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The central nervous system of Phidippus, while comparable to that
of other spiders in.most respects, is distinguished by‘the extra=-
ordinary development of visual processing centers, associated with tﬁe
complex visually-directed behavior of these animals.

The primary neuropile of»the anterior medial eyes consists of two
distirct columnar synapsing regions. There is some evidence that the
geometry of this structure may correéjond to the arrangement of recep-
tors in the anterior medial eyes. First-order interneurons link this
primary neurdpile with a less structured, massive secondary neuropile
at the top of the syncerebrum.

The optic nerve fivbers of each lateral eye éynapse in a,convoluted
primary neuropile. Two distinct first order interneuron types join
this neurovile to a2 lateral eye neuropile and the protocerebrum on one
hand, and to the glomerular layer of the ccrpora pedunculata on the
other. Each of these interneurons tranches to form two separate
synapsing regions in the primary neuropile.

The small optic nerve of the posterior medial eyes synapses . in a



glomerular neuropile. Large interneuron fikers associated with this
neuropile lead to the protocerebrum. This structure suggests a speciai
role for information provided by the posterior medial eyes, perhaps in
the reguiation of diurral activity patterns.

In the corpora pedunculata, intrinsic fibers synapse anteriorly
with first-order interneurons of the lateral eyes; and form linear
fibers bearing numerous synaptic glomeruli in the pedunculus. The
latter is the site of extensive synapsing with extrinsic fibers.

The corpora pedunculata are considered to be secondary visual
centers, quite poséibly concerned with directed érientation to visual
stimuli. In structure they are the analogs, rather than thekhomologs,
of similar structures observed in annelids and‘in other arthropods.
This distinction supports the separation of the Chelicerata from the
latter groups.

The structure of the central body agrees with its accepted role as
either a major éssociation center, or as the source of coﬁplex PLO=

grammed behavior.
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The Jumping Spider

A spider jumped
Upon its prey

Thus lived to leap
Another day

But for its young
A life to give
And for this end
A life to live

(An ancient story
not unlike that
given to man)

This paper is dedicated
to the jumping spiders;

not only did they

brighten many a sunny
summer day (as creatures
of the sunshine) but,

in truth, they gave the
most (unwillingly) to

this enterprise.

(for Rose Marie)
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The Structure of the Central Nervous System of Jumping
Spiders of the Genus Phidippus (Araneae: Salticidae)

I. INTRODUCTION

Within the continental United States, the genus Phidippus
includes approximately 40 species, which B. J. Kaston (1972) termed
"our heaviest and hairiest jumping spiders." The identical chromosome
number of P. audax, P. johnsoni, and P. regius (Pinter and Walters,
1971) supports the undisputed morphological basis for the integrity of
this genus. |

The present work involves the study of P. johnsoni (Peckham,
1883) and P. rimator (Walckenaer, 1837). Identification of the spiders’
was based upon Peckham and Peckham (1909; the most recent revision of
the genus) and Kaston (1972). This identification was confirmed by
Lawrence J. Pinter. A complete synonomy for the spiders ié évailable
in Bonnet (1945-1962), under the headings of P. formosus And P. john-
soni for the former, and likewise under the dual headings of P. clarus
and P. rimator for the latter species.

In light of contiﬁuing interest in the visually directed behavior
of jumping spiders, it is surfrising that little information is
available in-régard to the structure of the salticid central nervous
system (CNS); the present work is intended to deal with this gap in

our knowledge.



Figure 1. Adult female Phidiopus rimator
(Walckenaer), collected in the vieinity of
Corvallis, Oregon. The prosoma of this
jumping spider is oriented toward the camera,
to facilitate scanning with the large anterior
median eyes; moments later the spider jumped
onto the lens of the camera. The apparent
"psyche" of these spiders is communicated to
visually oriented humans by the great amount
of time devoted to the collection and proces=-
sing (evaluation) of visual information.




Figures 2- 5, Four views of adult female Phidippus
rimator (Walckenaer) drawn to scale with camera lucida.

Figure 2. Dorsal view of adult female and second
instar nymph. Despite its comparatively small size,
the second instar spider is cuite capable of sup-
porting itself; the central nervous system of. the nymph
(see fig. 16) is roughly one-half the size (in linear
dimensions) of the adult CNS.

Figure 3. Ventral view. The large spines of the tidia
and metatarsus of the first two legs are used in the
capture of vrey. Each tarsus bears two claws and a
tuft or foot-pad of many adhesive hairs, granting the
spider a secure foothold on smooth vertical surfaces.
The characteristic pattern on the underside of the
opisthosoma distinguishes the young nymphs of this
species from those of P. johnsoni.

Figure 4. Anterior view. The chelicerae are irri-
descent green. The large pair of anterior medial eyes
and the three pairs of lateral eyes (including the
diminuitive posterior medial eyes) are evident,

Figure 5. Lateral view. The large posterior lateral
eyes extend the peripheral vision of the jumping spider
considerably, by their situation at the rear of an
"optic quadrangle' of the antero-~dorsal carapace; th
function of the small posterior medial eyes (near the
anterior lateral eyes in Phidiggus) is doubtful in this
regard, as their field of vision is obscured by numerous
hairs. ' Nonetheless, the fact that these small eyes are
retained by all salticids is significant. A number of
trichobothria are shown in this view.
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Salticid Behavior

Behavior and structure are two facets of the Same phenomenoﬁ.
Certainly an understanding of behavior must precede any intelligent
’ interpretation of nérvous function based upon structural evidence.

Salticid psychoiogy has attracted a number of in?estigators,in
recent years (Drées, 19523 Dzimirsski,_1959; Precht, 1952). Precht
and Freytag (1958) wére concerned with the effect'pf intérnal‘statés '
upon behavior. This line of inquiry was pursued by Gardner (1964,
1965, 1966) in her studies of Phidippus. Gardner delimited intrinsic
and extrinsic factors affecting behavior, and advanced the drive-
level hypothesis in explaining the seqﬁencé of éctivifies involvéd,in
predatory behavior. According to this hypothesis, a ﬁew or continued
stimulus is required tokinitiate'each sucqeeding aétivity of the
~ behavioral sequence. Gardner (1966) dealt with "hunger" orvfédd
deprivation as an intrinsié factor. |

‘Although Witt, Reed and Peakall (1968) termed the orb-weaver "an -
animal of Simple capacities,'" the behavioral repertoire 6f spidefs is
in reality quite complex. Hollis and Braﬁson (1964) tried to list
the discrete activities of Eﬁ.éﬂééﬁ' In Table I this list is éxpanded,
although it is by-no means completéd, to illustrate the behavioral
capacify of these jumping spiders. Discrete 'behaviors" are classi-
fied as programs, or larger seguences involving ﬁany iﬁdividual activi-
“ties, and as activities. Thus the program of brood-sac construction
involves the activities of attachment disk formation, silk releése,

prosoral and opisthosomal moverent, and evaluation, among others. The



TABLE I. THE BEHAVIOR OF PHIDIPPUS

Although no enduring distinction can be made between a program and
‘an activity, in the sense that each activity could be considered as a
program or coordinated sequence of behaviors in itself, there is never-
theless some justification for attempting such a distinction. Each of
the programs listed here represents a definitive portion of the -~ avow
behavioral repertoire, involving many specific activities in an over-
riding objective essential for the survival of the species. The list,
of specific activities is presented as an illustration of the remark-
able abilities of jumping spiders. Both lists are based upon the
author's personal observations. ' ' ' V

Programs

First and second instars: Gregarious behavior in brood-sac.

Second instar to adult (general activities): Resting=-sac construction
and repair; daily rest; prolonged (seasonal) inactivity; travel
or search for prey, water, or shelter; predation sequence.

. Nymphs: Molting=-sac construction and molting activity or inactivity.

Adult males (short-lived): Sperm-web construction and pedipalp =
charging; courtship display and mating sequence; cohabitation
with female (observed in P. rimator in the field).

Adult females: Reception of male and mating; cohabitation with male,
brood-sac construction and egg deposition; brooding eggs and young.

Sensory: Visual evaluation of prey or environs; orientation of the
prosoma for view with anterior medial eyes; testing tension of
dragline or balloon silk with legs; search for water with first
legs (new.observation). o , : v

Locomotory: Running or walking forward, backward, sideways; turning; -
jumping; ballooning; descending by release of silk dragline;
climbing dragline with first two pairs of legs (very rapid).

