ganglion of N, caecoldes
from the ventral side, |

The supra-oesophageal ganglion of N, ferruginea
from the ventral side, '

The supra-oesophageal ganglion of N. hombergl
from the ventral side.

The supra-oesophageal ganglion of N. punctata
from the ventral side,

The supra-oesophageal ganglion of N, cornuta
from the ventral side.

The supra-oesophageal ganglion of N, parva

from the ventral side.

The relationshiprbetween,the volume of the
photo-receptors and the size of the supra-
oesophageal ganglion in various species of

Neghgzs.

The relationship between the volume of the
largest nerve cell bodies in the supra-

oesophageal ganglion in various specles of Nephtys,

and the size of the supra-oesophageal ganglion,

The relationship between the mean volume of the
cell bodies In nuclel 17 and 20 and the size
of the supra-oesophageal ganglion In various

species of Nephtys.

The relatlonship be tween the fraction of the
supra-oesophageal genglion occupised by neuro-
plle and the brain volume in various species

of Nephtys,
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Flgure
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16,

17.

18,

29,

The relationship between the relatlive size of
the braln end the size of the worm. (The
relative slize of the brain 1s the volume of
the ganglion divided by the cube of the
diameter of a body segment.)

A slightly simplifled plan of the supra-
oesophageal gangllion of N, californlensis to
show the arrangement of the nuclei In the
posterior part of the brain,

Transverse gsection through the supra-oeso-
phageal ganglion and the nuchal orgens of
N, caeca.

The arrangement nuclel in the supra-ceso-
phageal genglion of Nereils, (From Hanstrbm,
1928, simplified from Holmgren, 1916},

A, view from above; B. view from below.
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THE POSTERIOR LOBES OF THE SUPRA-
OESOPHAGEAL GANGLION,



39,

THE POSTERIOR LOBES OF THE SUPRA-OESOPHAGEAL GANGLION

Anatomy and histology of the posterlor lobes
of Nephtys californlensis

The supra-oesophageal ganglion of N, califormiensis

1s a trapesolidal structure lying in the posterior part of
the prostomium and the anterior part of the first segment
(fig.19). It is 1n contact with the prostomial cutlcle
and In segment I is suspended beneath the epldermis. It
1s bounded by a connective tissue sheath which i1s continuous
with the basement membrane of the epidermis (f£ig.20).
Attached to the posterior margin of the ganglion, continu-
ous with 1t and enclosed within the same membrane, there
are two tapering cylindrical pfocesses, the posterior
lobes, They extend caudally as far as segment VII or VIII,
Occasionally they extend only into segment VI and sometimes
they reach segment IX, In living or freshly killed worms
the posterior lobes are translucent and whitish; the supra-
oesophageal ganglion is dark, In preserved materlial the
gangllon becomes opaque, dull white, In all events, the
lobes can be clearly distinguished from the gaﬁglion proper,
even In a cursory examination,

The posterlor lobes are filled with large, irregularly
shaped and highly vacuolated cells (fig.21). These cells

vary in size, but are usually about 100 p long and 40 p wide,
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The vacuoles may be small and numerous, as in fi1g.21, or
they may apparently coalesce to form one or two large
vacuoles which occupy most of the cell, When this 1s so,
the nucleus 1is fréquently to one side and thin strands of
cytoplasm cross the cell between the vacuoles, Alter-
natlvely, there may be a slngle vacuole, opening into the
neck of the cell, The vacuole contains grenules and the
cell thefefore has the same appearance as the prostomial
rmicus-cells (fig,224), Because of thelr high degree of
vacuolation, these cells in the posterlior lobes are d4diffi-
cult to fix satisfactorily, After sublimate fixation the
materlal in the vacuoles has a reticulate éppearance, but
after Bouln fixatlon the vacuolés can be seen to be fllled
with numerous granules or globules of secretéd matérial
(fig.22B)., '

The nucleil of posterior lobe cells are roughly oval,
approximately 10 x 15 p and are frequently irregular in
outline, Often the nuclear surface has a number of pro-
jections or bumps on it, = Thls does not appear to be a
flxation artefact because the nuclel have the same appearance
whatever flxative 1is used, It is sometimes found that
nuclel of cells undergolng great activity are irregular in |

outline, as for example in some neurosecretory cells
| (Scharrer & Scharrer, 1954a). There 1s usually a single
large nucleolus which 1s very consplicuous, but in a minorify
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of cells (possibly 5% of them) there are two nucleoli,
although In other respects these cells resemble the others
in the posterior lobes,

The posterlior lobe cells are drawn out and have
long necks, These cell processes collect together and
ran In a tract along each side of the supra-oesophagesal
ganglion (figs. 20 and 22D) to the énterior part of it
where the cilrcum-oesophageal connectlves originate, There
they turn sharply through a right engle and run perpendi-
cularly to the lateral walls of the prostomium (fig.23).

- The cells processes running to the prostomial walls are very

distinctive and will be called the lateral organs for the
sake of convenience, though they cannot properly be regarded
as constituting an organ any more than, for instance, can
the sinus glend of the crustacean eyestalk, The ends of
the processes penetrate into and posslbly through the cutilcle
overlying them, The prostomial cuticle 1s falrly thick

(16 PJ in most places, but over the lateral organs it 1is
reduced to a thlckness of 2.5 jp and over the terminations

of the cell processes 1s elther absent altogether, or else
is so thin that it cannot be detected by ordinary histo-
logical methods, When the cutlcle 1s stripped from the
sides of the prostomium it is seen to be peppered with per-
forations marking the ends of the cell processes of the

lateral organ (fig,22E). The lateral organs extend along
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the sldes of the prostomium in front of the supra-oeso-
phageal ganglion, almost to the anterior antennae at the
antero-lateral corners of the prostomium (fig,24).

The lateral organs are not, In this specles, derived
entirely from the posterior lobe cells, A second group
of vacuolated cells of exactly the same form and wilth the
same staining properties as those in the posterior lobes,
are situgteda in the anterior part of the prostomium
(f1gs.22A and 25), A fine bundle of cell processes ex-
tends from these to the anterior part of the 1atéra1 organ,
though the bundles of processes are not as distinct as those
running along the sides of the supra-oesophageal ganglion
from the posterior lobe cells, Fu;ther, there are vacuo-
lated cells located along the tract of cell processes, so
that nowhere 1s there a distinct demarcation between the
cell body region and the tracf of processes as In the
posterior lobes, There are thus anterior and posterior
lateral organs, continuous with each other, but derlved from
prostomlal and posterior lobe cells respectively.

The entire system of vacuolated secretory cells and
their processes is epldermal, as 1s the nervous systenm,
They are all bounded internally by the basement membrane of
the epidermis or by extensions of 1t, The posterior lobes
and the lateral tracts formed by the processes of the cells

filling them are enclosed within the same connective tilssue
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mewbrane as the supra-oesophageal ganglioﬁ and have the
same thin, cellular, pericapsular sheath on their ocuter
surface. The vacuolated cells are sharply marked off
from the nervous tissue of the ganglion by a dense mass
of neuroglial fibres, and a similar but thinner layer
- separates the lateral tracts from the ganglion, although
they are all within the same connective tissue shea th
(fig.22D). Neurogllal fibres penetrate between the cell
processes in the lateral tracts and occasional neuroglial
cell bodies can be seen scattered among the cell processes
in the lateral tracts and the lateral .organs, Neuroglial
fibres also penetrate into the posterior lobes, though they
are not numerous, and a few of the cell procesées from the
posterior lobes run through the neuroglial mass at the
posterior end of the ganglion, The neuroglia separating'
the posterior lobes and the lateral tracts appears to be
of a different constitution from the neuroglia.in the
ganglion, though no morphologlcal differences can be seen,
Under some (undetermined) conditions of fixation or stain-
ing, the neuroglia at the posterior end of the ganglion
stains with the orange G while the neuroglia in the
ganglion proper takes up light green in the counterstain,
but usually both stain in the same way,

From anatomlcal considerations alone it would be

reasonable to suppose that secretions produced in the
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vacuolated cells in the posterlor lobes and the anterior
prostomial cells reach the exterior by way of the lateral
organs, Thls 1s indeed so, for if the worms are roughly
handled In the process of flxation, the cell contents are
frequently extruded. Some worms were narcotlised and
most of the body wall was trimmed away in the hope of
improviﬁg the fixation of the posterior lobes, The
posterlor lobes and the lateral organs were found to be
empty and only a small quantity of fuchslnophil material
was found on the cﬂfiple over the lateral organs, Other
worms which have been less severely handled before fixa-
tion have shown empty posterlior lobe cells, but with the
secretion concentrated In the lateral organs and pene-

trating through the cuticle on to its outer surface,

The Nature of the Secretion

The secretory cells of the posterior lobes, the
lateral organs and the anterior prostomial group of cells
are all PAS-positive, They therefore fall into the group
of tilssues containing polysaccharides, muicopolysaccharides,
racoproteins and glycolipids (Pearse, 1953). The presence
of glycogen can be ruled out by preliminary digestion with
dlastase, which does not change the PAS reaction, The
cells also glve a positive reaction with paraldehyde fuchsin,

muclicarmine, dlalysed iron and alcian blue 8GS, and show
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me tachromasia with toluldene blue, These techniques

were carried out on paraffin sections of N, californlensis

fixed with formalin and also on sectims fixed with
absolute methyl alcdhol. The results were idehtical with
both fixatives,

These hlstochemical tests Suggest that the posterior
"lobe cells produce a mucoid.material of some sort which 1s
pfobably an acid mucopolysaccharide, The epidermal
-mucus-glands'of the parapodia have an appearance similar
to those of the posterior lobes and the anterior prostomisal
group of cells, and have the same staining reactions when
these tests are applied to them, Thus, although the
posterior lobe micus-cells are anatomically specialised,
they do not appear to produce a secretion different from
that of the simple eplidermal mucus-cells of other parts of
the body. This 1s not the general experience, for special-
ised micus-cells in various parts of the body of an animal
frequently produce different sorts of mucus (see, e.g.,
Gomori, 1954) and the differences are comuonly sufficiently
great to be detected by the methods employed here.

The Comparative Anatomy of the Posterior Lobss
and the Prostomial Mucus-glands of the Nephtyidae

Posterior lobes, similar morphologically and histo-

loglcally to those described in detall in N, californlensis,
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also occur in N, caeca, N, caecoidses, I, ferruginea,

N, longosetosa, N, parva end N, punctata, The degree of

development of the lobes varles considerably from one
specles to another. In N, parva, a small worm, the lobes
are so narrow that only three or four cells can be séen in

cross—section,'but the lobes extend to segment XI, In

N, longosetosa they extend to segment VII, in N. caeca only

to segment V, The longest lobes I have seen are those of

LY

N, caecoides in which they extend from the supra-oeso-

phageal ganglion in segment I to segment XV, In all these
species the lobes are filled with vacuolated cells similar

to those In N, callfornienslis, and the presence of lobes of

this sort involves also the presence of lateral tracts of

cell processes running to the lateral organs,

In a second group of worms, viz, N, cormnuta,

N, cornuta franciscana, N, hombergi, N, inclsa, N, picta,

Aglaophamis diclrris, A, erectans and A, virginls, there

are no posterior lobes fllled with vacuolated mucus cells,
The posterlor end of the supra-oesophageal gangllion may be
bifurcate, however, and give the superficial appearance of
lobes, This 1s undoubtedly the basis of Rullier's (1947)
statementvthat 'ces lobes postérieurs exlstent chez toutes
les Nephthys que j'al étudides., Ils sont trés longs chez

N, caeca, molns developpes chez N, clrrosa et tres courts

chez N, hombergl et N, hzstricis. Il y'a donc tous les
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termes de passage.' I have not examined N, hystricils,

but the supra-oesophageal ganglion of N, hombergl and all

the other species in this group, whether bifurcated
posterlorly or not, ends in a mass of neuroglial fibres
similar to those separating nervous tissue from glandular

tissue in N, californiensls and the specliles of the first

group, N, elrrosa represents e special case which will

have to be discussed in greater detail below. It has lobes
unlike those of eny other species I have seen,

The mucus-glands of the prostomium are as variable
in thelr arrangement and dlsposition as the posterior lobes.
The locatlons of these glands in the Nephtyldae are in a
group in the anterlor medien part of the prostomium, along
the lateral walls of the prostomium, and in the posterlor
lobes, The rmcus-cells in the lateral walls of the pro-
stomlum can be divided Into two groups, anterior and posterior,
on the basls of thelr fate in certaln specles, The division
between the anterior and posterior groups of lateral micus-
cells can be set at the level of the posterior antennss,
though no anatomical division between the two groups can be
made in those species in which both are present, because
- Phey grade into each other, The two groups correspond to
the anterlor and posterior divisions of the lateral organs

of N, californlenslis,
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The anterior median prostomlal group of mucus-cells
1s present in all specles, These cells may have long
necks and open to the lateral walls of the prostomium by way

of the anterior lateral organs, as in N, californiensis,

N, caecoldes, N, longosetosa and N, cornuta, or they may

open directly to the dorsal, or more usually, to the ventral

surface of the prostomium, In N, caeca, N, ferruginea,

N. parva, N, punctata end N, incisa, where the latter con-

dition obtains, there are no anterior lateral organs and
thelr place is taken by an anterior group of epldermal
cells, | This 1s almost the conditlon found in N, longo-
gsetosa, but a few of the anterior medlan micus-cells open

to the lateral walls of the prostomium,. forming a small
anterior lateral organ in addition to a smali anterior group
of mucus-cells in the lateral walls, Posterior lobe cells
invariably open to the exterior by way of the posterior

lateral organs, N, Incisa and N, cornute do not have

posterlior lobes and consequently lack lateral organs, but
the place of the latter 1ls taken by epidermal mucus-celis.

N, picta and Aglaophamus spp. have very few epldermal mucus-

cells in the prostomium and the only recognisable group of
them is in the median anterlor area, These open directly
to the exterior.

The enterior and posterior parts of the micus-gland

system vary Ilndependently and the degree of development of
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epldermal mucus-glands also differs markedly in different
speciles, The various forms the system may take are

summarised in Table I and in fig,26,
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Specles

Post, Lobes

Post, Lat,
Organs

Post, Lat;

Mucus-cells

Ant, Median
Macus-cells

Ant, Lat,
Organs

’ Lat,
Macus-cells

Ant,

californlensis

caecoldes

longose tosa

casca

ferruginea

glabra

magellanica

arva
rickettsi

puctata

cornuta

cornuta franciscana

Incissa

squamosa.

hombergl

icta
diclrris

erectans

virginls
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*See separate dilscussion of this specles,



51,

The Posterior Lobes of Nephtys cirrosa

N, cirrosas represents a speclal case and must be

described in detail, The supra-oesophagesal ganglion lies

in the posterior part of the prostomium and in the first
segment, A pair of lobes extends from 1ts posterior

border into the anterior ﬁart of the fourth segment (fig,27).
The histological appearance of these lobes differs markedly
from that of any other specles, The lobe 1itself is
separated from the ganglion proper by a barrier of neuroglial
fibres as in other specles with posterior lobes, There 1s

a dense penetration of neuroglia into the posterior lobes,
quite different from the occasionel neuroglial fibres which
penetrate Into the posterior lobes of a specles such as

N, californiensis. Secretory cells are scattered among

the neuroglia, together with the neurogllial cell-bodies and
larger matrix cells (fig,22C)., The cell bodies of the
secretory cells are about 1o I long by 8 p wide and are
packed with fuchsinophll granular inclusions, which are
often so numerous and dense as to obscure the structure and
form of the cell. These cells are most numerous in the
posterior ends of the lobes; a few are to be found along
the lateral edges of the lobes as far forwards as the
posterior end of the braln,

The processes from the posterior lobe secretory cells

of N, cirrosa are mauch finer than those of N, californlensis
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and can only be traced by the course of the granules,

They run along the sides of the posterlor lobes and the
supra-oesophageal ganglion to the anterior margin of the
latter, Then they run along the outer edges of the
cilrcum~-oesophageal connectives, which are in contact with
the epldemmal cells of the lateral prostomlal walls, At
the point where the circum-oesophageal connectives turn
sharply in a ventral direction, the fuchsinophil granules
can be seen running through the epidermis to the cuticle.
Morphologlcally, the disposition of the cells and processes
that stain with paraldehyde fuchsin 1s essentially the same

in N, cirrosa as in N, californiensis (fig.28). There are

far fewer sécretory,cells In the posterlor lobes of

N, eclrrosa and their processes are much narrower, so that

in consequence there are no conspicuous lateral organs,

but the processes from posterlor lobe cells run through the
epidermis iIn the position where lateral organs would be
expected to be found. Epidermal mucus-cells of the
posterior lateral group adjoin the terminations of the
flbres from the posterlor lobe cells, The mucus-glands of
the medlan anterlor group open to the exterior in the
lateral walls of the prostomium, forming an anterior lateral

organ,
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Discussion

From these descriptions of the arrangement of the
posterlor lobes and thelr assoclated structures in the

Nephtyidae, 1t appears that we have to deal with a system

of epldermal mucus-cells which have become more or less
incorporated with the supra-oesophagesl ganglion, It 1s
a simple matter to arrange the specles 1n a serles showing
progressive stages In a centripetal migration of epldermal

micus-cells, In a specles such as N, picta or Aglaophamus

spp. there are relatively few mucus-cells in the prostomium
and those that there are are embedded in the epidermis and
open directly to the exterlor, At the other end of the

serles we may place N, californiensis or N, caecoldses, In

these worms there are no mucus-cells in the epidermis of

the prostomium; Iinstead they are concentrated In the
posterior lobes and in the anterior prostomial gfoup end
they commnicate with the exﬁerior by long processes termin-
ating in the lateral organs, Intermediate in the series

are N, cornuta, in vhich the anterior prostomial mucus-cells

open to the exterior in the lateral walls of the prostomium
and there are no antero-lateral mucus-cells and no posterior
lobes, and N, caeca In which there are posterior lobes and
posterior lateral orgens, but cells of the medlan anterior
prostomial group open directly to the exterior, It seems

likely that the epldermal mucus-cells of the anterior lateral
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walls of the prostomium have migrated Into the anterior

medlan group, and those in the posterior part of the
lateral walls have migrated into the posterior lobss,
Both groups of mucus-cells open to the exterlior 1ln the
lateral walls of the prostomium whether they are in thelr
original peripheral position or have migrated centrally,
To judge from the disposition of the mucus-cells in the
specles 1llustrated in fig,26, the two processes have gone
on independently, |

The fact that 20 or so species can be arranged in such
an order that a sequentlal elaboration and integration of
the micus-gland system can be demonstrated does not, of
course, prove that the evolution of these structures has
taken the same course, if it had, one might expect to find
more Intermediate cases in the postulated series,. The
hypothesls would receive strong support if a specles were
discovéred In which there was a group of mucus-cells lateral
to the supra-oesophageal ganglion in the position occupiled
by the lateral tract of processes from the posterlor lobe

cells In N, callforniensis. However, this intermediate

condition does not exist in any of the 21 species I have
examined and the nearest approach is that found in N, call-

fornilensls, in which a few mucus-cells are scattered along

the lateral tracts of cell processes,
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While the mucus-cells of the posterlior part of the
prostomium apparently occur either in the epidermls or in
the posterlor lobes, but not in 1ntérmediate positions,
those of the anterior part of the prostomium are not so
uncompromlsingly divlided into peripheral or central groups.
In most species those in the mlddle of the prostomium open
directly to the exterlor either dorsally or ventrally or
both, and the anterior lateral mucus-cells are not re-

lated to those in the central group. In N, longosetosa

a few cells in the medlian group do not open to the exterior
ventrally, as the rest of them do, but by way of long pro-
cesses to the slides of the prostomium, Thls species has
still a small group of anterlor lateral micus-cells in

addition to the inciplent lateral organ, In ¥, californlien-

sis and N, caecoldss the énterior lateral nmucus-cells are

completely replaced by the anterior part of the lateral
organ and all the cell bodles are located in the central
mass or along the course of the cell procésses. Some of
the micus-cells In the median mass of both these species
still open directly to the dorsal or ventral surfaces of
the ﬁrostomium. The tendency for epidermal mucus-cells
in the prostomium to migrate_inwards while retaining their
original connection with the exterior is 1llustrated in

N, incisa, In this specles there are neither anterior nor
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posterlor lateral organs, but the mucus-cells in the
lateral walls of the prostomlum are arranged in clumps
vhich project inwards beneath the epildermis (fig.29).

Although the posterior part of the prostomial
micus-gland system comes to have an intimate connection
with thes supra-oesophageal ganglion, the anterior part has
no connection with any part of the nervous system, In
splte of thls 1t seems Justiflable to treat both as parts
of the same system, particularly in view of the fact that
in what we have postulated to be the primitive condition,
found in such a specles as N, picta, 1t 1s impossible to
distingulsh between anterlor and posterior groups of mucus-
cells in the lateral walls of the prostomlum, At first
sight 1t may seem surprising that epldermal mucus-cells
should have been Incorporated in the brain to the extent
that they are contlguous with the nervous tissue and are
enclosed within the membranes which invest the ganglion,
There 1s, however, a precedent for thils in the evolution
of the cerebral organs of nemerteans, which is strikingly
simllar to the postulated evolution of the posterior lobes
of Nephtys. |

The cerebral organs of nemerteans are partly glandul-
ar and partly ganglionic, Their structure had been known
for some time, but no detalled and comparative account of

them had been given until Scharrer (1941) made‘a study of
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the structure of those of Lineus and Cerebratulus, in which

they are incorporated within the brain capsule, She pro-
posed that they had evolved from epldermal structures,

In Carinella annulata the gangllion cells and glandular cells

of the cerebral organ are purely epldermal and are con-
nected with the cerebral ganglion by a long nerve running

through the miuscle layers of the body wall, In Drepanopus

albolineatus the cerebral orgen is internal to the muscle

layers but is connected to the exterlor by a canal, In

Amphlporus marmoratus, Lineus coecineus and Cerebratulus

lacteus the cerebral organ 1s assoclated closely wlth the
cerebral ganglion and shows a progressively greater degree

of Incorporation within 1t in the three species, In the
filrst 1t is in contact with the ganglion, but still appears as
a separate structure, In the other two it is completely
within the connective tlssue. sheath of the cerebral ganglion.

In Cerebratulus there 1s an uninterrupted transition from

ganglion cells to glandular cells in the posterior and
antero-lateral parts of the brain,

Scharrer was able to clte embryological evidence of
the epldermal origin of the cerebral organs of Lineus in
support of her thesis, The hypothesls that the posterior
loves of Nephtys are derlved from epidermal mucus-cells
would be greatly strengthened by embryological evidence of

the migration of cells from the epidermis Into the lobes
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and the anterlor median group of mucus-cells, Unfortunate-

1y no detailed study of the embryology of any nephtyld has

ever been carried beyond the larval stage, Until it has

been, an analysis of the evolution of these structures must

be based on a consideration of comparative anatomy alone,

The evidence for this thesis, then, amounts to the followlng:-

1.

Cells in the prostomial epidermls, in the median
anterior group, in the posterlor lobes, and in the
parapodial micus-glands are ldentlcal in appearance,
Ail respond in the same way to the histochemical
tests dlscussed above and all secrete an acid ruco-
polysaccharilde,

All these structures are epldermal and are bounded
internally by the basement membrane of the epidermis
or by extensions of 1t,

A sequence can be discerned In the specles examined
which 1s consistent with the view that a’centripetal
migration of these cells has taken place,

A strikingly similar example of the phylogenetic and
ontogenetic centripetal migration of epldermal
glandular cells with a subsequent lncorporation in
the cerebral ganglion has been reported in the

nemertsans,
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N, cirrosa represents a separate problem and probably

1llustrates a further stage in the evolution of the posterior
lobes and a closer assoclation of the cells in them with the
supra-oesophageal ganglion, Only one of the three types of

cell In the posterior lobes of N, cirrosa is secretory and

they are much smaller than the cells 1n the posterior lobes

of N, californiensls and have a qulte different appearance,

In fact, they look much more like the neurosecretory cells

of the supra-oesophageal gangllion, The question arises,

are the posterior lobes of N, clrrosa homologous with those

of N, californiensis? There are three possible origins of

the cells In the lobes of the former species:
1. They cannot be homologlsed with any feature of the
braln of any other nephtyid and the resemblances
are the result of convergence, In other words,

the posterior lobes of N, clrrosa have developed

de novo,

2. They represent ganglion cells of the posterior part
of the supra-oesophageal gangllon which have .
migrated caudally into the neurogllal area at its
posterior end, The whole of the posterior part
of the brain has therefore hypertrophled,

3. They represent modified posterior lobe cells, and

the posterior lobes of N, clrrosa can bhe homologis-

ed with those of N, californiensis and other

nephtylds.
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As to the flrst alternative, the appearance of a
completely new nervous structure, with no hint of 1ts
existence 1n any other specles, 1s not likely. While the
posslibility cannot be excluded, particularly since only about
a third of the spoecies in the family have been examlned, to
admit it on so slight evidence would be to deny the prin-
ciples of comparative morphology.

The second alternative, that the posterior region of
the supra-oesophageal gangllon has hypertrophled in this
specles, 1s at first sight the most attractive,. However,
in spite of the great variation in the fine structure of the
supra-oesophageal ganglion of Nephtys, the arrangement of
groups of neurones In the posterior part of the braln 1is
one of the few comstant features, There are two large
groups of nerve cells in the posterior part of the bralin of
all specles of Nephtys, which are homologous with a similar
group of nerve cells in Nereis also, In some species of
Nephtys they may extend part of the way Into the anterior
part of the posterior lobes, but they are always separated
from the secretory cells in the lobes by a barrier of

neuroglial fibres, These are represented in the posterior

part of the ganglion of N, clrrosa, and not in the posterior

lobes, In additlon there are a palr of large neurosecretory
cells (Type A, see later section) of a distinctive type in

the posterior part of the brain, These, too, are present
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In the ganglion and not in the lobes in N, ecirrosa.

Finally, the eyes of Nephtys which are located in this part
of ganglion and bear a constant relation to other groups of

ganglion cells, occur in their usual position In N, clirrosa,

Thus all the recognlsably constant features of the posterior
part of the supra-oesophageal ganglion of other specles of

Nephtys occur also in N. cirrosa in their typlcal position

and not in the posterior lobes, For thls reason 1t 1is
difficult to maintaln that the posterlor lobes of this
specles represent a hypertrophy of the posterlior part of
the supra-oesophageal gsngllon,

We are thus forced to conslider the third altemative,

that the posterior lobes of N, clrrosa and.N.'californiensis

are homologous, In favour of this view, the flbres from
the secretory cells of the posterior lobes of the former
species run iIn the same place and open to the exterior in

the same place as they do in N, californiensis, In addition,

both'produce fuchsinophil granules of secreted material,
On the other hand the secretory cells in the posterlior lobes

of N, clrrosa form but & small minorlty of the cells and they

look nothing llke those of the postérior lobes of other
species of Nephtys. In fact, they look like the majority
of neurosecretory cells of the supra-oesophageal ganglion,

The posterior lobes of N, cirrosa demonstrate a

remarkable incorporation of epidérmal glandular cells within
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the central nervous systemn. Even in the nemerteans, the
glandular tlssue of the cerebral orgen 1s recognisably of
the same histologlcal appearance whether 1t is epldermal,

as In Carinella, or completely incorporated within the

cerebral genglion, as in Cerebratulus (Scharrer, 1941).

This is also true of most nephtyids but in N, cirrosa the

secretory cells of the posterior lobes appear to have be-
come completely integrated with the nervous system, Indeed,
were it noﬁ for a knowledge of the structure of the posterior
lobes, and their probable evolution in other nephtylds, one
would certainly not attempt to distinguish between the

posterlor lobes of N, cirrosa and the rest of the supra-

oesophageal gangllion,
The function of the mucus-gland system of the pro-
stomium 1s unknown, The cells of the posterior lobes of

N, caecoides, In which the lobes reach thelr greatest develop-

ment, produce copious quantitlies of mucus which appears to
be readily discharged to the exterior. Whatever its
function, it must be of consliderable bilologlcal significance,
The fact that the prostomlal mucus-glands are so poorly
developed in some specles, e,g. N, picta, suggests that
there has been a great elaboration of some activity of
Nephtys in the course of the evolution of thls worm. Un-
fortunately, practically nothing is known of the ecology of
the Nephtyidae and it 1s lmpossible to speculate on the
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function of thils glandular system, One or two possible
functions can be excluded, however, One of the cormonest
functions of epidermal mucus-cells in polychaetes 1s the
secretion of a tube in which the worm llves. In most
species of Nerels this is done by parapodial mucus-glands,
but in Nephtys the epidermél mucus-glands of the segmental
part of the body are poorly developed and the worm does not
secrete a tube, nor does it consolidate its burrow in the
sand with mucus, Several polychaetes lay thelr eggs in
micous capsules and this could concelvably be a function

of the prostomial mcus-glands of Nephtys. But Augener
(1912) has described epltokous forms of a number of speciles
of Nephtys and Thorson (1946) has found pelagic larvae of
the worm, There is every indlcation that Nephtys swamrms
in the surface of the sea for spawning and that it has
pelegic eggs and larvae, Finally, mucus 1s sometimes
secreted to form a food trapping net, as in the'chaetopter—
ids, Thls seems unllikely in Nephtys because 1t has no
permaneht burrow and 1is probably a carnivore, This possi-
bllity must be rejected with ceution though, since Nereis

diversicolor, regarded as a typlcal carnlvorous polychaete,

has been observed to secrete a micus net for just thils

purpose (Harley, 1950),



Flgure

Figure

Figure

Flgure

19,

20,

21.

22.

64.
CAPTIONS TO FIGURES

The supra-oesophageal ganglion and posterior
lobes of N, californlensls dissected from the
ventral slde, |

A serles of transverse sections through the
prostomium and first segment of N, californiensis,
to show the relation between the nervous system
(stippled), the posterior lobes, and the epi-
dermal basement membrane,

Cells from the posterior lobes of N, cali-
forniensis,

A, DMuacus-cells from the anterlor prostomial
group of N, caeca, The long necks of the cells
are filled with fuchsinophll granules, Bouin;
paraldehyde fuchsin; 7 n paraffin sections,

No filter,

B, Posterior lobe cells of N, longosetosa filled
with strongly fuchsinophilic grenules, The
granules can be seen filling the cell processes
which run towards the upper left-hand corner of
the lateral tract, Bouin; paraldehyde fuchsin;
7.P paraffin sections. Wratten 68 fllter,

C. Posterior lobe cells of N, cirrosa showing
the large non-secretory matrix cells, neuroglial
fibres and, along the upper edge, small secretory
cells filled with fuchsinophil material, Bouin}
paraldehyde fuchsin; 7‘p paraffin sectlons,
Wratten 58 fllter,

D, Frontal sectim through the prostomium and
anterior segments of N, californiensis, The
supra-oesophageal ganglion occuples the upper
right-hand half of the photograph; cell pro-
cesses from the posterior lobes run along the
slde of the gangllion to the lateral organ in
the upper left centre of the figure,. Helly;
paraldehyde fuchsin; VJP paraffin sections,
Wratten 58 filter,

E. The lateral organ of N, ferruginea, The
cell processes run to the dark-steining cuticle
which can be seen to be perforated over thse
ends of them, Bouin; Mallory triple stain;
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Figure
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Figure 24,

Figure

Figure

Figure

Figure

Figure
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26,

27.

28,

29,
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10 p paraffin sections; Wratten 25 fllter,

Transverse section through the prostomium of
N, ferruginea, showing the lateral organs at
their greatest development,

Lateral view of the prostomium snd anterior
segments of N, californiensis, Cross-hatched
area Indicates the attachment of the first
parapodium which has been removed to expose
the area occupied by the lateral organ,

Composite frontal section through the anterior
end of N, callfornlenslis to show the relation
between the posterior lobes, the lateral tracts,
the lateral organs and the prostomlal mucus-cells,

The various arrangements of the prostomial
micus-gland system found in the Nephtyldae,

Sites of micus-secreting cells are indicated in
black, The first three specles in the upper
row show an increasing development of prostomial”
epldermal micus-glands; the remainder Indicate
stages in the centripetal migration of epidermal
micus-cells into the posterlior lobes and into

the anterior prostomlal group.