Handling silk: - (The spinnerets are quite agile) Formation of attach- -
ment disk; release and positioning of silk in comstruction;
dragline release; opening and closing sac entrances.

Grooming: Wiping appendages against substrate; grooming legs and

~ pedipalps with chelicerae; cleaning eyes with pedipalps. _

Predatory: Following and stalking prey; jumping and grasping prey;
injecting venom and feeding. ’

Other activities: Threat behavior (raising prosoma and first legs in
jerking thrusts) directed toward other spiders and insects; ;
evasive activity and hiding; drinking water from tarsal hairs and
substrate; pedipalp vibration; holding opisthosoma high in air
either to dry or to avoid a wet surface; vibration of resting-sac
of mate with first legs. -
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specific seqﬁence of activities is subject to donstaﬁt sensory feedback,
or evaluation. Periods of activity appear to be interrupted by "sen;
sorj interiudés;"

The best summary of variations in the visual sexual display of
@ale salticids is provided by Crane (1949). Bristowe (1973).gives.a
,liveiy»account of this sexual display. Kaston (1936) stresses the
-importancé of visual information provided by this display-in‘gé-clarué
(rimator), P. audax, and P. purpuratus; in Phidippus the visual;effect‘
of the elevated cardpace and forelegs is enhanced by the irridescence
of the chelicerae. |

In jumpiﬁg spiders, vision is of primary importance. Heil (1536)
- investigated the tactile and chemical senses of salticids,rés well as
vision. Phidippus is equipped with vibration-sensory trichobothria
© (Walcott, 1969), sensory hairs of uncertain capacity, and lyriform -
(slit-sense) organs which serve as mechanoreceptors ofvcuﬁicula: stress
(Kaston, 1035, Pringle, 1055), in addition to its extraordlnary eyes.
Vlslon flvures most prominently in the distinctive behav1or of thesek
spiders, nonetheless. |

In a recent series of papers M. F. Ia#dk(1969a, 1969b, 1971,
1972a, 1972b) dealt w1th the nature of salticid vision.  The large
tubular anterior medial eyes (AME) are moved by six pairs of singly
innervated oculo-motor muscles. ILand described four pattérns of
activity involving the translation (lateral displacement) and rotation
of these eyes: spontaneous activity, saccades (centering), tracking
(following an object), and scanning. The scanning, Land suggests, is
linked to evaluation of the line contours of a stationary stimulus;

his interpretation of the nature of perception invol#ed, as the
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differentiation between a potential'mate~and potential prey, is with-;,
out doubt simplistic.

Land (1971) aiso‘studied the peripheral vision afforded by the
lateral eyes. Vhen a moving object enters the field of vision

of the lateral eyes, the salt1c1d turns .and orients tbe prosoma to
allow evanuatlon by the AME The oplsthosoma does not move untll the
AME have begun this evaluation (Lahue, 1073) Land demonstrated that
the spiders do not need to follow an object Ulth their eyes in order to
orient, and in addition (Land, 1972b) suggested that the lateral eye
receiving the stimulus has control over the number of turning'steps
invo ived | | |

In general learnlng pheno*ena in splders have been 1gnored
Lahue (1973) reviews the:literature in this area, and more spe01f1ca¢1y
nentions habituation to visualrstimuli observed in Salticus. Leguelte
(1969) dealt-with the short-term memory of orb-weavers in regard to
web orientation, without any outstanding results.

Still, there is a great deal‘of evidence for learning in spiders.
PhldlDEuS in petrl dlshes come to ass001ate the opening of the dishes
w1th the 1ntroductlon of food and will Jump on dead flles in response
to this stimulus. Phidippus dwelling in an open field venture out from
their restdng sacs in pursnit of prey on sunny days, and somehow nanage‘
fo return in the evening. Some recognitionrof local plants and terrain
seems necessary.

In summary, each activity of the jumping spider involves a complex
interplay between internal states (or programs)-and the externalyenvi-

ronment as mediated by the senses. In considering the integration of
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information and response required for a single activity, such as jump-
ing, one may appreciate the functional significance of the extreme
fusion of neuromeres in the spider CNS. In order to jump, the spider
must first evaluate the nature and distance of the target accurately
(not necessarily prey), secure an attachment disk with the spinnerets,
form and hold a running line, and raise the internal prosomal fluid
pressﬁre by means of a series of segmental muscles (Parry and Brown,
1659; Wilson 1971). At this time the pedipalps are‘moved up and dowﬁ |
rhythmically. At the time of the jump, flexors of the hind legs must
suddenly relax (simultaneously on both sides of the body), the valves
holding the running line must release to allow the fliow of silk‘
(Wilson, 1969), and all of the appendages, including chelicerae, rmust
prepare either to receive the new substrate, or to seize the prey in
a suitable location. All of these events must occur éihultaneously,

within the span of a few seconds.

The Araneid Central Nervous System: Historical Review

lsaint Remy (1890) began the study of the spider dNS with his
description of Fhe "yrain" of representatives of a series of 1abido—<
gnath families. He noted the great variability in development of visual
centers, and provided excellent drawings, but was greatly limited by a
lack of speéific nerve stains. | | o

Hanstrom (1521, 1935) confinued the study of the spider "orain,"
applying the Golgi technique to this task. In spite of the limited
scale of his studies. iz this area,his works are the basis of most of

our current knowledge of the spider syncerebrum. Hanstrom accepted the
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‘homology of structures of the spider brain with similar structures
found in crustaceans and insects (allowing for the loss of the
deutocerebrum in chelicerates). This may have been ill-advised,
particularily if the arthropods form a polyphyleticrgroup as suggested
by Anderson (1973). This apparent homology of spiders and insects
persists in current iiterature (Babu, 1965; Bullock and Horfidge,.
_1965; Firstman, 1954; Legendre, 1959).

Hanstrom (1935) also presentéd‘é simplified outline of four
basic categories of araneid brain, classified according to différential
development of the visual centers: Attid (Salticid), Sparaésid,'
Argiopid, and Agalenid types. Meier later (1967) pointed out the flaws
of this ovér-simplified scheme, as well as its lack of phylogenetic
significance.

More recently, a number of separate workers havévprovided sub=-
stantial accounts of the araneid CNS. The work of Iegendre (1959) is a

most valuable synthesis of available information, including a study of

the development of Tegenaria and Dolomedes. legendre reviews
many earlier concepts, particularily in regard to the Segmentation of

the anterior region. Babu (1965) deals with a series of arachnids, and

more specifically the theraphosid Poecilotheria, in an attempt to trace
the major fiber tracts in reduced silver preparatioﬁs. Meier (1967)
provides an.accurate alfhough limited étudy of the araneid CNS, includ-
ing a valuable, and critical,“discussion. |

Several inferior studies of the spider brain (Satija and Grewal,
' 1970; Satija, Sharma and Dhir, 1969; Satija and Sohal, 1962) are also

available.
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Gabe (1954), Kuhne (1959), and Babu (1973) describe neurosecretory
cells as well as a retrocerebral neuroendocrine complex linked to the
CNS. This work is based solely on histochemical eVidche,,essentially
as afforded by paraldehyde-fuchsin staining.v. |

A number of excellent reviews are available. Millot (1949) pro~
vides the best existing account of araneid biology, -although informa; ‘
tion on the CNS is limited. Bullock and Horridge (1965) recount
earlier information, énd provide azusefui bibliography. Iegendre
~(1565) gives a comprehénsive account of recent literature dealing with
the morphology and development of spiders. A complete list of work |

published prior to 1939 is available in Bonnet (1945-1962) .
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II. MATERIALS AND METHODS

The Capture and Rearing of Phidippus

Crane (1948) outlined the most useful techniques for locating
salticid spiders - visual search, and shaking vegetation over a ground
cloth. The grass-sweep net serves as a useful modification of the

latter technique for the capture of Phidippus rimator.