The supra-oesophageal gangllion end posterior
lobes of N, cirrosa dissected from the ventral
side.

Composite frontal sectlon through the anterior
end of N, clrrosa to show the epidermal mucus
glands; of the prostomium and the path taken
by the granules from the secretory cells in the
posterior lobes,

Transverse sections through the prostomium of

(A) N, incisa and (B) N, plicta to show the arrange-
ment of the epidermal mucus-glands and thelr in-
ward migration in the former species,
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THE EYES AND THE PHOTONEGATIVE BEHAVIQUR
The Structure and DPisposition of the Photoreceptors

Three types of photoreceptor are found in members
of the Nophtyldae, though not all specles possess all three
types. They are: (a) inverted single-celled receptors
lying in pigment cups sand embedded in the supra-oesophagesal
ganglion, a pair of unit receptors on each side, (b) single-
celled receptors lacking pigment cups, situated in the
prostomium at the extreme anterlor edge of the supra-oceso-
phageal ganglion, (c) epidermal receptors in the body wall,
probably in the pygidium of two small species and possibly

in the prostomlum of several specles,

The photoreceptors of the supra-oesophageal ganglion

Bilaterally symmetrical photoreceptors embedded in
the posterior part of the supra-oesophageal ganglion are

present In nearly all species of Nephtys, Only N, Inclsa

among the species I have examined lacks them (Table II),
The eyes are not generally visible from the exterior, nor
even in dissection unless the ganglion happens to be cut at

the right level, However, in two small species, N, cornuta

franciscana and N, parva, they are visible from the exterior

by transparency, The eyes of these specles are sbout half

the size of those of a large specles such as N, Californlien-

sis, but the linear dimensions of the worms themselves are
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reduced by a factor of 20-25, and the amount of tilssue
overlying the eyes 1s both relatively and absolutely very
much less, In these two small specles the eyes can be

seen as two black spots through the dorsal side of the

third segment, the supra-oesophageal ganglion extending from
the prostomium to'that segment, In all specles of Nephtys
which possess eyes, they lle in the posterior part of the
brain, a little anterior to two palred groups of ganglion
cells which lle at the postero-lateral corners of the
neuropile (f1g.30A).

Each photorecéptor cénsists of a single vacuolated
cell lying within a plgment cup which 1s composed of dark
brown (melanin?) extracellular granules, Since there are
no other cells in the Immediate neighbourhood, apart from
the dense, coarse neuroglial fibres, 1t seems likely that
the pigment granules are secreted by the sensory cell
itself, The dimensions of each photoreceptor cell are
about 40 x'20}4 in the largest worms, and about half that
size in the smallest speciles (fig,ll). Projecting into
the vacuole of the cell is a ridge which is mushroom-shaped
in cross section (figs,.30B and C),. Photosensitive material
is probably concentrated In this ridge, particularly at its
surface, since 1t possesses somewhat different stalning
properties from the rest of the cell, The almost spherical

nucleus is 8 or 9 u in dlameter and lies near the origin of
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the axon, Two such vacuolated cells lle close to onse-
eanother and the pligment cups of each are contiguous, re-
sulting in an H- or Y-shaped mass of pigment with the
photoreceptor cells directed elther dorsally and ventrally,
or else dorse-laterally and ventro-laterally,. The partli-
cular form of the pigment cup varies from one specles to
another, but appears to be c&nstant within a speciles,
Closely appllied to the vacuolated cell, on the side
opposite the pigment cup, 1s a second nerve-cell body which
is non-vacuolated, It 1s about one-third the size of the
vacuolated cell and has an elongated nucleus 15 u long and
5-7 p wide (fig.SOB); I can suggest no function for this
cell, though the consistency of its occurrence and its
close assoclation with the vacuolated cell, suggest that
it has some functional association with 1t, The assoclation
between what 1ls apparently a sensory cell in a pigment cup
end an accessory cell is falntly reminiscent of the sltua-
tion iIn some arthropodan compound eyes, In these, an
eccentric cell is associlated with the retinula celis and
1s responslble for the sensory discharge in the optic nerve
when the ommatidium is illuminated (Waterman & Wiersma,
1954), Axons from both the sensory cells and the accessory
cells run directly into the neuropile, Once Inside the
neuropile, they are lost in the general tangle of nerve

fibres, An 1dentical arrangement of photoreceptor cells,
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pigment cups and accessory cells is found on elther side

of the brain,

Anterior prostomial receptors

Two palrs of cells, which are probably photoreceptors,
lie In the anterior part of the prostomium}outside the
supra-oesophageal ganglion, They are not universally
present, nor do they always have the same appearance,

N, Inclsa, N, punctata and N, rickettsl appear to lack themn,

while 1in the remalning specles they may be vacuolated and

resemble the eyes 1in the supra-oesophageal ganglion closely,

or they may be non-vacuolated (see Table II), There 1is

1ittle to show that the non-vacuolated cells are photoreceptors

but whether they are functional or not, they are assumed to
be homologous with the vacuolated anterior receptors of
other specles because they are the same size and shape, are
in the same positlon, and bear the same relation to the
brain.

The circum-oesophageal connectives leave the supra-
oesophageal ganglion at 1ts antero-lateral corners,
Immediately dorsal to the connectives there 1s a group of
small ganglidn cells extending.from one side of the ganglion
to the other (fig.,31A), The prostomlal photoreceptors lie
immediately anterlor to these cells, in contact with, but
internal to the epldsrmis of'the lateral walls of the pro-

stomium, They are about 40 x 20 p in size and have an
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Specles Anterior Eyes Posterior Eyes
Nephtys caeca non-vacuolated present
Nephtys caecoldes vacuolated present
Nephtys californlensis vacuolated present
Nephtys clrrosa non=-vacuolated present
Nephtys cornuta non=-vacuolated present
Nephtys cornuta frenclscana non-vacuolated present
Nephtys ferruglnea vacuolated present
Nephtys hombergi vacuolated present
Nephtys inclsa ? ?
Nephtys longosetosa vacuolated present
.Nephtys magellanica vacuolated . present
Nephtys parva vaouoléted present
Nephtys plcta vacuolated present
Nephtys punctata none present
Nephtys rickettsi none present

non-vacuolated present

Nephtys

squamosa
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oval nucleus, In those species in which'they are vacuo-
lated, a ridge projects into the vacuole of the cell and
there 1ls some indication that the photosensitive material

is concentrated in the surface of the ridge (figs.31B and

C). These c¢ells Invariably lack pigment cups, but other-
wise the vacuolated variety 1s ldentical with the photo-
receptors of the supra-oesophageal gangllion, Indeed, it

is chiefly for this reason that they are presumed to be
photoreceptors, The non-vacuolated cells appear to be
homologous with the vacuolated ones, There 1s no suggestion .
of an accessory cell in contact with these photoreceptors,
but usually two identical photoreceptor cells lie In contact
with each other, The axons from the receptor cells on
elther side of the prostomium run laterally and caudally

and enter the supra-oesophageal ganglion at 1ts anterilor
margin at about the point of origin of the circum-oesophageal

connectives,

Epldermal photoreceptors

Throughou t tne.taxénomic literature of the Nephtyidae,
there are numerous and repeated references to pigment spots,
usually with the implication or statement that they are
light sensitlve. There 1s nothing particularly reprehensible
in the assumption that single-celled photoreceptors might
occur in the epldermis of Nephtys and that plgment spots

indicate thelr presence, because epidermal photoreceptors
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are well known from other annelids, though iIn oligochastes
rather than polychaetes, However, as far as I know, this
assumption has never been justified by the dlscovery and
description of the receptor cells themselves, After
searching sectlons of the epldermis of the prostomium and
of segments from various parts of the body of nephtylds
and finding nothing which might be regarded as a photo-
receptor, I directed attention to four specles, N, céli-

forniensis, N, caecoides, N, parva and N, cornuta francis-

cana, The latter two specles have a ring of plgment spots
surrounding the pygldium, the former two have a well marked
pigment pattern on the prostomlum ending in two symmetri-
cally placed patches of plgment and a third patch in the
anterior medlan part of the prostdmium,-all suggestive of
epldermal photoreceptors.

The pigment spots are formed by an accumilation of
small granules of dark brown substance which are extfa-
cellular and which surround certain epldermal cells, Apart
from the fact that they are surrounded by pigment granules,
these cells differ }n no way from other epidermal cells in
the neighbourhood, They are roughly conical in shape,
wlth the apex of the cone in contact with the epldermal
basement membrane, and the base of the cone dlstal, Epi-
dermal photoreceptors of other annelids are usually differ-

entlated from structural epidermal cells by the presence of
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vacuoles or refractile bodles, and the fact that some
epidermal cells in Nephtys are surrounded by pigment seems

Insufficlent reason for regarding them as photoreceptors.

Particularly in the small worms N, cornuta and N, parva,
plgment granules are laid down along practlically all the
connective tissue of the body and the epldermal cells of
the pygldlal ring differ from the others only in that the
pigment granules surrounding them are more numerous and
more concentrated, On the other hand, all four spécies
react by swimming or'by a slighf contraction of the longil-
tudinal masculature if 1light 1s shone on the posterior
segmenits; the middle of the worm appears to be insensitive

to light, The same 1is true of N, casca, N, cirrosa,

N, hombergl and N, punctata, If there are any photore-

ceptors in the epidermis, they are cells of this type and

are not speclalised morphologically, It 1s possible,

though I have not been able to observe it, that fibres from
these cells run through the basemerit membrane of the epidermis

to connect with a sub-epidermal nerve plexus,

Experimental Studies
If Nephtys is dropped Into a pool of water in the
sand, 1t swims for a short time and then beglins to burrow.
The prostomium is thrust ggainst the substratum and the

undulatory waves passing along the body vibrate the pro-
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stomlum in the sand and drive it forward, As soon as the
anterior segments are buried, the locomotory activity
changes to alternate contractions of the longltudinal eand
circular muscles and the worm burrows like an earthworm,
Swimming is a necessary prelude to burrowing, Usually the
worm burles itself at the first attempt, but if 1t does not
do so, it remains inactive on the bottom of the pool for a
time, perhaps a minute, and then swims and attempts to
burrow again, The same pattern of behaviour 1is invariably
followed: the worm swims at Intervals and at the end of
each swimming excursion attempts to burrow; the attempts
are repeated until the worm does eventually bury itself,
The experiments described below have been designed to pro-
vide at least a partial analysis of thls behaviour on the
supposition that one of the factors controlling it is the
illumination of the worm, and to determine the functions

of the photoreceptors.

Two reactions to illumination are found in the poly-
chaetes; a synerglc contraction of the longitudinal
miscles mediated by'giant axons, or locomotion, The former
is characteristié of the tubicolous worms, the latter of
the errant worms, These responses are not limlted to
those famllies conventionally regarded as ‘'sedentary' and
'errant'! respectively, but the sudden contraction response

is more marked in worms living in permanent or seml-
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permanent burrows or tubes, and the locomotory response

is more marked in worms which do not inhabit burrows.

The phenomenon of contraction is the more spectacular and
the more amenable to experimentation, and it has according-
ly attracted more attention than the locomotory responss.
The literature on the responses of tubicolous worms to
stimilation by light has been discussed and reviewed by
Nicol (1948b, 1950). | Among the polychaete familles usually
regarded as 'errant', the Nereldae 1s fhe only one In which
the response to illumlnation has been studied in detsall,
Herter (1926) found that Nereis diversicolor is negatively

phototactic, 4However, even the nerelds usually live in
consollidated burrows or secreted tubes of & more or less
permanent character and they contract on a sudden change
of light intensity, whether 1t be an increase or a decrease.
Several polychaete famllies inclﬁde species which are
pelagic during ﬁhe breeding season and numerous observations
scattered in the literature suggest that these worms are
posltively phototactic at this time, at 1east, insofar as
they are attracted to 1ights in the water, This represents
a reversal of their usual photic response,'but there appears
to have been no systematic investigation into the precilse
mechanism of this behaviour.

Nephtys differs from those worms which have beegﬁ
studled in detail in thls context, because although it
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burrows in the sand, it does not form a consolidated, per-
manent burrow, and the sudden wlthdrawal reflex on stimu-
lation is not found to any marked degree in the Nephtyldae,
Both 1ts hablits under natural conditions and 1ts behaviour
in the 1aboratorj suggest that 1t is much closer to the
generallsed 'errant' polychaete than any that has been
studied before,

The experiments fall iInto two groups : first a
series of Investigations into the nature of the photo-

negative reactions of a single speclies, N, cirrosa, and

second, an investigation of the function of the anterior
prostomlal and the ganglionic photoreceptors, Ideally the
latter Investigation should be carried out by removing one
.or other pair of eyes and observing the resulting changes

of behaviour in the manner in which Herter (1926) experi-

mented with Nerels diversicolor, This is impossible in
Nephtys, for the single-celled receptors cannot be removed
Individually and could be extirpated only by doing consider-
able damage to the supra-oesophageal ganglion, Instead,
species have been selected for these studies which possess
one or other set of receptors, or both of them, In other
words, by a fortunate interspecific variation of these eyes,
the extirpation has already been accomplished by the In-
vestigator, For such experiments to be valid, i1t 1ls necess-

ary to assume that the brain structure is identical in all
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specles of Nephtys and that the only varlable In these
experiments 1s the presence or absence of eyes, Since 1t
is 1mpossible to follow the Interneural connections within
the supra-oesophageal ganglion, this assumption 1s gratuit-
ous, even if, at first sight, reasonable In a group of
closely related specles of a single genus, ~ Even on a
cursory examination of the supra-oesophageal ganglion of a
number of specles of Nephtys, it 1s apparent that the

minute structure varies conslderably from specles to specles,
particularly in the anterior part of the brain, In these
circumstances, the results of the experiments must be inter-
preted with caution, A conslideration of thelr wvalldity
wlll be deferred untll the results are analysed and dis-
cussed, Because of sexual maturlty there may well be
changes in the behaviour of the worms when ﬁhey are 1llumin-

ated, only immature specimens have been used,

Experiments with Nephtys clrrosa

a, The llght-dark cholce experiment. When several

worms are placed in a rectangular dish of water, one-half of
which 1s 1lluminated and the other half covered with a black
screen, they eventually move into the darker half, This 1is
a surprisingly lengthy process for so active an animal as
Nephtys, and it 1s evident that the number of worms in each
half fluctuates because the worms re-enter the lighted half

from the dark, If sach worm 1s placed in a separate dish,
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but otherwise under the same experlimental conditions as be-
fore, the numbers returning to the light half are reduced
because in this case gquiescent worms in the dark half are
not disturbed by active worms as they accumlate there,
Even so, although worms spend more time in the dark com-
partment than before, they still reasppear in the light;

1t 1s only exceptionally that they are all in the dark com-
partment at the same time and in no case do they remain
permanently in the dark, The results of the two experi-
ments are illustrated in filg.32,  The results show that
Nephtys is photonegative, though they provide no informa-
tion about the mechanlism of this process. Fur ther, they
show that under these experimental conditlions, the orienta-
tion movement 1s imperfect because the worms do not stay In

the dark when they reach 1it,.

b. The effect of 1llumlnation on the activity of Nephtys.