P. rimator is an inhabitant of many open,Aundisturbed,~and well=-
drained fields in the vicinity of Corvallis, Oregon. The distinctive
males mature in early July, while the feméles mature two weeks later
in the subsequent instar. During the mating period in July the spiders
are easily located in reéting-sacs at the top of field plants. ILater,
in August and September‘(when no males are to be found), the charactef-
istic brood-sacs, each tended by a single female, may be seen on the
flowering heads of field planfs. Snetsiﬁger (1955) gives a good account
of the life history of P. rimator, as well as P. audax which, at least
in a temporal sense (both mature in early spring) replaces P, johnsoni
in the eastern United States.

2; johnsoni.is more difficult to locate in this area, as theée
spidérsfgenerally live on or near the ground. Most individuals were
sécuréd by visual search in areas where rock or concrete provide suit-
able refﬁge; this species is much less able to cope with water than is
P. rimator. P. johnsoni, unlike P, rimator, makes use 6f the crevices
afforded by human habitation. Mature males appear by early May, and
brooding begins in June. After a singlé mating, the females may rear

a succession of broods during the summer.



16
Both species mated readily in capt1v1ty emerging broods were
éeparated into individual 100mm plastic petri dishes at the second

.instar ard were fed vestigial winged fruit flies (Drosophila melano-

gaster at least twice a week. A small piece of‘household sponge was
placed in each of the dishes to prov1de drlnhlng water; as noted by
Crane (1948), such water is essential to salticids in capt1v1ty. Much
of the mortallty associated with the molting of jumping spiders
(Horner and Star}s,_1°72) couid prooably ve avoided by careful maih-
tenance of the water supply. In addition, one must never disturn
spiders either in the process of molting, or in preparation for a molt.
Dishes should oe cleaned or replaced by a clean dish several times a
month (more often for larger spidefs). With careful attention to this
procedure, it should be possiole to rear fully four-fifths of the
second instars to matufity.

With regular feeding, molting occurs at three to four week inter-
vals for spiders reared at room temperature. P. johnsoni mature in the
eighth-ninth instars, while P. rimator will mature as early as the
fifth-sixth instars in captivity. There is some indication, but no
conclusive proof, that this early maturation is the resﬁlt of a long
photoperiod, although diet and temperature may be contributlnv factors.
An excellent discussion of variation in the number of molts required to;
attain maturity in splders is available in Ievy (1970).

Gardner (1967) and Balley (1968) give additional 1nformation on
the 1life cycle of Phidippus. Inasmuch as Russell (1970) reports the
painful lesions and swelling which accompany the bite of P. johnsoni,

one might exercise some caution in the handling of these spiders. In
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most situations, however, they have no cause or tendency to bite humans.

Technigues

Prior to all operations, -the spiders were anesthetized witb CO2
gas released from sublimating dry icg.» Opisthosoma, legs, pedipalps
.and.chelicefae were detached from the prosoma immediately before its
immersion in the fixative. | |

For topographical studies, spiders of various éges were fixed in»
Bouiﬁ-Dﬁboscq (alcoholic Bouin's) fixative (Humason, 1972) for at least
2# hours, followed Ey a wash and storage in 70% ethanol. Dioxane
dehydration was followed by Paraplast (Sherwood Medical Industries,
Inc.) embedding. The staining of 10pm sections>followed Gurr's (1956)
modifications of the Masson‘trichrome stain és given in ﬁumasoﬁ (1972),
with the use of Harris' hematoxylin and the substitution of orange G
for ponceau de xylidine. |

For reduced silver impregnation, the Holmes"reduced silver method
as modified by Blest (1961) and outlired by Weiss (1972) was utilized.
The procedure, outlinéd in some detail in Appendix II, involves
fixation with Bodian's fixative no. 2 and a terpineol dehydration.

A modification of thé Golgi-Kopsch method given by Colonnier
(196&) was employéd. Each prosoﬁa was embeddéd in soft Epon aécording
to proéedurés giveﬁ by Iuft (1961), and sectioned at 80pm, with a
sharp steel knife set in an ordinary desk microtome. The details of
this procedure are given in Appendix III.

Several groups of second instar spiders were fixed in 2%

glutaraidehyde and 1% osmium tetroxide after Eakin and Brandemburger
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(1971). The prosomata were embedded in either Araldite or Epon follow-

ing procedures given by Dawes (1971) and Iuft (1961). The details of

fixation and embedding are in Appendix IV. The prosomata were subse=-

quently sectioned at 0.5-5.0pm with the Porter-Bium Ultramicrotome and
stained with toluidine blue according to Humason (1972).

A1l serial sections were essentially either frontal (perpendicular
to the sternum and parallel to the face), horizontal (roughly parallel
to both thesternum and optic guadrangle af the top of the prosoma), or
parasagittal. A few oblique sections were used.

Paraplast sections were arranged on subbed slides (Boyd, 1955)
treated with Mayer's albumen fixative according to Humason (1972). The
details are given in Appendix II.

All sections were mounted under cover glass with Permount (Fisher

Scientific Co.).

Drawings were prepared with the assistance of a Wild camera lucida.

Discussion of Techniques Employed

The. excessive hardening of cuticle was avoided by the use of dioxane
and terpineol as substitutes for ethanol dehydration. Nonetheless a cer-
tain degree of separé&ion of cuticle is inevitable. The apéendages are
removed to facilitate penetration by fixatives and embeddiﬁg media.

As noted by Humason (1972), this Masson trichrome stain allows
excellent control at all stages. It gives excellent and aesthetic
defipition of most tissue, and connective tissue in particular, with

intense nuclear staining, although it cannot stain nerve fibers.
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The reduced silver technigue outlined by Weiss (1972) yielas
excellent results with Phidiggus, although there is some variation in
the quality of individual preparations. Pearson (1971) rightfully
noted the virtual impossibility of tracing the ramifications of an
individual nervevby_means.of such non-selective silver methods for
serial sectlons. Onevshould remain skeptical of conclueions based
solely upon serial trac1ng of the fiber tracts revealed with this
technique. Still, the reduced silver techniques are 1nd1spen51ble for
their ability to reveal nervous structures in their entirety.

The enlgmatlcally selectlve Golgl techniques are the best means
in a study of individual neurons within the central nervous system, as
they are capable of revealing the entirety of a neuron in three=-
dimensional space. The combination of Golgi and non-selective silver
stains is very useful in a structural study of this sort. The
selective nature of Golgi impregnation is a great advantage, but is is
also the greatest disadvantage of the method. One must rely greatly
upon chance for the most definitive results, and neurons are often
incompletely stained.

The shfinkage associated with.conventional fixation aﬁd~embedding
can be avoided by glutaraidehyde-osmium tetfoxidevfixation and epoxy
embedding, but the small size of tissue blocks required by this techni-
'que is a distinct disadvantage. In addition, the staining methods

available for paraffin sections cannot be applied to plastic sections.
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III. GENERAL ASPECTS OF CNS STRUCTURE

 Gross Anatomy

Thls study has not revealed any slgnlflcsnt differences in the
structure of the central nervous system of the two spe01es of Phldlgzus..
As shown in Figs. 6=8 the central nervous system of Phidippus,

like that of other spiders, consists of a highly fused mass of nervous
tissue, dérived from a series of segmental ganglia, and situated in

the prosoma around a rigid esophageal.tute leading to the sucking
stomach (fig. 10). The somata of unipolar neurons forming this mass

are situated in a peripheral cortex, distinct from the central fiber
mass (figs.<9 & 12). These somata are found in gfeatest numbers at the
bottom of the subesophageal ganglia, in ffont of the nervous mass, and |
- above the supraesophageal portion of the CNS.

The inner fiber portion and outer cortex of the nerveus mass are
separated and collectively enclosed by a single layer of flattened cells
comprlslng the neurilemma. This thin ﬁeurilemma is typical of labiddg-
naths (Salnt Remy, 1890 Legendre, 1959) whereas a much thicker mu’t’-
layered neurllemma capsule is found in orthognath spiders (Babu, 1 G653
Legendre, 1961), The neurilemma surrounds nerves leading from the CNS,
and forms the lining of a series of.dorso;ventral "plood vessels"
penetrating the sutesophageal 6NS in a sagittal plane. Tfaeheolestlead-
ing from the spiracle anterior to the spinnerets also ?ass through the
CNS in these blood vessels (fig. 10). |

In front of the CIS is.situated a curicus group of leosely attached

binucleate rephrocytes and small endocrine cells (fig. 10), which



Figure. 6. Dorsal view of the central nervous system in
the prosoma of adult female Phidippus rimator. Based upoxn
photographs of dissection. In the adult, the subesophageal

ganglia lie above midgut diverticula of the anterior stermum.

The supraesophageal portion is characterized by the large
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and separate optic nerves. For interpretation of structures,

refer to figures 7 and 8.
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Figure 7. Dorsal view ofbsupraesophageal_pdrtion of the %
CNS of a fifth instar Phidippus rimator. Sections of the

eight eyes are shown. The predominance of visual input
is obvious. The optic nerves (PMEon) of the small pos-

terior medial eyes (PME) run to glomeruli near the primary
neuropile (PLE1) of the posterior lateral eyes (PLE). The

primary (AME1) and secondary (AME2) neuropiles of the an-
terior medial eyes (AME) are situated at the top of the |
"srain" or syncerebrum. Refer to appendix I for interpre-
tation” of other symbols. 5

22



0.5mm

Figure 8. Dorsal view of the subesophageal portion of thé§~

CNS of a fifth instar Phidippus rimator, including the »
supraesophageal cheliceral and rostral ganglia. The major
nerves are shown. Each of the leg ganglia sends forth a
srall dorsal (dn) and a small postero~dorsal (pd) nerve;
the latter joins the dorsal nerve of the ganglion immedi- |
ately to the rear. The opisthosomal ganglia are fused to |
form the cauda equina (CE); the segmental opisthosomal
nerves depart the CNS as a composite opisthoscmral . nerve
(OSN). TFor interpretation of other features, refer to
appendix 1. o
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" Figure 9.  Parasagittal section of prosoma, fifth instar Phidippus rimator. Caméra 4
lucida drawing of preparation stained with Masson's trichrome. The neuropile and tracts
of the CNS are isolated from the cortex of cell bodies by neurilemma. The lateral eso-
phageal dilator (led) separates the cheliceral (Ch) and pedipalpal (P) ganglia. For
interpretation of other features, refer to appendix I. : e
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”“”figurewib; wéééigggi“géééiéhwgf prosoma, fifth instar Phidippus rimator. Thé‘éubéSOphageal

ganglion complex is penetrated by tracheae (t) and a series of blood vessels (bv) lined with

neurilemma. The small rostral ganglion (R) lies directly above the anterior esophagus, send-

ing the recurrent nerve (RcN) to the rear above the rigid esophageal tube, and the rostral
nerve (RN) anteriorly. Anterior to the CNS lies an unusval mass of binucleate nephrocytes
(nephC) and small endocrine cells which has been termed the anterior organ (AQ) by ILegendre
(1959). For interpretation of other structures, refer to appendix I. . :

&e
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Figure 11, Parasagittal section through the prosoma of a %
second instar Phidippus rimator. The central nervous system:
occupies virtually the whole of the central prosoma at this |
stage, flanked laterally by musculature. For interpretation%
of symbols, see appendix I. !

Figure 12. ZEnlargement of portion of neuronal cortex indicated |
above. A group of large neurons (1n) at the junction of two leg

i
i
ganglia is shown. The nuclei of smaller neurons and neuroglia !
are shown. :
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Figure 15. Comparative extent of the CNS in the
prosoma of second instar, fifth instar, and adult
Phidippus rimator. Parasagittal sections. The

CNS of the adult is small in comparison to body size;
the adult prosoma is filled with digestive diverticula
(dd) of the midgut which form a spongy layer separat-
ing the CNS from the sternum. For interpretation of
other structures, see fig. 9.

62
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Figures 16-26. Half-horizontal sections through the prosoms of a
sixth instar Phidipous johnsoni. This series of drawings illus-
trates the basic features of the gross arnatomy and situation of the
CNS at various levels. Beside the figure caption, a number in
parentheses indicates the section number in a series of 10pm sec-
tions, from top to tottom. Musculature in the plare of the section
is shown with dotted lines, while predominantly dorso-ventral muscle
bundles are indicated by cross-hatching. Digestive diverticula (ad)
are shown at verious levels. Nuclei of the neuronal cortex are ,
encircled. For interpretation of symbols, refer to appendix I. "All
scales are 0.5mm. '

m;d}ine

‘Figure 16. (1)
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Legendre (1959) termed the anterior organ. These cells allegedly com-
bine endocrine and excretory functions (Legendre, 1971).

Following iegendre‘(1959), the supraesophageal portion of the
nervous mass is termed the syncerebrum, a complex structure formed by
the fusion of a series of neuromeres (Table II).

TABLE II. NEUROMERES CONTRIBUTING TO THE SYNCEREERUM

(Supraesophageal portion of the CHS)

Acronal element (archicerebrum or central body)
Centers of principal eyes

Centers of lateral eyes

Neuromere of cerebral ganglion (protocerebrum)

Rostral neuromeres (rostral ganglion)
Cheliceral neuromeres

ON\D;F'\NN—-*

Meier (1967) noted the difficulty of defining individual ganglia within
the central fiber &ass, just as legendre earlier (1959) described this
as a regién of neuropile common to all ganglia.

The protécerebrum is a méjor integrating center (Meier, 1967) of
interneurdns, sending no fibers out of the CNS (ILegendre, 1959).

Fibers originating in all of the ganglia communicate in this complex
region of tracts and "neuropile," the latter a term which Me;ér (1967)
considers useful only for lack of better definition.

The éhelicerae anavtheirrganglia move'tb a pfeofal pdsition in.late
—embryonic development, while retaiﬁing their originalksubesophageal
~commissures (Rempél; 1957;'sée fig. 47).

The subesophageal mass is tightly.fused to the supraeéophégeal ﬁass
around the esophagus. It consisté of a single pair of pedipalpal gahg-
lia, four pairs of ganglia associated with the walking legs, and a

series of at least seven pairs (legendre, 1959) of fused ganglia forming
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the cauda equina, giving rise to the opisthosomal nerves. The commis~
sures of these ganglia are metamerically arranged between the blood
vessels (Millot, 1949; fig. 47). As in the supraesophageal mass, the
central tract region is common to all ganglia and lacks simple defini-
tion. The migration of opisthosomal ganglla into the prosoma, char-
acteristic of araneids, is completed in the late embryo (Rempel, 1957)
by the end of inversion (Legendre, 1959).

The major nerves associated with the CNS are shown in figs. 6-8.
Legendre (1959) termed the dorsal pedipalpal nerve a sensory nerve.
Parry (1960) traced the dorsal nerve of the leg ganglia (small leg -
nerve; apparently dm, fig. 8) to mechanorecepto”s. The most strlklng
and distinctive external aspect of the salticid CNS is the large size
and separation of the optic nerves.

Legendre (1959) described a series of Maxillary ganglia! associated
with the branching of principal leg nerves. A mass of neuroglla—llke
elements was observed in this locétion, but no nervous fibers were
impregnated.

The gross anatomy of the CNS of Phidippus is summarized in a
series of drawings (figs. 6=26). The terminology applled to muscula-

ture follows Whitehead and Rempel (1959).

Cells of the CNS

Neuroglial elements are associated with the neuron somata, but are
generally lacking in the neuropile and tract region. .
The neuron types (Table III) are categoriZed according to ruclear

size and nucleo-cytoplasmic ratio. This classification agrees with
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similar schemes proposed by- Legendre (1959) and Babu (1965), altﬁough
Babu described much larger neurcns in the large theraphosid Poecilo;
theria. The classification serves to emphaéize the great dispérity in
size of neurons associated with different structures in the CNs.

" According to Legendre (1959),1the largest neurons are the lést to be
elaborated from neuroblasts. |

TABLE III. NEURON TYPES
(from adult female Phidippus rimator)

Type Iocation in CNS : Nuclear Nucleo=cytoplasmic
Diameter ratio

gmall optic interneurons of primary 4=5pm much greater than 1
lateral eye neuropile '

small ~  globuli cells of pedunculate 4-5Pm much greater than 1
body : .

small underlying central cody 5-6pn greater than 1

medium periphery of protocerebrum 7-8pm near 1

medium underlying leg gangiia 7=3jpm near %

large underlying leg ganglia 10pm less than 1

giant in groups under leg ganglia 15pm much less than 1

There is some controversy in regard to the nature of the large
"neurosecretory" cells revealed by histochemistry.(Gabe, 1954% Kuhne,
1959; Legendre, 1959, 1971).  As noted-by Meier (1067) there is nc:
demonstratlon of functlon or correlation of act1v1ty with life’ functlons
for these cells. Meier suggests that these cells are elther motorneu-
rons, Or that they possess a dual function. In addition he notes that.
‘>the1r magor processeb anéea; to termlnate in the v1c1n1ty of adJacent ?
blood vessels, and that there is no evidence for a direct conneCtloﬁ
between these cells and the retrocerebral neuroendocrine complex" or

the organs of Schneider.