If Nephtys 1s placed In a jar of ses-water and is llluminated,
it swims around the vessel for a short time at fairly

regular intervals, Other forms of activity in these cir-
cumstences have been observed but rarely, and it 1s con-
cluded that normally the worms will exhibit alternating
perlods of rest and activity, This periodic behaviour is
discussed further in Appendlx I, and it has been used to
study the effect of i1llumination on the worm,
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Illumination was provided by eight 60-watt 'Metrovik!
slectric light bulbs, rated at 250 volts and run at 245
volts from the public mains supply. The intensity was ad;
Justed by varying the number of bulbs and the distance be-
tween them and the jars containing the worms, In this way
the intensity could be varied without affecting the spectral
quality of the light, During the period of the experiments
the voltage of the mains supply varied by less than 3%
which 1s insufficient to affect elther Intensity of spectral
quallty of the light appreciably. According to information
supplied by the manufacturers, the spectral oﬁtput of the
bulbs 1s as shown in Table III,

TABLE III

Spectral output of the light source compared with natural
daylight

Wavelength  Incandescent 60-watt Tungsten Natural daylight

A, filament lamp, 2848°K, 6500°K
3800-4200 0,0054 0,032
4200-4400 0,0585 0.26
4400-4600 0.249 0.83
4600-5100 5,39 10, 65
5100-5600 33,52 41.8
5600-6100 42,68 35,8
6100-6600 16.5 9.9

6600-7600 1,52 0.68
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A diffusing screen of a single sheet of tracing paper
was Interposed between the light and the worms, This
affects slightly the speciral quallty of the light falling
upon them, but this has not been measured. The intensity
of the llght was measured with an Everett-Edgcombe photo-.
cell énd meter and was adjusted in equal logarithmlc steps
between 0,45 and 14,4 candles per square foot. The worms
were between 70 and 85 mm long and were collected at low
tide, Each was immedlately placed In a glass jar contain-
ing about 700 ml of fresh, aerated sea-water, The jars,

with the worms, wére kept in complete darkness for 2%
hours until the experiment started, After this period of
dark adaptation, fhe light was switched on and for the
following two hours the activity of each worm was measured
by counting the number of times 1t swam during that period,
At the end of the experliment the water was changed in pre-
paration for the next period of dark adaptation and obser-
vation, All the experiments were carried out on the same
individuals and were completed within three days of collect-
ing the worms, The experiments were carried out in a
concrete floored room, free from vibration and sudden nolse,
with the water temperature constant at 14°c. The oxygen
concentrations were measured by the Winckler technique and
did not vary appreciably during the course of an experiment,

Observations were made on five worms simultaneously

end the results are shown in fig,33,. It will be seen
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that there is a sigmold relationshlp between the swimming

activity of the worms and the logarithm of the light in-

tensity, so that within limits, the activity is approximate-
ly a linear function of the logarithm of the light inten-
sity, and outside these 1imits there is no change in
activity with a change in light 1ntensify. No lower limit
of light intensity, beloﬁ which the worms are inactive,

has been found, Even in dim red light they are still

active,

c. Orientation in a light beam, - A single worm was placed

In a large glass tank of sea-water, lined on three sldes
end the bottom with black matt paper tp reduce light re-
flection to a minimum, The worm was dark adapted for

half an hour and then 1lluminated from one end of the tank.
by a beam of parallel light from a 'Polntollte' microscope |
lamp and the behaviour of the worm was recorded, As soon
as the worm reacted the light was extingulshed and the

worm left lIn darkness for a further beriod of half an hour,
After eight or nine such tests the worm was discarded and
a fresh one used, The light was always at the same end of
the tank and always projected along the bottom of 1it,

The direction at which the light beam impinged on the worm
depended entirely upon the position taken up by the latter
during the period of darkn;ss. The conditlons of the

experiments are summarised in Table IV,
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TABLE IV,

Direction of in- Worm Total
cident light beam A B C D E B exposures

Anterior 8 2 0 1 1 1 13
Posterior 2 1 1 2 4 2 12
Lateral 0 S 1 2 L5} 1 14
Post;diagonal 0 1 1l 1l 0 0 3
Ant, dlagonal o0 o0 0 0 O © 0
Total exposures 10 9 3 6 10 4 42

With one exception, the reactlion of the worm was always the
same; 1t swam forward even on the occasions when thils in-
volved swimming directly up the light beam towards the light
source, In the single exceptional case the worm failed to
react at all, The results of these experiments clearly

indicate that whatever the direction of the incident light

beam, Nephtys clrrosa does not orlient itself in 1t,

d. Inhibition of the photonegative reaction. Five worms

were placed in jars of sea-water containing enough sand to
cover the bottom to a depth of 2-3 mm; the sand was not

uniformly distributed, but was heaped In some places to a

depth of 5 mm. The worms were then exposed to light.

Four of them, when they had burrowed as far as posslible into
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the sand, showed no further activity, although most of the
body was still exposed to light, In one case, where the
send was not heaped up and therefore nowhere deep enough
for effective burrowing, the worm was more active than the
others, The same worms, under the same conditions, in
jars without sand, were active during the whole period of
two hours during which they were under observation, The

results are summarised iIn Table V,

TABLE V-

Number of swimming excursions during two hours exposure
to 1light following two hours of dark adaptation,

Worm With sand Without sand
A 1l 29
B 10% 37
C 1l 47
D 1 65
E 3 29
Average 1.2 | 43

%*Worm B was In a jar with insufficient sand for
effective urrowing. The number of 1its swimming
excursions has been omitted from the average
figure.

Four experiments were then carrled out to test whether

this inhibition of the reaction was brought about by the
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contact of the worms with the sand or by the obscuring of
the light by it,

1, Four worms were placed in glass tubes 50 cm long and
4 mm Internal diameter in a tank of water and then illumin-
ated,

2. Six worms were provided with short lengths of glass
tubing (15 mm long), placed in water and i1lluminated.

3. Six worms Were placed be tween glass plates in a tank
so that thé dorsal and ventral surfaces of the worm were

in contact with the plates, and then illuminated,

4, Six worms were provided wilth dorsal contact over a
short length of the body by placing them under microscope

slides raised on supports,

In the first three experiments all activity was Inhibited
while the worms were illuminated for a period of two hours,
following two hours dark adaptation, The fourth experi-
ment was inconclusive because the worms did not stay in
position beneath the microscope slides for any length of
time, It follows that if part, at least, of the dorsal
and ventral surfaées of the body are in contact with some
solid object, the reaction to illumination is inhibited.

In the light-dark choice experiment, it was observed
that three worms were inactive and remained in the light so
long as they were upsi&e down, i,e, ventral side uppermost.

When they were righted, they swam into the dark compartment
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within a short time, In another experimént of this kind,
the worms lying upside-down were left undisturbed and the
time they took to right themselves and swim into the dark
compartment was observed and compared with the time taken

by worms lying ventral side downwards (Table VI),

TABLE VI

Time teken by worms to reach the dark compart-
ment in the light-dark cholce experiment,

Lying ventral Lying ventral
side down side up

0.5 mins' 95 mins
0,5 117.5
2.0 225

11.5

15

Average: .

1.0 mins, 92.8 mins.

In both these experiments the worms were in separate dishes,
so that disturbance by active worms swimming into quiet ones
did not affect resulﬁs. Although the inhibition of the
photonegative behaviour 1s only partlal, and in any case
Nephtys does not nérmélly lie upside-down unless it 1s
moribund, there is a suggestion in these results that dorsal

contact alone 1s sufficlent to inhibit the activity of the
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worm In light and that ventral contact with the substratunm,
whille usual, 1ls superfluous, But the possibillity remains
that since the illumination was from above, the photo-
receptors, which are nearer the dorsal than the ventral
surface,;were not adequately stimulated when the worm was
upside-down and the light struck the ventral surface, A
serlies of experiments was therefore carried out in which
the worms lay on thelr ventral surface, but were 1lluminated
from below, If 1t is true that the opacity of the body 1is
sufficient to prevent adequate stimulation of the photo-~
receptors, the worms should remain inactive although the
dorsal surface of the worm is not In contact wlth any solid
object.

Single worms were placed In a glass tank of sea-water,
half the bottom, the sides, and most of the top of which were
covered with matt black paper to reduce reflection end to
provide light and dark compartments when the tank was
1l1luminated from below. The worms were left in darkness
for half an hour and then the light below the tank was
switched on and the time taken for the worms to reach the
dark compartment was recorded, All the worms were ventral
side downwards during the experiments, The worms reacted
to 1llumination by swimming and in all but two cases reached
the dark compartment In a single swimming excursion, The

two exceptional cases represent occasions when two swimming
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TABLE VII

Time, in seconds, taken for worms to reach the dark
compartment when suddenly 1lluminated from below,

Worm Test No, Average
1 2 3 4 5

A 14 17 12 23 23 18 secs,
B 9 20 16 16

C 173% 17 295% 22 127

D 12 12

E 17 12 15 5 9 12

F 5 6 13 10 9

G 10 9 10

#*Two swlimming excurslions before entering
dark compartment,

excursions were necessary, Thus the direction of Incident
light is found to be lrrelevant and the worms react as
readily when they are 1lluminated from below as from above.
This finding conforms with the possibility that dorsal con-
tact alone is sufficient to inhibit the reaction to illumina-
tion. In addition, single;éelled receptors, with a fine
sensory hair projecting through the cuticle have been de-
tected on the dorsal surface of the worm, There are others
on the ventral surface, but those on the dorsum are more
numerous, These are presumably contact receptors and thus

the worm has the sensory equipment to detect contact between
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i1ts dorsal surface and the sand,

Experiments with Nephtys cornuta

Nephtys cornuta franclscana has the same complement

of photoreceptors as N, clrrosa, that 1s, there are palred

receptors In pigment cups embedded in the supra-oesophageal
ganglion and a pair of non-vacuolated cells without pigment
cups  In the anterlor part of the prostomium, However, it
is a very small worm and the eyes lle close to the surface

of the dorsum, In N, cirrosa, the eyes are so deeply em-

bedded in the ganglion that it 1s difficult to imagine that
any but very diffuse light reaches them at all. This beling
so, 1t is not surprilsing that although N, clrrosa has bl-

laterally symmetrical photoreceptors, which by virtue of
their plgment cups are directional, it should not be able

to orient itself in a light beam. In N, cornuta, on the

other hand, the eyes are so close to the surface, that there
is a likelihood that they are more perfectly functional,

The following experiments were designed to test whether this
is so or not,

Single worms were placed in a glass tank of sea-water
eand 1lluminated from one end of the tank by a parallel beam
of 1ight from a microscops lamp, The worms were dark
adapted for half an hour before each test and some seventy

tests were carried out on twelve specimens, As before, the

direction of the incldent beam depended upon the position
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taken up by the worm between tests, but sufficlent observa-
tions were made to cover all possible directlons of the
incident light relative to the worm, Two types of reaction
were observed, The worms swam forwards, gradually turning
into the beam until they were orientated longitudinally with

respect to it, and then swam down-beam, This was most often

- observed when the incident light was lateral or posterior.

Usually when the worms were facing the light when 1t was
switched on, they swam once or twice in a tight cirecle in
the beam and then swam down 1t until they reached the end
of'the tank furthest from the lamp. On elghteen occasions
the worms failed to react af all, on elght the worms swam
out of the beam and did not appear to orient themselves,
while on two occaslons, the worms clrcled énd then swam

into the beam towards the light. If the worms were dropped
from a pipette into the 1light beam, they lnvariably orlented
themselves In 1t and swam down-beam, All this 1s clear

evidence that N, cornuta 1s able to orient itself iIn a light

beam and suggests that N, cirrosa does not do so because the
eyes are too deeply embedded in the ganglion to be complete~

ly functional,

Experiments with Nephtys californiensis and Nephtys
punctata :

Nephtys callforniensls and N, punctata both differ

from the two foregoing species In the structure of the eyes,
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N, californiensis has both anterior prostomial and ganglion-

ic eyes, but the former are vacuolated, N. punctata has

ganglionic, but no anterior prostomlal eyes, Both specles
when placed in a tank with light and dark compartments

find their way into the dark compartment, but reappear
periodically into the light, as N, clrrosa does under the

-same clrcumstances, Tests were made on slx specimens of

N, punctate and eight of N, californiensis to find if either

worm was able to orient itself in a light beam, The ex-
perimental technique was the same as that described pre-

viously. In ten of the forty-five tests made on N, punctata,

the worms falled to react when i1lluminated; on all the

other occasions they swam forwards regardless of the direction
of the Incident light beam, The worms showed no sign
whatever of orientation. The same results were obtalned

in 36 tests on li, californiensls, on three occasions the

worms falled to react, on the rest they swam forwards and
did not orientate themselves, Thus, although exhaustive
tests have not been made, it is safe to conclude that the

morphological differences between the eyes of N, clrrosa and

N, californiensis do not affect thelr function and that even
when the enterior eyes are missing, as they are In N,

punctata, the behaviour 1s not altered,
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Conclusilons

From the foregoing experiments, the following pre-
liminary conclusions can be drawn about the function of
the eyes:

1, No differences in behaviour can be detected between
specles with vacuolated and non-vacuolated prostomial

photoreceptors (cf, N, clrrosa with N, californiensis), nor

between specles with anterior receptors of elther type and

those lacking them altogether (cf. N, californiensis and

N. cirrosa with N, punctata).

2. The photoreceptors of the supra-oesophageal ganglion,
although theoretically adequate to permit the animal to
orlent 1ltself in a light beam, are apparently too deeply
embedded in the brain for this in most specles, When the
gangllionic photoreceptors are close to the surface, however,

the worm can orientate itself (cf, N, cormuta with N, calil-

forniensis, N, cirrosa snd N, punctata),

5. Even when deeply embedded in the supra-oesophageal
ganglion, the posterior eyes apparently receive sufficient
stimilation by diffuse light for the animal to perform

kinetic orientation movements (c¢f., N, punctata with N, cali-

forniensis and N, cirrosa).

4, No experiments have been performed on a specles of

Nephtys which possesses anterlor eyes, but no ganglionilc eyes,

nor is 1t known certainly if any such specles exists, Thus
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it is not clearly established whether the anterior pro-
stomial receptors are fUnétional or not, There are two
possibillities, Either the anterlor receptors are completely
non-functional and the stimulation of the ganglionic re-
ceptors by diffuse light evokes kinetlc movements in the
worm, or else they are functlonal end are involved 1In the
kinetlc movements, but they can be functlonally augmented

or even replaced by the posterior eyes.

Discussion

The photoreceptors of the brain and the prostomium
of Nephtys resemble those found 1n other annelids. The

photoreceptors in the epidermls of Lumbricus consist of

single, vacuolated sensory cells wlthout plgment cups

(Hess, 1925), while in Stylarla there are several such cells
In a group on either side of the prostomium, each partly
invested by small pigment cells (Hesse, 1902),. The unit
photoreceptor of leeches also conslists of cells of this
tjpe, though usually several are grouped within the same
pigment cup (Scriban & Autrum, 1932-4), Polychaete eyes
are frequently more complicated and may include more than

one type of cell, However, the lateral ocelli of Poly-
ophthalmis (Opheliidae) take the form of single, vacudlated

cells of the type found in Nephtys, but with diglital pro-

cesses projecting into the vacuole (Hesse, 1896),
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Judged by thelr disposition and their relationship
with groups of ganglion cells in the braim, the eyes of
Nephtys are homologous with those of Nereis, The sensory
axons of the posterlior receptors of Nephtys enter the neuro-
pile immediately anterior to the antero-latefal groups of
ganglion cells (figs.16 and 30), exactly as the posterior
optic nerves do in Nereis (Scharrer, 1936, and personal ob-
servation), These ganglion cells are homologous in the
two worms and are both lmportant neurosecretory centres,

The anterior eyes are less certainly homologous, The

" anterior prart of the supra-oesophageal ganglion of Nephtys
is more variable in its minute structure than the posterior
part, and there are no consplcuous or constant groups of
ganglion cells which‘can be used as landmarks, The anterior
opfic nerves of Nereils enter the brain between the two roots
of the circum-oesophageal éonnectives; in Nephtys the sen-
sory axons enter the neuropile lateral to the connective
roots, though immediately beside them (fig.31). It is im- "
possible to say how Important this difference 1s, but the
receptors themselves are in almost the same position in the
two worms,

The suggestlon that the eyes of the two worms are
homologous is strengthened by a comparison of the experiments
of Herter (1926) and Ameln (1930) on the photonegative be-
haviour of Nereis diversicolor, with those on Nephtys,
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Herter showed, as a result of extirpation experiments, that
Nerels was able to orient itself In a light beam; i.e.
exhibit a phototaxis, only 1f the posterior eyes were in-
tact. If they are removed the worm exhibits only a photo-
kinesls, despite the bilateral and directional arrangement
of the anterior eyes. Since the sensory data provided by
the anterlor eyes 1s theoretically sufficlent to permit the
worm to orient 1tself in a light beam, 1ts lnablllty to do
so 1s Interpreted as meaning that the deficiency lles in
the central nervous system. The anterior eyes of Nephtys
are not provided with pigment cups and are not directional,
The posterlor eyes are both, but the worm exhibits a photo-
taxls only if they are close to the surface, as they are in

N, comuta, It is 1likely that the bralns and photoreceptors

of Nerels and Nephtys are essentlally the same as far as the
photonegative behaviour 1ls concerned, save for two things.
The anterior eyes of Nereis are directional although the
sensory data they provide 1s not used, whereas In Nephtys
they are not, The posterilor eyes of Nephtys, although
directional recéptors, are, In most specles too deeply
embedded in the ganglion to function as such,.