Agreeing with the lack of such a connection, Serna de Esteban
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(1973) ascribes a purely endocrine function to the first Schneider's
organ, and an autonomous‘nervous function to the seqcnd.
Nonetheless Babu (4C”3), using paraldehyde fuchsin, described an
unusual set of "neurogecretory” tracts and commlssufes assoc1a+ed Qlth"

neurohemal organs in Argiope aurantia, a system linked to metameric

' groups of "neurosecretory' cells in the subesophageal ganglia. Since
this unusual finding is not substantiated by other workers, and relies

upon uncertain histochemistry, its validity is questionable.

Post-embryonic Growth

In the second instar (fig. 11), the central nervous system is
essentially complete. . The neuromeres are fused in the prosoma, and,
according to Legendre (1959), there is no further elaboration of neu-
rons from neuroblasts. In its proportions the CNS at this stage is
large as compared to that of the adult. In further maturation, the
CNS will only double its linear dimensions. The space afforded by the
much greater increase in prosomal volume is occupied by midgut diver-
ticula, which in time separate the sternum and the CNS considerably
(fig. 15).

Peters (1569) demonstrated that the coordinated ability to produce

webs in Zygiella x-notata (Cl.) developé during the brooding of second
instars. .Similérily in Phidippus, the second instars ﬁéy'renainfiﬁ the
 brood-sac for séveral weeks, retaining the gregarious behé?ior charaé--
teristic of the fifst instars. When they finally ermerge, the second

instar jumping spiders are fully capable of spinning shelters and cap-

turing prey, just as orb weavers of this age produce miniature webs of
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perfect construction. ‘

With age, the nymphs acquire an increasing number of trichobothria
and hair sensilla. This most likely corresponds to a continued
elaboration and ramification of sensory neurites during the post-
embryonic period. In addition, individual fibers also increése.in
size. Thus the large optic nerve fibers of the anterior medial eyes
double their diameter (from 0.8 to 1.5Ph) between fhe fifth instar and
adult. e

Other structures of the CNS also increase in size with age. The

individual glomeruli of the lame glomerulee (see section IV) are only

about Zpum in diameter in the second instar. By the fifth instar they

are hpm in diameter, while in the_adult they are 5pm in diameter.



IV. THE VISUAL CENTERS

The extraordinary developmenf of vision, particularly in regard to
the anterior medial eyes, is the great distinction of jumping spiders.
Indeed, Land (1572a) suggests that the Salticidae possess the best
optical resolufion of all invertebrates, excepting the ce?halopod
molluscs. Thus the jumping spider is the master of the visual world
among terrestrial invertebrates - a considerable distinction for such
a small animal, |

The optic nerves are almost as lafge in diameter as thé eyes
themselves (fig. 7). Notably among spiders, each optic nerve is dis-
tinct in its entire pathway from eye to syncerebrﬁm.

In salticids, the optic centers dealing with this visual informa-
tion {including the corpora pedunculata) attain theif greatest elabora-
tion. Visual information is indispensible to these spiders in the
recognition and capture of prey, in courtship, and in daily movement

(see Land, 1969a).

Centers of the Anterior Medial Eyes

?he anterior medial eyes (AME)Vare direct eyes in spidefs, whereaé
thé lateral eyes (including posterior medial eyes) are indirect (fig.
41). The mévemept.and use of these eyes is described in section I.
Ezkin and Brandenburger (1971)(provide an excellent study of the ultra-
structure of these eyes, as well as the lateral eyes. Homann (1971)

‘gives a very comprehensive review of'eye structure in spiders, with

some emphasis on the uniqueness of the salticid AME. Iand (1969a,
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69%) provides an excellent study of AME structure and function.

fTherrhabdoms of the AME are arranged irn four layers within a
ﬁarrow crescent-shapéd refina. The innermdst 1ayer contains the small-
est receptors. While bipolar sensory neurons éend these light~sehsitive
rhabtdoms anteriorly, they send the optic nerwes to the‘rear.

The fivers of the optic nerve are of two sizes, the larger almost
twice the diameter of the smaller. All optic herve fibers synapse in
the primary neuropile of the AME, a curiously shaped composite structure

figs. 27, 29) consisting of a large outer lobe and a small, essentially
parallel, inher lobe. Iand (1669a) furnished a highly schematic view of
this structure, thch he described as two horseshoe-shaped glomerular
strips.

The larger optic nerve fiters synapse in the upper portions of the
cuter lobe, forming large columns where a dense network of interneuron
ramifications surrounds each of the primary fiters (fig. 28). The
columns are packed in a hexagonal array. The position of the large
fibers in the optic nerve corresponds to this portion of the primary
neuropile, and there’can be litfie doubt that the‘éeometry of this
structuréd neuropile is of great significance; perhaps, as suggested by
Land (1969a), it corresponds to the origin of the fibers in the four
rhabdom layers of the AME (see fig. 31).

. Small optic nerve fihers synapse in the inner lobe and the lower
ﬁortions of the outer lobe, formingvsmaller COluﬁnS: There 1s some
correspondence between columns of the two lobes (fig. 28), and some
interneurons appear to ramify and synapsé in both structures (fig. 30).

Curiously, each synaptic locus of first-order interneurons with



Figure 27. Diagrammatic antero-dorsal view of the primary ;
neuropile of the left anterior medial eye of Phidippus. The
columns of the large lobe receive large optic nerve fibers,
while small optic nerve fibers run to both the inner lobe
and the lower portion of the outer lobe. The columns of the

inner love are of smaller diameter than are those of the
outer structure.

Figure 28. Enlarced portion of primary neuropile of the
anterior median eye in dorsal view. The correspondence of
inner (left) and outer (right) columns is apparent. A
number of interneurons running to the secondary neuropi ile
appear to synapse in both inner and outer lobes of the prl-’
mary neuropile (diagrammatic). : .
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Figure 29. Posterior, dorsal, and anterior views from left ;
to right of the primary neuropile of the left anterior medial
eye. The inner and outer lobes are roughly parallel structures.

Figure 30. Three interneuron types connecting the primary
and secondary neuropiles of the anterior medial eyes. The s
cell bodies are located in the adjoining ganglionic cortex. |
(A) connects the large columns with the secondary neuropile %
at the left. (B) forms synapses in both lobes of the prlmary
neuropile, and (C) synapses only in the inner lobe.

i
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Figure 31. Golgi-Kopsch impregnation of
two neurons of the left anterior medial
eye, showing the correspondence of columnar
synaptic regions in the primary neuropile
(AME1). Sixth instar P. johnsoni.

O0.1lmm

Figure 32. Golgi~Kopsch impregnation of

an individual intrinsic interneuron of the
secondary neurcpile of the anterior medial
eye. The peripheral cell body (n) is ‘
connected to an elaborate network of synap-
tic ramifications.
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optic nerve fibers involves two post-synaptic fibers.with the 'large
irregular bouton' of the pre-synaptic fiber (BEakin and Brandenburger,
1971; also observed in Lycosa lateral eye neuropile by Trujilld—Cenoz
and Malamed, 1664, 1967). Figﬁre 30 is largely conjecture Easéd upon
secticns staiped by the reduced silver techﬁique; fufther definifion“
of interneurons will require a successful Golgi study. Thesé inter-
neuron somata are peripheral to the tract coﬁnecting'primary\and
secondary AME neuropiles.

The secondary neuropile of the AME receives first-order inter-
neurons in communication with higher order interneurons. Certain
intrinsic neurons (fig. 32) ramify greatly within this complex or
unstructured neuropile. This neuropile forms a large mass,’at the
top of the syncerebrum, in close communication with the protocerebrum. '

The functional significance of this arrangement is d;fficult to
evaluéte without further information about the individualbinterneurons
involved. |

The correlation of épecific receptors in the eye with particular
columns of the primary neuropile would probablyvrevealbérsignificant

pattern.

Centers of the lateral Eyes

Land (1969a) noted the importance of peripheral visién afforded by
the anterior and posterior lateral eyes (ALE and PLE) to the jumping |
spider, essentially in the accura?e detection and location of movement.
Land also suggested (1971, 1972b) that these eyes are the mediators -

of prosomal orientation to such stimuli, although flight, negative
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orientation, or AME activity may also result from visual stimuli
received by the lateral eyes.

The primary neuropile receiving optic nerve fibers of the ALE
(ALE1) is separate from that of the PLE (PLE1). Each of theée strﬁc-
tured neuropiles forms a highly convoluted surface (fig. 33), which

is comparable in structure in different individuals of the same species

(fig. 34). The PLE1 of Phidippus rimator is also like that shown for

Phidippus johnsoni, a further indication of the relatedness of these

spiders.

The two types of first-order interneurons synapsing in this pfi—
mary neuropile are shown in fig. 35. The interneurons forming synaptic
trees send fibers along the lateral optic tract to the previously
unreported lateral eye neuropile (lenp} fig.+4#1) and the protocerebrum.
A second type of internéuron forms compact synaptic nodes in the pri-
mary neuropile, which it connects with the glomeruli of thé-lggg
glomerulee. Both first-order interneuroné hranch and synapse at two
different sites in the primary neuropilé (fig. 35), a good indication
that they respond to a changé in illumination, or movement. bThié
éontradicts Hanstromfs (1621) concept of a oné—to-oné correspondeﬁce'
between pre~ ané pbst-synaptic fibers of this primary neuropile- As
illustrated in fig. 41, the first-order interneuron fibers divide

almost equally into the lateral eye tract and a second tract of fibers

destined for the lame glomerulee.

Harstrom (1935) observed that the rods of this primary neuropile
were most distinct in the Lycosidae, Thomisidae, and Salticidae, all

groups with prominent corpora pedunculata. The coarser structure
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Figure 33. Contour diagram of the primary neuropile  Figure 34. Comparable parasagittal sections

of the right posterior lateral eye, sixth instar * through the primary neuropile of the posterior
P. johnsoni. The dorsum is to the right; the anterior lateral eye of six P. johnsoni. Ilobes are

end is at the bottom. Contours are numbered in a . labled as in fig. 33. Ieft is anterior; the
medial direction; the contour interval is 10pm. Dis- top is dorsal. The stippled region is the
tinctive lobes of the convoluted surface are labeled primary neuropile; the enclosed spaces (A=-F)
(A-F)e : —  gontain interneuron fibers.

LS

it
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- Figure 35. Golgi-Kopsch impregnation of interneurons
involved in the primary neuropile (PLE1) of the left pos-
terior lateral eye of a sixth instar Phidippus johnsoni.

A zone of ramification of primary interneurons is outlined !
(re). Glomeruli (g) of the lame glomerulee (1g) are joined
to derse synaptic regions (ds) of the primary neuropile.
Fibers of the lateral eye tract form dendritic structures '
(den) in the primary neuropile. A peripheral cell body (oin)
is linked to dendritic synapses (den) as well as to small
ramifications (sr) in the ramification zone. The two-fold
branching characteristic of both types of interneurons is-
evident. : : : :
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observed in the Araneidae agrees with the lack of corpora pedunculata

in this family, as the distinct rods are compact terminals of fibers

destined for the glomeruli (lame glomerulee of Saint Remy, 1890) of

thisvstructure.

Many workers (Saint Remy, 1890; Hanstrom, 1921; Babu, 1965; Meief,
1967) have described a posterior commissure of fibers leading from the
centers of the lateral eyes, directly in front of the central body.
Hanstrom's (1921) Golgi work does not fully establish the real nature
of this commissure. It is unusual that no workers have previously
descrited the lateral eye neuropile (lenp, fig. L1) receiving fiﬁers

of the lateral eye tract (let).

Centers of the Posterior Medial Eyes

The posterior medial eyes (PME) of salticids are generally very
small and hidden beneath the hairs of the optic quadranglé. In
Phidippus, they are close to the ALE. Land (1972a) suggests that
these eyes are vestigial. This is doubtful, if only for the reason
that the PME are retained by all salticids in the .course of evolution.

Hanstrom (1921) could not locate the neuropile of the PME in the
salticid Marptusa (now Marpissa).

Nonetheless a glomerular primary neqropile of the PME does exist
in Phidippus between the primary neuropiies of the laterai,eyes
(fig. 41, PME1). This neuropile receives fibers from the primary
neuropile of the PLE, in additionto those of the PME optic nerve.

A distinctive tract of large fibers whicﬁ appear to originate

with a dorso-lateral group of protocerebral somata synapses in the
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primary neuropile of the posterior medial eye. Fibers of this tract:
also synapse in a smail neuropile (x, fig. 41) with interneuron fibers
leading from the ALE1. Thus this tract, receiving most of its input
from the posterior medial eyes, also handles a limited amount of infor-
mation from the lateral eyes.

A1l of this suggests a special role for the diminuitive posterior
medial eyes, which may be comparable to imsect ocelli. These may be
the mediators 6f photoperiod effects, or, more likely, they are
diurnal activity regulators. For discussion of circadian rhythms in

salticids, see Phanuel (1968).

The Corpora Pedunculata

The corpora pedunculata or pedunculate bodies are prominent
features of the anterior salticid syncerebrum. They are essentially
secondary processing centers for information received from the primary
lateral eye neuropiles (fig. 41). The only known sensory input to
these structures involves the many first order interneurons connecting

the primary lateral eye neuropiles to the lame glomerulee (so named by

Saint Remy, 1890) or glomerular layer of the corpora pedunculata
(fig. 35). Fibers from the anterior and posterior lateral eyes synapse
in separate portions of this glomerular layer.

Intrinsic fibers arise from a peripheral layer of neuron somata
(the "giobuli cells" of Hanstrom, 1935) which is actually continuous
with the layer of first-ordervoptic interneuron somata. These give

rise to fibers which synapse in the glomeruli of the lame glomerulee

of the afferent terminal, and form longitudinal fibers with numerous

small synaptic glomeruli in the neuropile of the corpora pedunculata
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(masse medullaire inferieure of Saint Remy, 1890) (figs. 37, 38).

Thus the intrinsic fibers synapse with extrinsic fibers (fibers
of external origin) in the dense neuropile of the corpora pedunculata.
The pedunculate bodies are closely connected to the lateral prbtocere;
bral neuropile (Imp, figs. 39, 40), and both send fibers to the
commissural bridge of.the corpora pedunculata. The lateral tract
region of the corpora pedunculata (fig. 36) contains fibers originating
‘with the lateral eye neuropile (lenp), although the extent of communi—
cation between these structures is uncertain. A distinctive tractvof
iarge fibers originating with the corpora pedunculata and 1aterél
protocerebral neuropile descends to form a longitudinal tract of the
subesophageal mass (fig. 46).

Hanstrom (1921) first recognized the glomerular layer as a
secondary optic mass. ILater (1935) he noted its relafionship to the
corpora pedunculata, and accepted the homology of these structures
with those of insects and other arthropods. Noting the great variation '
of development of the pedunculate bodies in various spider families,
Hanstrom correctly associated their presehce with the presence of highly
developed visual centefs, a correlation later supported by Meier (1967).