This conclusion 1s based on the assumption that the
structure of the suprseoesophagesal ganglion is essentlally
the same in all specles of Nephtys. This 1s not strictly

true, but the arrangement of the ganglion cells in the
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posterior part of the brain wilth which we are chiefly con-
cermed, 1s the one constant feature of the ganglion. The
conclusions arse nof proven, but are a reasonable interpre-
tation consistent with the facts at our dlsposal,

Fraenkel and Gunn (1940) defined an orthokinesis as
o dependence of the average linear veloclity of an animal
upon the iIntensity of the stimulus. Within limits, the

frequency of swimming of Nephtys clirrosa is a linear function

of the light 1nteﬁsity (fig,. 33 ). Since the duration of
swimming excursions and the.speed of swimming are approximate-
ly constant whatever the light intensity (see Appendix I),
the conditions for an orthokinesis are apparently satlsfied,
But the worm does not swim faster in brighter light as the
definition suggests, 1t merely swims more often, and, under
natural conditions, it does not escape from the light by
noving into a shadow but by burrowing out of 1it. Fach
attempt at burrowing is preceded by swimming and the first
attempt may be unsuccessful, so the more ffequently it
swims, the sooner it 1s buried, The orientation movement
i1s therefore not orthokinetic in the proper sense of the
term, but 1s some other kind of kinetic movement, Klino-
kinesls, such as Ullyott (1936) described in the triclad

Dendrocoelum, has never been observed to form a part of the

behaviour of Nephtys.
A discussion of the blological significance of this
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behaviour 1s hampered by an almost total lack of knowledge
of the habita of Nephtys. The aninals l1ie half buriled in
the sand when covered by water and ﬁay leave 1t temporarily
to seize their food, but they must tury thémselves again
immnedlately. The stimulus initiating the last behaviour
1s elther the exposure of the worms to light, or,mors
likely since they are active even In the dark if unburied,
the absence of contact between the sand and the dorsum of
the worm. But the time 1t takes to get burled depends
upon the light intensity,. Even so, i1t does not seenm
possible that the photonegative response can play a very
Important role In the normal behavliour of the worm, parti-
cularly as the photoreceptors are so primitive, Why the
posterlor eyes should be directional when the worm does not
use them, can be explained if 1t 1s essuned that the larger
species have evolved from smaller ones in which much less
tissue covered the receptors, They would then have been

in mich the same situation as N, cornata,




Flgure 30,

Flgure 31,

Flgure 32,

Flgure 33.
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CAPTIONS TO FIGURES

A. Frontal section through the supra-oeso-
phageal ganglion of N, californiensls showing
the position of the posterior eyes.

B, Saglttal section through a single element
of the photoreceptors of N, callformmilensis.

C. Transverse section through the photo-
receptors of N, ferruginea,

A, Trontal section through the prostomlium and
anterior segments of N, cirrosa showing the
position of the anterior eyes.

B, Sagittal section through a single element of
the anterior photoreceptors of N, californlensis,

C. Transverse section through the anterior eyes'
of N, californiensis,

Rate of movement of N, cirrosa from the light
compartment to the dark in a llght-dark choice
experiment. Upper line, single worms; lower
line, groups of worms in each experiment,

Number of swimming excursions of N, cirrosa in
two hours at various light Intensities, followlng
two hours! dark adaptation.
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Tk NEUROSECRETORY SYSTEM OF THE SUPRA-OXSOPHAGEAL
GANGLIGH '

Neurosecretory cells have been discovered in the
central nervous system of most major groups of triplo-
blastic animals and in many cases thelr endocrine function -
has been demonstrated, Among the worms, neurosecretory
cells have been found in th%,polyclad turbellarians
(Turner, 1946), sipunculids (Gabe, 1953a) and the three
main classes of annelids (Scharrer, 1936, 1937; Scharrer
& Scharrer, 1937, 1945;. Harms, 1948; Hubl, 1953;
Herlant-lleewls, 1955), It 1s likely that most if not all
polychaetes have neurosecretory cells in the central nervous
system, but.so far they have been described only in the

followings: Aphrodite aculeata, Lepidonotus squamatus

(Scharrer & Scharrer, 1937), several nerelds (Scharrer, 1937;
Schaefer, 1939; Bobin & Durchon, 1953; Defretin, 1955) and
in three 'sabellids, the serpulid Apomatlos similis, the

terebellid Lanlice cohchilega, and in Arenlcola marina (Arvy,

1954), Most of the detailed morphological, cytochemical
and physiological studies have centred on the nerelds; in
the-remaining polychaetes 1little more 1s known than that
neurosecretory cells exist in the central nervous system,
However, from the studiés that have been made on other
organisms, it 1s becoming increasingly apparent that neuro-

secretory cells play an important role as incretory organs

-
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(see recent reviews by Gabe, 1954; Scharrer & Scharrer,
1954a, 1954b;' Scharrer, 1955) and 1t is evident from the
work of Durchon (1952) that this is also the case in
polychaetes,

Durchon (op.cit.) has produced evidence that a
humoural factor originating in the supra-oesophageal gangllon
of nereids inhibits epitoky end the maturation of the male
gametes, While conclusive evidence is lacking, it is
likely that thls hormone 1s produced by neurosecretory cells
in the ganglion and is released into'the blood vessels on
the'ventral surface of the brain (Bobin & Durchon, 1952).
Defretin (1955) has recently offered an alternative inter-
-pretation of the blood plexus beneath the ganglion and so
the me thod by which the hormohes are released lnto the body
remscins a matter for discussion, A second group of neuro-
secretory cells exists In the epidermal nucleus of the
brain of Nereis (Bobin & Durchon, 1953) and the secretion
is transported along the axons forming the epldermal nerve
to a site iIn the epidermis.of the posterior and dorso-
lateral walls of the prostomium, It 1s not known 1if this
secretion has any blological activity, but 1t 1s evidently
related to reproduction because the cells of this group
produce a detectable secretion only when the worm is mature
and in the process of becoming epltokous, Other hormones

may be produced In the supra-oesophageal ganglidn of nereids
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and Harms (1948) has suggested that a 'growth and differentia-
tion' hormone is secreted by certaln neurosecretory cells in
the brain of the fresh-water nereids of the genus Lycastis,
The earlier authors (Scharrer, 1936, 1937; Schaefer,
1939) described four types of neurosecretory cells in the
brain of Hereis, These are: a) cells with a homogeneous,
strongly acidonhilic cytoplasm, D) fusiform cells near the
posterior optic nerves which have a reticulate cytoplasm con-
taining fuchsinophilic droplets, <¢) large, round cells con-
taining a fine, granular secretion in vacuoles, and, d4) large
cells in which the cytoplasm'is reduced to fine strands cross-
ing an enormous vacuole which contains drops or else a mass
of fuchsinophillc, colloidal material, It is now generally
accepted that cell types ¢ and d represent different stages
in the secretory cycle of the same type of cell (Gabe,
1954), The secretion of all these types of cell is PAS-
posifive and can be stained with paraldehyde fuchsin, but
¢ and d cells are not stained by acid chrome-haematoxylin,
though the others are (Gabe, 1954), Defretin (1953, 1955)
has studied the histochemistry of these cells, and in par-
ticular the distribution of polysaccharides in them, and
the relation between the polysaccharides and the neuro-
secretory material, He has produced evidence that there
is a considerable quantity of PAS-positive material in

" neurosecretory cells in the epidermal nucleus of the brain
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of Nereis during the perlod when no neurosecretory activity
can be detected in them, end that this 1s gradually de-
pleted and finally dlsappears as the neurosecretory granules
are formed and leave the cell body. It may well be that
the polysaccharldes are precursors or constituents of some
fraction of the neurosecretory substance, though Defretin
did not study the composition of the secreted granules and
could offer no more than suggestions on this point,

From this work on the nereids, we have some knowledge
of the endocrine function of the brain, descriptions of the
various types of neurosecfetory cell in 1t, and a certain
amount of Information about the hlstochemlstry of the cells,
Unfortunately, we have no knowledge of the function of the
one group of neurosecretory cells, i,e, those of the epl-
dermal nucleus, in which the fate of the secretlon is known,
and 1t 1s not known which neurosecretory cells produce the
hormones responsible for the control of sexual maturity and
eplitoky. In spite of these lacunae, comparable studies

have been carrled out on no other polychaete,

The Types of Neurosecretory Cell in the Brain
of Nephtys

Three types of neurosecretory cell have been dig-

tinguished In the supra-oesophageal ganglion of Nephtys.
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Thelr secretory cycles which are described below are de-
duced from the different appearances of celis of the same
type In various parts of the brain or In different speéimens.
There 1is naturglly no proof that the cycle follows the same

sequernice as that proposed,

Type A cells, In N, californiensis there are generally four

large neurosecretory cells In the posterior part of the brain
(f1g.34), though they hafe not been ldentified in all speci-
mens, In one specimen of this species, one of the cells

had been replaced by two smaller ones, making five In all,
The other specles possess only one palr of these cells, but
they occur in the same position and have the seame staining
properties as well as having the same appearance, The

cells are oval, slightly irregular in outline, about 25-30 p
long and 15 p in diemeter™, with a nearly spherical nucleus
7-10 1 across which contains a consplcuous nucleolus at all
stages iIn the secretory cycle., - The nucleus has a few coérse
granulaetions and 1s chromophobic, The cytoplasm of inactive
cells 1s also unstained and this fact, rather than the actual
eabsence of the cell, méy account for their not having been
detected in some spedimens. Some cells of this type show

no signs of secretory actlvlty but have a few small vacuola-

* The dimensions of these snd other cells given 1n this
section refer to full-grown N, californiensis, one of the
largest species, In small species the dimenslons may be
halved,
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tions near the axon hillock; these appear to bear no rela-
tion to the néurosecretory material itself, In some
examples.of these cells there are small patches of acldophil-
lc material In the cytoplasm around the periphery of the
cell, This appears to spreéd until the entire cytoplasm

is acldophilic and contains a large, spherical mass of

very finely granular material at the proximal end of the

cell (figs, 35 and 37B).

In all but a very few of the specimens examined, the
cells of this type contaln a great mass of secretion, The
secretion 1s stained by neither paraldehyde fuchsin nor acid
chrome-haematoxylin and contains no detectable quéntity of
lipids or gluclds; evidently 1t consiéts mainly of proteins,
The axans of these cells probably run directly into the
neuropile since the cell-bpdies lie 1mmediafely posterior
to 1t and the axons run in an anterior direction from then,
The secretion has never been seen in the axons, though un-
less it was in the immediate vicinlty of the cell body it
wou}d be extremely difficult to detect, Since virtually
all the worms contain these cells fully charged with

secretion, there 1s no clue as to thelr function.

Type B cells, In all species of Nephtys, the great majority

of neurosecretory cells In ths supra-oesophageal ganglion are

pyriform, about 25 p long and 15‘p wide, with a nucleus
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about 1O.P in diameter, They occur principally at the
posterior corners of the neuropile where they form two
consplcuous groups (fig,.34). They are also found along
the sldes of the brain and In the dorsal anterior region
immediately above the origin of the fibres which emerge
from the neuroplle to form the circum-oesophageal con-
nectives, The axons of most of these cells run directly
into the neuropile where they can be traced no further, but
it 1s possible that some of those in the anterior dorsal
group run directly into the connectives. The secretory
cycle appears to be as follows: in some cells, granuleé
staining with paraldehyde fuchsin can be seen in the cyto-
plasm of the cell, which at this stage 1s not vacuolated
(f1g.37C). In other cells there are more granules, and
vacuoles in the cytoplasm in which the granules accumulate
(fig.37D); Finally, in other cells, the nucleus 1s extreme-
ly Irregular in outline and the cytoplasm is reduced to a
small patch around it and connecting it to the cell walls,
Most of the cell then consists of an enormous vacuole con-
taining fuchsinophil granules 1-2 p In dlameter, These
granules can be seen in the axons in the immediate vicinity
of the cell bodies (fig,36).

The secretion is PASonsitive and figure 40 shows the
distribution of glucids, other than glycogen, in type B cells

in early and late stages of the proposed secretory cycle.
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It will be observed that they correspond exactly with the
distribution of fuchsinophil'granules (cf, fig.36), There
i1s also a lipoldal component of the seCretioﬁ (f1g.38).

The distribution of osmlophil lipids 1s the same as that
of fuchsinophll granules In the early stages of the secre-
tory cycle, but they can hardly be detected In cells
presenting a highly vacuolated appearance characteristic
of late stages In the secretory cycle, Claccio-positive
lipids, on the other hand, correspond with the distribution
of the fuchslnophil granules only in late stages of the
secretory cycle and are not to be seen in cells at thé
beginning of it, = However, although the distribution of
Clacclo-positive 1liplds corresponds with the distribution
of fuchsinophil granules towards the end of the secretory
cycle (fig,42C), they by no means fill the vacuoles which
mist also contain a further substance that is lost during

the fixation or embedding of the material,

Type C cells, The cell bodies of the third type of neuro-

secretory cells are among the largestof any neurones 1in the
brain, They are ovold or nearly spherical and may be 5OJu
in diameter, The nuclel are chromophobic, elllpsoldal and
about 12,P long, and they always contain a prominent nucleo-
lus, Cells of this type are found in the ventral part of
the brain flanking the cone of fibres running to tha cerebro-

vascular complex (see below), in the sides of the brain, and
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in the antero-dorsal region where they occur with the
type B cells that are also there (fig.,34). It is difficult
to trace the paths of the axons of these cells In all cases,
but those along the sldes of the brain, and probably most
of the others, fun 1hto the central neuropile, The axons
of the antero-dorsal cells may run into the connectives,
while those in the ventral part of the brain may run into
the cone of flbres and not dorsally into the neuropille.
Fuchsinophll granules can be seen in an aréa of baso-
philic cytoplasm in some cells (fig.37E), in others they
collect in numerous small vacuoles that appear around the
periphery of the cell (fig,36). At thils stage the outline
of the cell 1s highly irregular and 1t presents & blistered
appearénce. These vacuoles appeér tb coalesce to form a
single large one, often, though hot iﬁvariably, lying in the
axon hillock (f1g,37G). As in type B cells, osmiophil
lipids, the distribution of which corresponds exactly with
the distribution of the fuchsinophll granules, are demon-
strable in cells with no, or very few, vacuolations, but
not in those at later stages iIn the secretory cycls,
Ciacclo-positive lipids, on the other hand, occur only to-
wards the end of the secretory cycle, They can be demon-
strated around the periphsry of cells showing the character-
istic blistered outline, and in a few large masses 1n cells

which are apparently approaéhing the end of thelr secretory
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cycle (figs,39, 42A and B). The vacuoles that appear in
these cells in ordinary paraffin sections are accounted for
by these 1lipids. They have never been demonstrated in

cells which are supposed to be at the beginning of their
cycle, Of course, cells in which there are no detectable
Ciacclo-positive lipids may be completely inactive, but the
fact that a correspondencé between these liplds and fuchsino-
phil granules at the start of the cycle has never been seen,
argues strongly that the lipid component of the secretion
undergoes‘modification as the cycle proceeds,

The distribution of glucids in type C cells, as 1n
type B cells, corresponds with the distribution of fuchsino-
phil granules (figs.36 and 40), Defretin (1955) made the
Interesting discovery that gluclds présent in neufosecretory
cells of the epldermal nucleus of Nerels were depleted as
the cell began active secrection, suggesting that the glucids
were precursors of the neurosecretory material, No such
inverse correlation between the glucids and the secretion
has been found in Nephtys, Defretin unfortunately did not
distinguish glycogen from other 1.,2.glycols. Glycogen 1s
present in practically all neurones and cannot be regarded
as a neurosecre tory product, nor as a substance pecullarly
related to the neurosecretory material, Its distribution
in type B and C cells of Nephtys 1s much the same as the
‘distribution of glucids as shown by Defretin (cf, fig,41l
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. with Defretin's figures) but the neurosecretory products
of B and C cells in Nephtys lnclude other 1.2.glycols, It
is therefore impossible to evaluate Defretin's observa-

tions on this point,

The cell types B and C obviously have much in common,
and both differ markedly from cell type A, Their stalning
reactions are the same and no great differences between them
have been detected by the few histochemlcal tests that have
been applied (see Table VIII), Both.tybes of cell, when
stalned by conventional technlques, show numerous vacuola-
tions, This 1s a common feature of neurosecretory cells,
The entlre content of these vacuoles in type C cells can be
coﬁserved and stained by Ciaccio's method, but not in type B
cells (cf, filgs, 38 and 39),. In the latter, either there
1s some fraction of the neurosecretory product which has not
been conserved, or else the droplets are lying in an unstain-
able material in the vacuoles, and the former conclusion is
more likely to be true. Apart from the differences in
general appearahce, this represents the sole difference be-

tween B and € cells to be detected.
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TABLE VIII

Stalning reactions of the three types of neurosecretory cell,

A B C
Paraldehyde fuchsin - + +
Acid chrome-haematoxylin - + +
Phloxin + - -
Azan red mauve mauve
PAS - + +
Osmiophil lipids - + +
Ciaccio-positive 1lipids - + +

The Cerebro-Vgscular Complex

At the base of the supra-oesophageal ganglion, there
is a modified axonal tract, specialised areas of the membrane
Investing the brain,>and a close association be tween the
brain anﬁ the blood vascular system (fig.43). These
structures correspond 6losely wilth those In nereids, for
vhich Bobin & Darchon (1952) coined the name 'cerebro-
vascular complex!', The same structure is found in all specles
of Nephtys, though with some variations in the detalls of its
morphology.

In N, californiensls, a species in which the structure

of the cerebro-vascular complex can be seen to best
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advantage,-a tract of axons emerges from the base of the
neuropile and runs, diverging to form a cone-shaped tract,
to the base of the ganglion (fig.45A4). It has a single,
if somewhat diffuse, origin in the néurOpile. The axons
run in a tangled mass to the connectivevsheath and are
Iflanked by dense neuroglial fibres which penetrate into
the cone of axbns.

The ganglion 1s invested, at least laterally and
ventraliy, by a double sheath, an'inner laminated connective
tissue, which 1s continuous with the basement membfane of
the epidermis, and an outér, extremely thin cellular layer,
~ Around the sides of the brain the latter can be detected by.
occasional nuclei flattened against the connective tilssue
sheath and elsewhere only under optimal optical conditions,
and not always even'thén, Both the connective tissue sheath
and 1its investing membrane are modified over the region where
the axon tract meets the base of the ganglion, The sheath
is in mdst places no more than 2 p thick, but over the
mid-ventral part of the brain its thickness increases to
8 or 10 n. It is similarly thickenéd in the mid-ventral
line anterior to the cerebro-vascular complex, but this
seems to be a separate, speclal adaptat;on for the attachment
of the diagonal muscles of the prostomium, . In thb region
of the cerebro-vascular complex, the connective tissue sheath

1s usually drawn up to a variable extent into the brain,
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leaving a 'v'!' shaped depresslon runnirg along the base of
the ganglion in which the dorsal blood vessel lies, The
cellular pericapsular membrane is also modified in this
area. It is thickened and.thrown Into folds and ridges
which may be 8 or 10‘p in helght, The membrane does not
show the papllla-like formations such as Bobin & Durchon

(1952) described in Perinerels, nor does the membrane become

 thickened in regions other than the cerebro-vascular complex.

The dorsal longitudinal blood vessel runs along the.
ventral surface of the supra-oesophageal ganglion and 1s
susﬁended from it by two fine extenslioms of the ganglionic
membranes, The outer and middle layers of the blood vessel
walls are continuous with the two membranes investing the
brain, At the posterior margin of the ganglion the dorsal
vessel bifurcates and the two branches run parallel courses
along the base of the brain to its anterior margin whére they

separate‘and follow the circum-oesophageal connectives to

 the sub-oesophageal ganglion to form the paired neural

vessels (see Appendix II), There are frequgnt-anastomoses
between the two branches of the dorsal blood vessel where
they cross the cerebro-vascular complex, and they form a
blood plexus immediately beneath the modified ganglionic
membranes and the ends of the axons,

The essential features of the cerebro-vascular complex

are to be found in the supra-oesophageal ganglibn of all the
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specles of-Nephgxs that I have examined, but there are some
variations in detalls of the structure (fig.44). The axon
tract emerges from the central neuropile in the mid-brain

of N, californiensdis, but in N. ferruginea, N, incisa and

N, punctata it is much more restricted 1In areca and emerges

from the extreme posterior part of the neuropile from among
the axons of the postero-lateral groups of neurosecretory
cells (composed principally of type B). In all the species

except ¥, cornuta, the tract of axons 1s flanked by neuroglial

fibres running parallel to the axons, In most speciles there'
1s a certain amount of neuroglia which penetrates into the

axon tract as well, Thus, in N, callfornlensis, N, picta

end N, punctata, the degree of penetration is slight, but

In N, caeca and N, cirrosa there is more neuroglia than

axons, vhile in N, incisa the neuroglial fibres are so numer-

ous that 1t 1s difficult to detect axons In the tract, The

brain of N, cornuta is very small (the adult worm is only

5 mm long) and most of 1t 1s taken up with ﬁeuropile and
neurones; there 1s very little neuroglia at all, ° The neuro-
plle occupies a disproportionately large part of the brain
and is close to the ventral surface of the ganglion, Con-
sequently the axon tract is very short and rather indistinct,
and 1t 1s not flanked by neuroglial fibres as it is In other

specles,
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The modification of the ganglionic membranes 1s also
variable, The connective tissue sheath is always thilckened
in the region of the cerebro-vascular complex, though in

most species not to as great an extent as in N, californiensis,

The thickening of the pericapsular membrane 1s also con-
spicuous in N, caeca and N, picta, but it is slight and
difficult to detect in N, cirrosa.

The bifurcation of the dorsal longitudinal blood
vessel may take place anywhére along the length of the

ganglion. In N, californiensis the bifurcation is at the

posterior end of the braln and the two branches run parallel
courses along the base of the brain and a plexus 1s formed
between them, This is not typlcal of Nephtys, for in most
specles the bifurcation 1s anterior to the cerebro-vascular
complex, and there are no anastomoses between the blood
vessels, In this case the single blood vessel may be flatten-
ed against the modified pericapsular membrane, as in N, picta,

or to a lesser extent, in N, Incisa, More commonly the

longltudinal groove in the base of the brain is very deep in
the region of the cerebro-vascular complex and the blood
vessel is drawn into 1it, The result 1is élways the same, a
considerable area of the dorsal longltudinal blood vessel 1is
apposed to the modifled ganglionlic membranes, by the formation

of a plexus, by the flattening of the blood vessel, or by

— deepending the ventral groove on the brain and drawing the
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blood vessel into it (fig.44). The situation in N, incisa

is a 1ittle different. The dorsal vessel 1s neither
markedly enlarged nor flattened, nor is there a pronounced
ventral groove, However, the modified perlcapsular
membrane obmpletely fills the space between the base of the

brain and the blood vessel,

The Fate of the Secretion

The axons of the neurosecretory cells in the braln of
Nephtys run Into the central neuropile, into the circum-
oesophageal connectives, and possibly also difectly into the
ventral cone of axons which forms part of the cerebro-
vascular complex, Granules of éecréted,material have been
observed in the axons near the cell bodies, onhrare occasions
in axons running to the neuroplle, and frequently odd
granules of material which stains in the same way as the
neurosecretory product can be seen In the neuropile 1itself,
The transport of neurosecretbry haterial in the axoplasm
has been observed in several animals other than polychaetes,
both directly (Carlisle, 1953; Passano, 1953) and indirectly
(e.g. Scharrer & Scharrer, 1954a), The grenules have been
traced from the cell body to their probable release site in
only one case in a polychaete, and that 1s in the epiderﬁal
nerve of Perinereis cultrifera (Bbbin & Durchon, 1953), It

is not possible to do this in the brain of Nephtys. There
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are signs that the secretion is transmitted In the axons in
éhe case of type B and C cells, though not of type A cells,
but the neural pathways of the secretion can only be Inferred,
There are no highly distinctive axonal tracts from the neuro-
secretory cells to the release slte, as there are In more
highly organised and specilalised brains and nearly all axons
run directly iInto the neuropile where they cannot be traced,
and only a few cells in any brain are actively secreting at
the same time so that the guantity of secretion in axons can
never be great,

If the transport of neurosecretory materlal in Nephtys
is axonal, and the axons of nearly all ﬁeurosecretory cells
run into the ﬁeuropile, the eventual pathway of the secretion
mst be sought in the bundles of axons which emerge from 1t.
Several nerves run be tween the neuroplle sand the anterior
part of the prostomium and the entennae. They are most
probably sensory nerves forAthe most part; they are all
inconsiderable, and neurosecretory materlal has never been
detected in them. (The fact that they are probably sensory
nerves does not predlude their‘containing neurosecretory

axons, Bobin & Durchon (1953) demcnstrated that the epi-

dermal nerve of Perinereis cultrifera, which was considered
to be primarily sensory, serves as a pathway for neuro-
secretory material,) By far the greater number of axons

emerging from the neuropile leave the brain by way of the
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clrcum-oesophageal connectives and occasional masses of
fuchsinophil material, similar to that found in type B
and C cells, have been observed in them. Arvy (1954) has
described neurosecretory material which originates in the

supra-oesophageal ganglion of Lanice conchilega in the

circum-oesophageal connectlves, In neither Nephtys nor
Lanice 1s it kmown what subsequently happéns to this materisal,
The third group of exons emerging from the neuroplile are

those in the ventral cone which run to the ventral surface

of the brain where they are in intimate contact with the
blood vessels,

Neurosecretory material 1s not usually demonstrable in
the axons of the ventral cone, just as it is difficult to |
demonstrate 1t in other parts of the brain, However,
granules strung .out along the axons have been seen in one

specimen of N, incisa (fig.45D). But it can almost always

be demonstrated at the end of the axon tract, lmmediately above
the thickened pericapsular sheath (figg.45A and C). The
material aécumulated In thls position can be stalned with
paraldehyde fuchsin, acid chrome-haematoxylin; it 1s PAS--
positive and contains Clacclo-positive 1ipids. Evidently

it is the same as the material which originates in B and C
cells, The same material can be seen in the modifiled peri-
capsular membrane and around the blood vessels immediately

beneath the axon coﬁe (fig.45B). Granules of the secretion
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can be seén in the lumen of the blood vessels and also In
amoebocytes in the blood, Granules in the blood vessels
have been seen only rarely, and so far only in preparations
stained with paraldehyde fuchsin, Numerous substances can
bé stained thus, so that a positive stalning reactlon can-
not be regarded as conclusive proof that these granules are
neurosecre tory. However, since they have been seen in
blood vessels immediately opposite the cone of axons and
the modified membrenes, all of which contaln masses of the
neurosecretory material, it 1s reasonable to assume, for
the present, that the granules In the blood stream are also

of neurosecretory origin,

The Function of the Secretion

Experimental studles of the function of the neuro=-
secretory cells in the supra-oesophageal ganglion of lephtys
are still in thelr early stages, so that no more than very
tentative conclusions can be drawn from them, As far as
they go, the results of them suggest that Durchon's (1952)
snalysis of the role of cerebral hormones in the repro-
duction of nerelds will be found to apply equally to Nephtys.

Removal of the brain of Perinereis results in the precocilous

epltoky of the worm, and Durchon was able to prevent this by
implenting two bralins of lmmature worms into the coelom of

decapitated specimens. He also discovered that neuro-
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secretory material which could be detected iIn the termina-
tions of the axons in the cerebro-vascular complex of
immature worms disappeared in mature ones (Bobin & Durchon,
1952). From these observatlions he reasonably concluded
that a hormone, or hormones, orlginating in the neurocsecret-
ory cells in the supra-oesophageal ganglion inhibited epitoky
and the maturation of the male gamsetes,

Attempts to repeat Durchon's experiments on Nephtys

cirrosa and N, hombergl have not been very successful,

Kephtys 1s a much more difficult animal to keep in the
laboratory than Nereis and of some 350 worms from which the
suprea-oesophageal ganglion was removed, all but five died
before the conclusion of the experiment, This 1s probably
because Nephtys, unlike lierels, must be able to burrow into
the sand if 1t is to be kept in a healthy state, and it is
unable to do this when the prostomium 1is removed, Control
worms, which have been able to bury themselves, have always
lived iIn aquaria far beyond the conclusion of the experiments.
Another difficulty 1s that while in Nerels the external
morphological changes accompanying epltoky are gross and con-
spicuous and can be followed during the course of the sxperi-
ment, In Nephtys they are not.

The coelomlc contents were examined before the experi-
ment by drawing off a small quantity of the fluld in a

capillary and examining 1t microscopically. The experiments
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were carried out between June and January, when only a small
proportion of the worms {less than 5% of them) contained
eggs, sperm, or detached muscle fibres in the coelomic fluid,
Those which had were discarded. The supra-ocesophageal
ganglion was removed by cutting off the prostomium and
squeezing the QOrsum Just behind the ganglion so that 1t is
pressed forwards and can then be cut out, At the end of
six weeks the five survivors, which were all males, were
full of sperm and the body-wall musculature was undergoing
extensive phagocytosis, No change has been detected in the
shape of the parapodlal lobes or the number and length of
the chasetas. 200 control worms were examined in the same
way at the beglnning and end of the experiment, In the
June-July experiments two of the control enimals became
mature during the course of the experiment, but on this
occasion, none of the experimental animals survived, Apart
from this, all the controls remained immature.

Most of the specimens_examined histologically have
been immature, In these type B and C cells always show
signs of secretory activity apd neurosecre tory materlal can
be demonstrated in the cerebrb-vascular complex, In the
few mature worms that have been examlined B cells are com-
pletely inactive, the C cells are nearly all inactive, though
a few show sllight signs of secretion, and there are no
secretory granules in the cerebro-vascular complex, These

results are summarised in Table IX, It was difficult to
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TABLE IX

Speciles Sex Maturity Bl B2 Cl c2 €3 c4
N, cornuta ++ - - + + +
N, cornuta ++ - - + + +
N, ferruginea ++4 - . - + + 4 +
N, picta +t - - + + + +
N, hombergi ++ - + +
N, cirrosa + + + + + + +
N, cirrosa + + + + + + -
N, callforniensis + - - - + +
N, califormiensis + - - + + + +
N, californiensis + + + + + + +
N, californlensis + + + - - - +
N, californilensis - ++ 4+ +4 4+ ++
N, californiensis ' - ++ + ++ +
N, californiensis - +4 ++ ++ +4+ +4- +
N, californlenslis - ++ 44 +4 +4+ ++ 44
N, californiensis T - ' +4+ +4 +4 44 +4 +4
N, caeca - +4 ++ +4+ ++ +-- ++
N, ferruginea - ++ ++ ++ 4+ A+ ++
N. ferruginea - ++ ++ ++ ++ ++ ++
N, cirrosa - +++ +4 +4 44 +4+ 44
N, cirrosa - - ++ ++ +4 44 ++ 44
N, longosetosa - o A S L =~
N, incisa - ++ ++ ++ ++ ++ ++
N, hombergi - ++ ++ ++ ++ ++ +4
N hombergi o - ++ ++ ++ ++ ++ +4

. plcta - + ++ 4+ +4+ 4+ ++
N punctata - ++ ++ ++ ++ +4+ 4+
N.Apunctata - ++ ++ ++ ++ ++ ++

P e —em <oy e — ot o ittt iy e s

—— —_—————= - T . e e

Bl, B2, and Cl1, C,2, etc, refer to groups of these ganglibn
cells in the areas indicated in fig.34.

Maturity: 4+ coelom full of eggs or sperm, phagocytosls of
the musculature,
+ probably fully mature, but uncertain,
- immature,
Secretory activity of the cells:
++ a number of gells of thils type with secretory
granules, vacuoles, etc,
4+ cells nearly all inactlve, but one or more
with a few granules or vacuoles, (This
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TABLE IX (Contd.)

category represents almost complete
inactivity.)