Although tﬂey are highly developed in certain Agelenidae,. o
Pisauridae, chosidae, Thomisidae, and Salticidge, the corpora pedun-
culata of Linyphiidae and Araneidae are rudimentary; they are altogether
absenf in méﬁy families, including the Ctenizidae, Amaurobiidae,
Theridiidae, Dragsidae, and Cluﬁionidae (Hanstrom, 1635). They are

also lacking in the Thefaphbsidae (Babu, 1965).
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Figure 36. The pedunculate body of a sixth inmstar Phidippus
johnsoni. A-D: GSerial (10pm) parasagittal sections toward

the midline. E: Contour diagram (1Cum interval) of the same.
Dorsum at the top; anterior is right. Extrinsic fibers (exf)
enter the neuropile of the pedunculate body (cpnp) through the
lateral tract region (1ltr) of the latter. Intrirmsic fibers (if)
join the glomeruli of the lame glomerulee (1lg) to this neuropile.
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0.1lmm

Figure 37. Golgi-Kopsch impregnation of intrinsic fibers of the
?igh? pedunculate body of Phidippus johnsoni (sixth instar). The
intrinsic fibers form the glomeruli of the lame glomerulee (1g)
anteriorly, and synapse with extrinsic fibers by means of small glo=!
meruli of the neuropile of the pedunculate body (cpnp). Thus the ‘

intrinsic fibers are essentially second order interneurons of the |
lateral visual system. : ' |

i
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Figure 38. Diagram of a single stalk (pedunculate vody) of the ‘
corpora pedunculata as viewed from below. Several intrinsic neurons
are shown. Neurites origirating with the peripheral "globuli celis"
(GC) connect the glomeruli (g) of the lame glomerulee (glomerular
layer, 1lg) with extrinsic fiters (exf) in the neuropile of the
pedunculate body (cpnp). '
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midline

Figure 39. Golgi-Kopsch impregnation of the right pedunculate body
of a sixth instar Phidippus johnsoni. The neuropile of the pedun~-
culate body (cpnp) is heavily stained. The importance of the ;
lateral protocerebral lobe (Inp) in the processing of visual infor-
mation is obvious. Several fibers of the bridge of the corpora %
pedunculata (CPbr) are shown.

i

i

Figure 40. Golgi-Kopsch impregnation of the left pedunculate hody |
of a sixth instar Phidiprus johnsoni. The lateral protocerebral |
love (Inp) is closely linked to both the pedunculate body (cpnp)
and the bridge (CPbr). A tract of distinctive fibers (cpt) leads
to the subesophageal ganglia. . '

i
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Figure 41. Summary of the visual processing system of Phidippus. |
Dorsal view of left half. The first link between information b
received by the lateral eyes and the anterior medial eyes is in \
the protocerebrum. The solid black bars indicate groups of fihrers
entering the protocerebrum. Fibers leading from the primary neu-
ropiles of the lateral eyes (ALE1 and PLE1) lead to either the
glomerular layer (lame glomerulee, lg) of the pedunculate body (cp),
or to the lateral eye neuropile (lenp)and lateral eye tract (let).
Large, distinctive fibvers of the primary neuropile of the posterior
medial eyes (PME1) join similar fibers originating with . a small
neuropile (x) receiving fibers from the primary neuropile of the
anterior lateral eye; these large fibers enter the protocerebrum

as a distinctive tract (1ft). Several important groups of neuron
somata are shown. For further interpretation, see appendix I.




60

As mentioned earlier, Hanstrom (1935) first advénced the homology
of these structures with those of insects and annelids. The homeclogy.
of the chelicerate syncerebrum with those of other»arthfopods is based
upon a hypotheticalvdisappearance of'antennules and the assoqiated
deutocerebrum in these animals.

Anderson (1973) seriously questlons the phyletic relatlonshwp of
chelicerates with mandibulate arthropods and annelids, establlshlng
the complete lack of developmental evidence for the integrity of the
phylum Arthropoda. Thus the structure. of the corpora pedunculata in
spiders has some bearigg on the argument over a polyphyletié origin of
the arthropods.

Meier (1967) notes that the pedunculate bodies of spiders are
completely different from those of insects. If one compares the deﬁd—
ritic structure of globuli cell ramifications in the calyces of insect
corpora pedunculata (Rernstein and Bernstein, 1969; Frontali and
Mancini, 1970; Pearson, 1971; Schurmann, 1973%; Weiss, 1974) with the
large and compact glomeruli of the araneid corpora pedunculata, the
great dlfference between the two structures is 1mmed1ate1y evident.
The so-called globuli cells of splders are ordinary optic 1nterneurons
by all appearances, whereas those of insects are situated in a calycal
cup. In all of these respects, the pedunculate bodies of crustaceans
and annelids agree with those of insects.

Even the sensory input of iﬁsect corpora pedﬁpculata is at
variance with the homology. Although there is some optic input in

" Hymenoptera, the prédoﬁinant input ié from deutoéerebral aﬁtenhal séﬁ—

sory centers (Vowles, 1955; Weiss, 1971, 1974). The optic input is
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scarcely a source of homology, as the multilayeredAoptic lobes of
Crustacea (Hafner, 1973) and Insecta (Strausfeld, 1970) have nothing
in common with the visual centers of chelicerates. . |

The resemblance of the synaptic lame glomerulee of spiders to the

globuli cell layer of imsects adds to the misleading similarity in the
appearance of the corporé pedunculata of these animals. Nonetheless
there are some real similarities in the structure of these organs.
Both receive fiberé secondarily from seﬁsory centers, and these sen--
sory fibers synapse with intrinsic neurons at the anterior end of each
pedunculate body. |

The greatest similarity lies in the structure of the pedunculus.
If one compares Golgi preparations of insect corpora pedunculata
(Frontali and Mancini, 1970: Pearson, 1971; Schurmann, 1973) with those
of spiders (figs. 37, 40), the presence of longitudinal intrinsic
fibers bearing numerous small synaptic boutons or glomeruli in both
cases is striking. And in both cases, this is the site of extensive
synapsing with e#trinsic interneurons.

Thus the corpora pedunculata of spiders are gquite possibly
analogous, rather than homologous, with those of annelids and other
arthropods. Thé possibility of this analogy immediately raises the
guestion of function, a question which remains decidedly unresolved
in a recent review of the subject (in reference to insects) by Howse
(1975). | |

The corpora pedunculata hé&e been alternately termed orgéps»of

integration, association, coordination, and intelligence in insects.
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Given a particular function in the handling of sensory information, |
there is no reason why they could not fulfill all of fhesé ill-defined
functions. Bernstein and Bernstein (1969) made a virtually meaning-
less correlation between their size and the foraging efficiency of |
ants.

Given the major role of lateral éyes in directing orientation
to visual stimuli (Land, 1971, 1972b), as well as the fact that thé
corpora pedunculata handle only sensory-informatidn,arising with’the '
lateral eyes, theré is a good possibility that the pedunculate bodies
of spiders are orgaﬁs of oriéntation, whose sole function ié the
direction of a calculated ofientation to visual stimuli.

Similarily, the corpora pedunculata of insects, by anaiogy, may
serve as organs of directional orientation to sensory stimili, in
this case érising primarily from the antennae. Thus the large size
of these organs in the ant worker (Vowles, 1955; Bernsteiﬁ and
Bernstein, 1969) would be indispensible to the path-finding capacity

of these insécts.
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V. THE CENTRAL BODY

Unlike the central situation of the central body of inmsects
(Bernstein and Bernstein, 1969),‘the central 5ody df sﬁiderg‘is isé-
lafed at the rear of thevprotocerebfum. In addition, the intrinmsic
cells;of this structure are weli defined in spiders.'

This distinctive structure in Phidippus (fig. 42) consists of two
intimately connected lobes. The upper lobe is connected to lateral
protocerebral lobes by several essentially horizontal tracts, while
the lower lobe sends several medial tracts down toward the subesophageél
ganglia. Both lobes are surrounded by the somata of small intrinsic
neurons (see Table III). The neuropile of the ﬁpper lobe is highly
structured, whereas that of the 1oﬁer lobe is more compact and
essentially unstructured (fig. 43).

Hanstrom (1921) demonstrated the connection of the upper lobe
with the primary neuroﬁiles of the lateral eyes, using the Golgi method.

Witt, Reed and Peakall (1963) noted the large extent of the cen=-
tral body in orb weavers and terméd it a "coordinating center." Along
with the protocerebrum, it is recognized as an important association
center between the visual centers and the subeéophageal ganglia
(legendre, 1959; Satija and Sohal, 1962; Meier, 1967).

The conspicuous isolation and serial ramification of intrimsic
neurons within this'uﬁpaired organ agrees with the accepted theory that
this is a control center of programmed behavior in spiders (Millot,
,_1949;,see section I). The upper lobé appears to handle sensory infor-
mation, while the lower lobe may‘be largely a coordinatingrcenter for

motor functions..