- no cells showing any signs of secretory
activity,

determine how close to maturlty some specimens were; these
have been included iIn ihe table and it will be seen that
they give conflicting results, but on the wholé bear out
the conclusion that it 1s these cells which are assoclated

with the inhibiting hormones,

Discussion

The morphologlical and functional similarities between
the supra-oesophageal gangllia of nephtylids and nerelds are
evident in the neﬁrosecretory systems of the two famllies
of worms, Indeed, the structural features of the cerebro-
vascular complex are almost ldentical, and there can be no
doubt that it 1s the chief, if not the only, site at which
neurosecre tory material 1is releasedvinto general circulation
in the body. In both worms the granules can be detected in
the complex only in imma tu re specimens, and it is the B and
C cells which are secreting in lmmature worms and are in-
active iIn mature ones, There are thus strong grounds for

supposing that 1t 1s these cells which produce the hormone
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or hormones which are respopsible for the effects dis-
covered'by Durchon, This interpretation 1s supported

by other considerations of a more theoretical nature,
Since the hormones are Iinhibitory and are effective during
~the greater part of the life of the animal, there must be
a constant release of them into the body. Under these
clrcumstances 1t might be expected that a great number of
secretéry cells would be involved and that they would
secrete asynchronously: very few secretory cells are
capable of constant secretion and this 1s the simpiest way
in which the constant production of a substance can be
achleved, These conditibns are satisfled by the B and C
cells, The type A cells are quite different, There are
only two or four of them in the brain, they are usually
fully charged with sécretion, end it is likely that they
produce a substance that 1s used only intermittently and
then only for short periods.

The neurosecretory materlal accumulates at the base
of the cone of axons, just above the laminated connectlive
‘tissue -sheath around the brain, It can also usually be
found in the modified pericapsular membrane, but how 1t
crossges the connectivé tissue sheath is unknown, Bobin &

Durchon (1952) in .their study of Perinereils cultrifera

described the accumulation of fuchsinophillc granules,

similar to those visible In the come of fibres, in small
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'moruliform' bodies which are found in the flbre tract and
especially immediately above the connective tissue sheath
of the brain, They may sometimes have the appearance of
small unicellular gland cells with their necks orientated
towards, and perhaps projecting through, the sheath,
Defretin (1955) has come to an entirely different conclusion
about the nature of these fuchsinophillic granules and.the
'moruiiform bodies!, He suggests that they are mitochondri-
al structures which have migrated inwards from the cells of
the modified pericapsular membrane. I have not been able
to find such 'moruliform' masses in the brain of Nephtys,
even when using the mitochondrial techniques which Bobin &
Durchon (1952) insist are essential if they are to be
demonstrated, |

Defretin (1955) 1s of the opinion that the neuro-
secretory products are carried mot iIn the blood but in the
coelomic fluid, His reasons for this are that the particular
modificatlions of the pericapsular membrane described by
Bobin & Durchon (1952) occur not only in the cerebro-
vascular complex, but also in the region of the posterior
optic nerves and on the sides of the brain, There, some
of the pedunculate formations that Bobin and Durchon have
described are, according to Defretin, undoubtedly coelomic
corpuscles, He therefore regards the modified epithelium

around the brain as ordinary coelomic epithelium, and the
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modified reglons as sites of formation of coelomic cor-
puscles; the whole cerebro-vascular complex, with the
blood plexus, is a device for supplying the‘brain with
oxygen. The pedunculate formatlons on the pericapsular
membrane do not occur in Nephtys, so whether or not they
are amoebocytes does not affect our present argument,
The presence of granules, with the same staining and histo-
chemical properties as the neurosecretory materlial, in the
cerebro-vascular complex, suggests that 1t 1s a release site
for the secretion, From the general configuration of the
blood vessels In relation ﬁo the brain, whether they form a
plexus or not, it might be argued that the device was a
respiratory one, but thls seems unlikely in view of the
great thickening of the connective tissue sheath of the
brain at just the place wheré}oxygen is supposed to bé dif-
fusing into 1t. This is.certainlj not the state of affairs
in the ventral nerve cord of Nephtys, where the elaborate
colling of the neural segmental blood vessels over the
ganglia, particularly the sub-oesophageal ganglion, does
appear to be a respiratory adaptation, and the connective
tissue sheath i1s somewhat thinner there than elsewhere, and
certainly not thickened four- or five-fold (see Appendix II).
The possibility that the neurosecretory products are
taken up by amoebocytes in the blood stream as they are

released into it does not necessarily lmply that the amoebo-
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cytes are essentlal transporters of the hormone to the
target organs, Wigglesworth (1955, 1956) has discovered
granules staining with paraldehyde fuchsin in the haemocytes
of the insect Rhodnius, which are not neurosecretory pro-
ducts, but appear to be 'mucopolysaccharlides' that play

some part in the formation of the connective tissues. This
13 not a function one would expect to find played by the
amoebocytes 1in the blood vessels of Nephtys because the blood
vascular system of this animal, unlike that of the arthro-
pods, is a closed one, and there are no endothellal capll-
laries (see Appendix II), Furthermore, the substance in-
gested by the amoebocytes of Nephtys 1s a good deal more
complex than the 'mucopolysaccharides' in the haemocytes of
Rhodnius, The obvious function of these amoebocytes 1s

the ingestion of foreilgn particles in the bloo@ stream,

and the chief source of foreign matter is the neurosecretory

substance,
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CAPTIONS TO FIGURES

Figure 34. The approximate position of the three types of
neurosecretory cells in frontal sections of
the supra-oesophageal gangllon of Nephtys at
levels indicated in the diagram on the right,

Figure 35, Type A cells at different stages in their
secretory cycle, The acidophilic secretion
is indlcated by dense stipple. N, cali-

fornilensis, zenker, paraldehyde fuchsin, light
green,

FPigure 36, Type B and type C cells at different stages in
their secretory cycles, showing the distribution
of fuchsinophillc granules, Areas of baso-
philic cytoplasm are indicated by dense stipple,

Figure 37, A, Transverse sectlon through the supra-oeso-
phageal ganglion of N, plcta, showing numerous
neurosecretory cells charged wlith dark staining
material, Bouin, paraldehyde fuchsin,

B, Type A cell containing a large mass of
secreted material, N, californiensis, zenker,
paraldehyde fuchsin,

C and D, Type B cells at early and late stages
of their secretory cycles, N. californiensis,
zenker, paraldehyde fuchsin, .

E, F and G, Type C cells at early, middle and
late stages in their secretory cycles, N, cali-
formiensis, zenker, paraldehyde fuchsin,

Flgure 38, Type B cells at the beginning, middle and end .
of thelr secretory cycles, stained with par-
aldehyde fuchsin (top rows, with osmic acid
(middle row), and with sudan black B (bottom row).

‘Figure 39, Type € cells at the heginning, middle and end
of thelr secretory cycles, stained with par-
aldehyde fuchsin (top row), osmic acid (middle
row), and sudan black B (bottom row).

Figure 40, Type B and C cells, showing the distribution of
PAS-positive materlal other than glycogen.
N. californiensis and N, hombergl, scales various.




Figure 41,

Figure 42,

Figure 43.

Figure 44,

Figure 45,
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The distribution of glycogen in type B and
C cells, N, californiensis and I, hombergl,
scales various,

A, Type C cell in the middle part of its
secretory cycle, N, hombergi, zenker, par-
aldehyde fuchsin,

B, Type C cell at the same stage in its

‘secretory cycle showing lipids occurring in the

position of the vacuoles, N, hombergi, formol,
sudan black,

C, Type B cell in the later part of 1lts

secretory cycle, showing the distributlion of
lipids, I, hombergli, formol, sudan black,

D and E. Neurosecretory granules in axons in
the posterior part of the supra-oesophageal
ganglion, . N, hombergi, formol, sudan black,

Cross-section through the cerebro-vascular
complex of N, callfornienslis. np neuropile,
at axon tract, ng neuroglla, ngn nucleus of
a neuroglial cell, cts connectlve tissue
sheath, pm pericapsular membrane, mpm modl-
fied part of the pericapsular membrane, dbv
dorsal blood vessel, npm nucleus of a peri-
capsular membrane cell,

Diagrammatic representation of the variations
in structure of the cerebro-vascular complex
of a number of nephtylds,

A, The ventral part of the supra-oesophageal
ganglion with the dorsal blood vessel, The
axon tract emerges from the neuropile (above)
and runs to the ventral surface of the ganglion
where a few dark-staining granules of neuro-
secretory material can be seen irmediately
above the ganglionlc membranes, N, caecsa,
Bouin, paraldehyde fuchsin,

B. The base of the ganglion and the dorsal
blood vessel with a large mass of neurosecretory
material (darkly stained) in the space between
them., N, picta, Bouln, paraldehyde fuchsin,.

C. The base of the braln and the dorsal blood
vessel, Some granules of secreted material
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can be seen at the end of the axon tract and
in an amoebocyte in the dorsal blood vessel,
I, cirrosa, Bouln, paraldehyde fuchsin,

D, Granules in the axon tract of the cerebro-
vascular complex, The membranes and the
dorsal blood wvessel have become detached in
this section. N, incisa, Bouln, paraldehyde
fuchsin,

&, Neurosecretory material In the lumen of
the dorsal blood vessel and iIn an amoebocyte
in the vessel. N, caeca, Bouln, paraldehyde
fuchsin, . '
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THE HONOLOGIES OF THE POSTERIOR LOBES OF NEPHTYS
AND THEIR IMPLICATION IN THE THEORY OF THE
NATURE OF NEUROSECRETORY CELLS

There are good morphological grounds for supposing
that the groups of ganglion cells in the posterior part of
the supra-oesophageal ganglia of Hephtys and Nereis are
homologous., In Nerels the gangllon cells in question in-
clude those of the epidermal, and nuchal nuclei, both of
which send axons to the prostomisl epidermis, end an im-
portant group of neurosecretory cells, the axons of which
run Into the neuropile (Retzius, 1895; Holmgren, 1916;
Scharrer, 1936; Schaefer, 1939; Defretin, 1955}, A
little anterior to these cells, the posterior optic nerves
enter the neuroplle,

As we have already seen, the posterior eyes of Nephtys,.
despite thelir much simpler structure, are not only in the
same position relative to other groups of ganglion cells,
but are involved in the same type of photonegative behaviour,
The behaviour 1s confused by the fact that the eyes of
Nephtys are too deeply embedded in the ganglion to function
properly in most specles, but when they are near the surface,

as in N, cormuta, the worms sre able to execute precisely

the same orientation movements as Nereils, The neurosecretory
systems in the brains of Nephtys and Nerels are almost

identical, It 1s most probable that the cells posterior to
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the neuropile produce the maturation inhibitory hormone in
Nereis which have been investigated by Durchon (Scharrer,
1936; Durchon, personal cormmunication); the homologous
cellé in the brain of Nephtys are also neurosecretory and
there are sligns that they produce hormones having the same
effect on that worm, The cerebro-vascular complexes of
the two worms, which appear to be the sites at which this
hormone is released Into the blood stream, are identical
(save for very minor differences). The nuchal nuclel are
characteristic of the posterilor part of the braln of Nereils
and other polychaetes (Holmgren, 1916), They occur also in
lephtys, though the situation 1s complicated because in
small specles the brain tends to be elongated and to extend
Into the second or third segments, and in several other
specles the ganglion tends to shift“posteriorly as the
clrcum-ocesophageal connectives are shortened, The nuchal
orgens are always situated at the postero-lateral corners
of the prostomium, so that in some species they are actually
in front of the anterlor margin of the supré-oesophageal
ganglion, instead of In their normal position at 1ts
posterior end, But the ganglion cells of the nuchal nucleus
are always in their typical position in the posterior part
of the.brain. |

The only structures in the posterior half of the brains

between which homologies have not so far been established are



151,

the epidermal nucleus of Nerels and the posterior lobes of
Nephtys. In Nerels, the brain has sunk beneath the epi-
dermis and the epidermal nerves run from 1t to the epidemrmis
on either side of the postero-lateral part of the prostomium,
In Nephtys the brain is in contact with the prostomial
epldermis and there are no epidermal nerves, On the other
hand, there are no posterior lobes attached to the brain of
Nerels, As we have already shown,, In some species of |
Nephtys, the mucus cells of the prostomium are found in the
epldermlis, principally along the sldes of the prostomlum
(e.g. N, iﬁ:gka, fig,464). In other speciles, the mucus

cells are located in two posterior lobes of the supra-
oesophageal ganglion and open to the exterior by extremely
long, fine necks which run in a.tract along either side of
the brain to the lateral walls of the prostomium, where,
presumably, the cells were originally situated (e.g. Nf“ﬂ&;ﬁgfé
fig.46B). The mucus cells of the posterlor lobes are ‘
completely enclosed within the brain capsule and are separated
from the nerve cells only by neﬁroglial fibres which penetrate
Into the lobes and into the lateral tracts of cell processes
running from the mucus cells to the exterlor, The mucus
cells, whether they are in the epidermis or in the posterior
lobes, secrete an acild mncopolyéaccharide. In one species,>

N, cirrosa (fig.46C), a different situation prevails. The

posterior lobes are filled not with mucus cells, but with
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neuroglial cells and fibres, large, non-secretory matrix
cells, and small secretory cells which are the homologues
of the posterior lobe cells of other'species; Processes

from these secretory cells in the posterior lobes of

N, cirrosa run along the sldes of the brain and end in the
epidermls in the lateral walls of the prostomium, Although
they are homologues of the mucus cells, these cells are
morphologically similar in appearance to the néurosécretory
cells in the supra-oesophageal gangllon,

Thé ganglion cells from which the epidermél nerves
of Nerels arise lie immediately postefior to the posterior
group of neurosecretory cells, The only cells lying
posterior to the comparable neurosecretory cells in the
brain of Nephtys are those of the posterlor lobes., The
posterior lobe cells lie in the same position as the epi-
dermal nucleus, relative to other featufes in the brain,
and processes from them run to approximately the same posi-
tion in the prostomial epide?mis in the two worms, The
epldermal nucleus of Nerels 1ls a neurosecretory centre
(Bobin & Durchon, 1953); the posterior lobe ceils of Nephtys
are derived from epidermal mucus cells, In thils context,

the posterior lobes of Nephtys cirrosa are of special im-

portance, for the secretory cells in them are certalnly
homologues of the posterior lobe cells of other specles of

Nephtys, but they have the sappearance of neurosecretory
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cells, The conclusion that the posterlor lobe cells of
Nephtys are homologues of the epldermal nucleus of Hereis
is unavoidable,. |

Evidence that epldermal secretory structures may be
incorporated in the bralin and there become neurosecretory

_ centres 1s most detailed in the Nephtys-liereis serles, but

it is not unique. A stfikingly similar example of epl-
dermal secretory cells Qoming to have a close associatlon
with the brain has been reported in the nemerteans (Scharrer,
1941), The cerebral organ 1s composed of both gensory and
glandular elements, and is epidermal in sdmehnemerteans and
"comple tely Incorporated into the brain of others, ' In this
case there is no evidence that the secretory cells have the

appearance of neurosecretory cells in any spécies, though

In Malacobdella, the glandular area appears to be lacking,
It would be interestiﬁg to kmow if the secretory component
of the cerebral organ of thls genus 1s really missing, or
1f the secretory cells have been modifled, as they have been

in Nephthys c¢irrosa, and have been mistaken -for neurones.'

The cerebral organ of nemerteans 1s suspected of
being sensory, and a parallel has been drawn between its
evolution and that of the frontal organ of crustaceans :
(Scharper, 1941; Gabe, 1954). In the phyllopod crusta-
ceans and the copspods, the frontal organ is senéory, but
in the Malacostraca 1t has been incorporated into the centrsl

nervous system to form the X-organ (Hanstrdm, 1949). Thus
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in the lialacostraca, the principal incretory organs have
been derived from epidermal sensory struc tures, The
parallel between the evolution of the nemertean cerebral
organs and the crustacean frontal organ may be éven closer'
then this, for In some copepods the frontal organ is
associated with a large secretory cell (Dahl, 1953), Be-
ceuse this cell is not universally present in copepods, the
relationship between 1t gnd the frontal organ has been dis-
counted, but primitive»sense organs are commonly assoclated
with secretory cells (e,g., the nemertean cerebral organ,
the organs of Tomosvary Qf.écarines, the lamellibranch
osphradium and the neural éland of ascldians), and further
investigation may reveal that the secretory cell of the
cppepod frontal organ 1s no mere coincidental occurrence and
that 1t 1s involved in the evolution of the X-organ sinus
zland system>of the Malacostraca. |

Since 1t is suggested that epildermal secretory cells
have, in some caseg'been incorporated 1ﬁto the central
nervous system as neurosecretory cells, it must be established
whether or not the phylogenetic transformation of a mucus
cell into a neurone would be possible, A11 epidermal
tissue has at least the potentiallty of becoming nervous
tissue, for neural tube can be induced to form in any part
of the vertebrate ectoderm under appropriéte experimental

conditions, Further, nervous tissue can be regenerated
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from epidermis in worms (Berrlll, 1952) and insects (Wigcles-
worth, 1953), while the supra-oesophageal ganglion is
regularly formed from epldermis in several polychaetes and
oligochaetes which reproduce by stolonisation (Dawydoff,
1928; Stephenson, 1930), However, here we are suggesting
that an epidermal cell, speclalised for secretion, has
evolved into another specialised cell, a neurone, by the
sequentlal appearance of neuronal characterlstics, rather
than by dedifferentiation and reconstitution, The cells

of the posterior lobes of Nephtys are unequlvocally mucus-
secreting, but they have some features in common with
neurones, They have a cell-body containing the nucleus

and a cell process which 1s many times longer than the
greatest dimenslion of the cell-body; the chilef difference

is that they are considerably larger than most nerve cells,
though not larger than the unicellular glant axons of some
polychaetes, Any of-the special morphologlcal and physio-
logical properties of nerve cells which are attributable to
their pecullar shape, are likely also to be properties of any
other cells which approximate to them in shape,. It is like-
1y that botn the special electrical properties of neurones
and the presence and configuration of the neurofibrillsae

fall into this category. Nissi granules are also regarded
as characteristic of neurones, but they are granules of

ribonucleoprotein which is present In the cytoplasm of all
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cells and which tends to form aggregations resembling
Nissl bodiés in any active cell,. Neurosecretory cells
nave the additional property that they secrete a substance
that agzregates in droplets or granules, Epidermal mucus
cells share this property, and it 1is signiflicant that they
and the neurosecretory cells of many animals secrete
materials that contain polysaccharides,

There seems to be no over-riding objection, a priori,
to the evolutlon of neurosecretory cells from epidermal
secretory‘cells. In the Nephtyldae and the Nereldae this
1s the most reasonable explanatlion of the changes in dis-
 tribution and morphology of the expldermal secretory cells
of the prostomium, It seems that In these worms the
evolutionary tendency has been first for eplidermal mucus
cells to migrate centripetally and to become incorporated
‘within the supra-oesophageal ganglion, but to retain a con-'
nection to the exterior; and secondly, for the cells in
the posterior lobes to undergo modification so that they‘
resemble neurones. In the Nereldae, the incorporation of
the cells Into the gangllion 1s complete and they are indis-
tinguishable from any other neurones, The same phenomenon
may account for the evolution of the cerebral organ of
nemerteans and the X-organ of crustaceans, It is not sug-
gested that all neurosecretory cells have been evolved from

epidermal mucus cells, and still less is it suggested that
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8ll neurosecretory centres .represent secondary addltlons
to a pre-existing nervous system; 1t would be impossible
to extend suéh en analysis to include the hypophyseal-
hypothalamic tract of vertebrates, for example. It 1s
suggested that neurosecretion 1s not a highly speclalised
and secondary function of nerve cells, but rather that
secretion is a fundamental property of ectodermal tissue
which has been retained to a marked degree by certaln cells,
the neurosecretory cells, In particular, 1t 1s those nerve
cells in the most primitive parts of the nervous system that
exhlibit thils primitive secretory activlty to such a marked
degree, It 1s only In a few exceptional cases that the
incorpération of epidermal secretory structures into the
central nervous system can be detected, but the fact that
they are apparently transformed into neurosecretory cells
in the process provides a clue to the fundamental nature of
neurosecretory cells in other parts'of the nervous system,
This view ofhneurosecretory cells runs complstely
counter to the usual interpretation of their nature, The
currently accepted interpretation has recently been summar-
iéed by Hanstrém (1954). He emphasises that neurosecretory
cells have the essential characteristics of neurones,
"The fact that cells of this type originally are true nerve
cells and not gland cells, which in some way or another have

been incorporated iInto the central nervous system, is proved
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by their general morphology -- like true nerve cells they
possess dendrites and axons -- and their cytology -- they.
possess Nissl-substance and (at least sometimes in verte-
brates) neurofibrils"., He then goes on to arrange the
various types of neurosecretory cell that are known at
present into order and to suggest an evolutlonary sequence
of them, These are: 1, conventlonal neurones; 2, neuro-
secretory cells morphologlcally resembling ordinary neurones,
but with granules, droplets and vacuoles of secreted sub-
stanbe in the cell body which does not migrate along the
axon; 3, true neurosecretory cells which have retained
the morphologlcal characteristics of neurones, but in which
the secretion travels along the axon to be stored in
speclalised terminations - thé axons no longer innervate
effectors; 4, neurosecretory cells which resemble those in
the previous category, except that they lack dendrites,
Representling the three classes of neurosecrectory
cell, Hanstrdm suggests the following: class 2., the neuro-
secfetory ceils of annelids, on the grounds that there is
no sign of secretion in the axons and no storage organ has
been detected; class 3, the neurosecretory cells of the
pericardial and neurohaemal organs of crustaceans, some
elements in the nucleus preopticus of fishes and smphiblans,
and the nucleil supraopticus and paraventricularlis of
reptiles, birds and mammals; class 4, the cells of the

X-organ of crustaceans, the medial cells of the pars iInter-
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cerebralls in the insect brain, and some cells in the
nuclel preopticus, supra-opticus and paraventricularls.
Added wéight is given to this interpretation of the
evolutionary status of the three classes of neurosecretory
cells, by the fact that no sign of neurosecretory activity
has so far been detected in the nerve net of coelenterates,
nor, with certainty, in the platyhelminthes. The animals
lowest In the evolutionary scale to possess neurosecretory
cells are the annellds, and in these the cells are of the
most primitive sort, .In addition, Hanstrdm suggests that
1t may be possible eventually to create a fifth type of
cell to accommodate neurosecretory cells without an axon
which are morphological counterparts of adrenal medulla
cells (he rejects the suggestion by the Scharrers (1954b)
that the adrenal medulla cells represent the final stages
in the transformation of conventional neurones into neuro-
secretory cells),

As to the second class of cells, axonal transmission
of the neurosecretory substance has been demonstrated in
sedentary polychaetes (Arvy, 1954), in the epidermal nerve
of Perinereis (Bobin & Durchon, 1953) and in the posterior

part of the brain of Nephtys, Admittedly it is unusual
and difficult to show neurosecretory material in the axons
of polychaetes. There seem to be two reasons for this,

Iuch of the secretion, at least in Perinerels and Nephtys
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appears to be largely in the form of alcohol soluble liplds
and so, unless special precautions are taken, the chance of
conserving and stalning i1t 1s small, Secondly, the majorlty
of neurosecretory cells in the brain of Hephtys secrete
asynchronously, so that only a few cells are at the end of
thelr secretory cycle in any brain that is examined, It
'isllikely that at thils stage the secretlon leaves the cell
body, so that the total quantity of secretion iIn axons in

the brain 1s never great,

A storage and release organ of such a degree of
organisation and speclalisation as the sinus gland of lala-
costraca or the neurohypophysis of vertebrates is not found
in the annelld nervous system, but an analogous structure
1s found in the supra-oesophageal gangllion of Nerels and
Hephtys. Thls 1s the cerebrovéscular complex, and while
it may be difficult to demonstrate neurosecretory material
in axons In the polychaete brain, it can nearly always be
found accumulated at the base of the axon tract in this
complex in immature worms,

Whatever the degree of organisation of the annelid
neurosecretory system, one, at least of Hanstrém's criteria
is éatisfied, There can be no doubt that the neurosecretory
cells in Nephtys function as conventional nerve cells, In
this worm the great majority of nerve cells In the brain

show signs of secretory activity and 1t 1s inconceivable
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that secretion should be their sole function, If this
were true, three-quarters of the ganglion would be non-
functional as a nerve centre,

But the chief reasons for including annelid neuro-
secretory cells In class 2, and with them the justification
for designating this class of cell, has been lesseneéd by
recent dlscoveries, Indeed, oﬁ inspection, the whole con-
cept of neurosecretory cells in which the secretion does
not migrate along the axon, but accumulates in the cell
body and later dlffuses out of the cell, through the sur-
rounding tissues and into the blood vessels, l1s uncertain,
Attention has, on the whole, been directed towards the

hormones produced by neurosecretory cells and on their

biological affects, rather than on the nature of the secretioﬁ.

In many cases it behaves as a colloldal materlal, in some
eanimals 1t is very complex, and there 1s evlidence that it
is composed of a bilologlcally inert carrier-substance to-
gether with the hormone or hormones (Scharrer & Scharrer,
1954b), As far as 1s known, it is constituents of the
carrier-substance which are stained by conventional tech-
niques and only in one case so far has it been possible to
stain a constituent of the hormone 1tself (Adams & Sloper,
1955), All the Information we possess about the nature of
the secretion suggests that it is not a substance which

diffuses readily across cell membranes, and it is this pro-



163,

perty of forming colloidal masses which probably accounts
for the material being retained In the storage and release
organs, where they exist, If the carriler-substance did
not serve to retain the hormone within the cells until it
was requlred to e released into the blood stream, it would
be difficult to account for its presence at all, Diffusion
of the neurosecretory material from the perikaryon, which
Hanstrdém proposes in class 2 cells, therefore presents a
number of difficultles and calls for some explanation.

A second difficulty arises if it 1s assumed that the
secretion accurmlates in the cell body, but does not migrate
along the axon, The axoplasm 1s in constant proximo-
distal motion, not only during the period of elongation and
enlargement of the axon, but throughout the life of'the
mature nerve fibre, \Welss and Hiscoe (1946) conclude that
this perpetual growth of neurones serves to replace catabolilc
protoplasmic systems, especially proteins, which cannot be
syntheslised in the peripheral cytoplasm,. The rate of this
proximo-distal convection was estimated by Welss and Hiscbe
to be of the order of 1 mm per day. Thls 1s of the same
order of magnitude as the rate at which neurosecretory
granules travel along the x-organ connective in the crusta-
ceans Dromia and Lysmata (Carlisle,'1953). If the obvious
conclusion that neurosecre tory materlal is carriled along the

axon to ifs distal end by the axoplasmic currents is correct,
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1t is very difficult to account for the secretion accumulat-
ing in the cell body and not passing along the axon.

In view of these two fundamental difficulties, class 2
cells, instead of being simple and relatively unspeciélised,_
must possess remarkable properties. Now that axonal trans-
mlgssion has been established ih the ma jority of neurosecret-
ory cells by both direct and indirect me thods, the onus of
proof rests with those who malntain that a different mechan-
ism for the release of the secretion exists at all, Never-
theless, neurosecretory cells have been descrlbed in three
groups of animals 1n which axonal transmission of the
secretion has never been observed, These are sipunculidé
(Gabe, 1953a), oligochaetes (Herlant-lieewis, 1955) and in
Nephtys (type A cells). An explanation of how the secretion
first accumulates In the cell body and then, later,'diffuses
out of 1t (if in fact 1t does so) will therefore be of very
great interest.

The criterion for separating the second type of cell
from the others is the absence of axonal transmlssion of
the sécretion; the criterion for separating the other two
types of cell is the presence or absence of dendriltes,

Since the four classes of neurone are proposed as an evolu-
tionary sequence, 1t 1s implled that the differences between
them are due to some change in the inherent properties of

the cells, The general burden of recent research on the
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growth of nerve cells in regeneration, wound-healing and
tlssue culture experiments, 1s that the development of

side branches and dendrites is a function of local mechani-
cal requirements and conditions, rather than due to
directlve properties of the growing cells themselves.
Extreme plasticlity 1s the chilef characteristic of the nervous
system during its embryonic development, If this attitude
1s correct, and 1t 1s supported by a great deél of evidence
(Welss, 1955), it follows that the gross morphology of an
individual neurone 1s an unsafe gulde to 1its evolutilionary
status; 1ts form i1s determined by the organisation of the
nervous system - a different matter altogether, The
morphology of the axons depends on the arrangement of the
neurosecretory system and this, in turn, depends upon ;he
slze and elaboration of the nervous system, A small and
not highly differentiated nervous system like that of an
annelid 1is unlikely to contain sufficient nerve cells for
elaborate structures to be formed within it. Only in
animals with large and complicated nervous systems are there
highly specialisea neurosecretory systems, A specialised
neurosecretory system may well contain neurones of a differ-
ent morphological type from those in the rest of the nervous
system, but this 1is not to say that they have undergone any

change in their inherent propertiles,
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The alternative interpretation of the nature of
ﬁeuroéecretory cells that I have proposed, that they are
a primitive sort of nerve cell which has retained to a
marked degree the secretory properties of the epldermis
from which 1t was derived, 1s attractive in that 1t con-
forms with our viéws of the plasticity of the nervous
system and places no reliance on the morphology of the
cells, but only on thelr physiology and function, Bvidence
that a chemical similarity exists be tween secretions pro-
duced by neurosecretory cells and epldermal cells 1s crucial
to this hypothesis. But unfortunately, very little is knowm
of the composition of the neurosecretory materlal, Often
it"inciudes PAS-positive substances; they have been demon-
strated in annelids (Aréy,'1954; Gabe, 1954; Defretin,
1955; Clark, above), sipunculids (Gabe, 1953a), mala-
costraca (Gabe, 1952a; Turchini, 1953), chilopods (Gabe,
1952b) and insects, A great many substances react positive-
ly to the PAS test, but it may be significant that the same
class of substances is secreted by neurosecretory cells and
epidermal cells, Of course, this similarity may mean no
more than that neurosecretory cells resemble a great many
secretorj cells in all parts of the body, But at all
events, it suggests that the secretory ability is not a
speclalised one, but a very general and wide-spread phenonen-

on, Neurosecretory cells are specialised in that they
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secrete blologlcally active substances, whereas epldermal
cells do not, but in thils respect they are no more
speclalised than other nerve cells which secrete adrenal-
ins and acetylcholine, |

Furthermore, if neurosecretion 1s a primitive
function of nerve cells, iﬁ would explain why & much higher
proportion of neurones in the supra-oesophageal ganglion
of annelids are neurosecretory than in the brains of higher
animals, Scharrer and Scharrer (1945) estimated that half

the brain of Aphrodite was occupled by neurosecretory cells,

and in Nephtys the proportion may be even higher, But
apart from Turner's (1946) report of possible neurosecretory

cells in the brain of the polyclad Leptoplana, neuro-

secretion in turbellarians is unknown, This supports
Henstrdom's interpretation rather than the present one, but
it must be remembered that the nervous systems of turbellar-
ians has not receilved mich attention from investlgators and
that it remains to a great extent unknown.

The interpretation I have advanced is of course
speculative, and mach more information about the cyto-
chemistry and ontogeny of neurosecretory cells wlll be
needed before it can be admitted or dismissed. However, if

this Interpretation 1s validated, it might provide a basis

- for a less arbltrary definition of neurosecretory cells

than that currently in use, They are defined as cells
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which have the morphologiceal characterlistics of neurones
(axon, neurofibrillae and Nissl-bodies) and which secrete
a substance that is microscoplcally visible in 1llving or
suitably stained material (Scharrer & Scharrer, 1954Db),
This definitlon deliberately, but arbltrarily, excludes such
structures as the chromaffine cells of leeches and the
epistellar bodles of octopod cephalopods, although they
‘have some heuronal characteristics and are also gecretory.
The Scharrers (1954b) have distinguished them from neuro-
secretory cells and from ordinary neurones by giving the
generic name 'neuroglandular cells', But the chromaffine
cells of leeches and the.epistellarf body of octopods are
certainly modified neurones and they probably secrete
adrenalins or substanées resemblin