Figure 42. The central body. A: Dorsal view of
dorsal lobe, showing posterior layer of cell bodies
(left), stippled neuropile, and tracts leading to
the lateral regions of the protocerebrum. B: Con-
tour diagram (10pm interval) of the upper lobe neu=-.
ropile and tracts, as seen from above. HNote the
upturned ends. C: Dorsal view of ventral lobe,
showing tracts running to the medial protocerebrum.
D: Contour diagram (10pm interval) of the lower
lobe, as seen from below. E: Relative position of
dorsal and ventral lobes of central body, as seen
from above. F: Relative position of dorsal and
ventral lobes, from sagittal section. Based pri-
marily on horizontal sections of sixth instar P.

L johnsoni.

" lobe.

Figure 43. Semi-diagrammatic horizontal
views of the central body. Left, section
of upper lobe; right, section of lower
Fibers of peripheral cell bodies
(CBn) ramify in a posterior zone (cbr) and
synapse with extrinsic fibers (exf) in a
glomerular neuropile zone (gn) and a well-
ordered anterior dendritic neuropile (d) of
the upper lobe. The lower lobe is simpler
in structure, with intrinsic fibers (if)
joining the cell bodies (CBn) with extrinsic

fibers/(gxf) in a dense neuropile (dnp).

9
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-VI. THE ROSTRAL GANGLION

The rostral ganglion consists Qf two fused lateral lobes surround-
~ ing the anterior esophagus, with many lateral connegtions to the adjoin- .
ing cheliceral gangiia (fig.,44). Associated neuron sémata are at the
- anterior lateral periphery éf this structure, which consists of a
loose dendritic neuropile;

Saint Remy (1890) discovered the rostral nerve, and'assigned it
to a rostro-mandibular ganglion. Hanstrom later (1935) depicted the
separation of the rostral ganglion from the cheliceral gaﬁglia and its
homology with the frontal ganglion of imsects, as the stomodeal bridge
of a so-called sympathetic nervous system (by analogy with vertebrates).
Millot (1S49) acceptedvthis interpretation.

Rempel (1S57), in a study of Lactrodectus mactans, similarily

noted the homology of this stomodeal bridge as a reduced insect trito-
cerebrum.

Iegendre (1959) proposed a double origin, in which the rostrai.
. ganglion is formed by the fusion of a pair of rostral neuromeres with
a "frontal ganglion." The original paired nature of this composite
structure is suggestéd by the lateral lobes depiéted in fig.'44..

The rostral ganglion appears, by virtue of its associated nerves,

to integrate pharyngeal activity with that of the sucking stomach.
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Figure L4, Structure of the rostral ganglion. A: Dorsal
view based upon several sections of Bodian preparation.
B: Diagrammatic view of (A)., Symbols: e, esophagus;
les, lateral esophageal nerve; RcN, recurrent nerve; RN,
rostral nerve; R, rostral ganglionm; Ch, cheliceral gang-
lion. Legendre (1959) considers this to be a composite
. .structure formed by the fusion of the frontal ganglion
and a pair of rostral ganglia.
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Figure 45. Golgi-Kopsch preparation showing ramification |

of an individual (or portions of several) neurons in the
ganglion of the first leg.
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VII. STRUCTURE OF THE SUBESOPHAGEAL GANGLIA

The subesophageal ganglionic mass consists of a single pair of
pedipalpal ganglia, four pairs of leg ganglia and a fused mass of at
least seven pairs of opisthosomal neuromeres which is termed the cauda
equina. VWhile the neuron somata of each of the ganglia are isolated
from each other by neurilemma,bthe central tract region of the
subesophageal mass is common to all the ganglia. The dense neuropiles
associated with each of the ganglia are the sites of synapsing between
incoming sensory neurites and interneurons leading to the supraesopha-
geal ganglia. In addition, they contain the dendritic ramifications
of associated motor neurons (Meier, 1667).

Metamerically arranged commissures of these‘ganglia are showvn in
figures 46 and 47.

Motor neurons foru both ipsilateral and contralateral ramifications
in the neuropiles of adjoining ganglia (lfeier, 1967; Babu, 1969).
Unfortunately, the vertical dimension is neglected in these descrip-
tions.

Babu (1965) traced seven major paired longitudinal tracts of the
subesophageal génglia. The validity of these tracts as sensory and

potor units, as determined by Babu in Poecilotheria (Theraphosidae)

is questionable in the case of Phidippus. The course of constituent
fibers may be quite different from that of the tract itself. There is
no simple correspondence for the most part between major tracts of the
supra- and subesophageal portiocns éfvthe CNS. Several longitudinal

fiber groups are shown in figure h6.
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Figure 46, Half-frontal section
between ganglia of first and
second legs of a sixth instar. P.

z
! ohnsoni. The five commissure
% levels (1-5) correspond to those

are outlined with heavy lines.
Symbols: mt, major medial tract;
lvt, latero-ventral tract; mlt,
meso-lateral tract; cpt, tract
originating with pedunculate body
and lateral protocerebral loke;
1dt, latero-dorsal tracts.

0.25an

Figure 47. Sagittal section of subesophageal ganglia of a fifth !
instar Phidippus rimator. The segmentally arranged commissures |
are separated by the medial dorso-ventral blood vessels (bv). i
Five (1-5) levels of commissure fibers are labled in the commis- °
sure of the first leg ganglia. Medial longitudiral fiters tracts!
(mt) are separated by the commissure fiber tracts. Many giant |
neurons may be seen in the cortex of cell bodies. Other symbols:,
Che, commissure of cheliceral ganglia (post-esophageal); Pdc, ;
commissure of pedipalpal ganglia; Ic, IIc, IIIc, IVc, commissures,
of the leg ganglia; Oc1-Cc?, commissures of the opisthosomal

gangliz; e, esophagus; R, rostral ganglion; RcN, recurrent nerve;
OSK, opisthosomal nerves. §

H
1

in fig. 47. Groups of longitudinal§
fibers of the subkesophageal gangliaj
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The structure of the subesophageal mass is illustrated in a
series of figures (48-54).

In Phidippus, the cauda equina appears to consist of seven pairs
of fused opisthosomal neuromeres, the first two of which are greatly
fused (fig. 47). The actual number of neuromeres is difficult to
ascertain, due to the extreme fusion of the posterior neuromeres.
According to Legendre (1959), each of the neuromeres retains its
‘original connections with the opisthosomal segment, as indicated in
table IV.

TABLE IV. OPISTHOSOMAL REGIONS ASSOCIATED WITH
NEUROMERES OF THE CAUDA IQUINA (According to
legendre, 1959); beginning with the most anterior
pair of neuromeres)
1. Pedicel
2. Book lungs
3. Pregenital segment (epigynum)
L, Gonadal segment
5~7. Spinnerets
' While Babu (1965) describes at least 11 pairs of opisthosomal

ganglia in the orthognath Poecilotheria, the seven pairs of ganglia of

the cauda equina found in Phidippus correspond to those described in

other labidognath spiders by Legendre (1959).



Figures 48-54, Serial horizontal (10pm) sections of the
' subesophageal ganglion mass prepared with reduced silver ‘
impregnation; adult female Phidippus rimator. The number of
each section in the series is indicated beside the figure §
caption, beginning with the section through the top of the |
subesophageal mass (fig. 48). The extent of each photograph
is indicated by a rectangle in the corresponding figure. :

Figure 48. (1) Symbols:

as, ascending tracts leading
to cheliceral ganglia and
protocerebrum; t, tracheole;
uc, upper level commissures;
1dt, latero-dorsal tracts.
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Figure 49: (k) Symbols: as,

tracts ascending to cheliceral
ganglia and protocerebrum; uc,

upper level commissures; ucf,
fibvers contributing to upper

level commissures; ldt, latero-é

dorsal tracts; P, pedlpalpal

ganglion; n, perlpheral cell
bodies of neurons.

Figure 50: (8) Symbols: as,
ascending fiber tract; ucf,
fibers contributing tc upper
level commissures; mdt, meso- |
dorsal tract; mt, medial tractﬂ
sc, second level commissure;
;3 lateral tract; CE, cauda
equina; gi, glant neuron.

0.25mm
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Figure 49.
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(8)

Figure 50
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Figure 51: (12) Symbols:
as, ascending tracts; gi,
giant neuron; ucf, fibers

of upper level commissures;
scf, fibers of second level
commissures; P, pedipalpal
ganglion; I-IV, ganglia of
walking legs; 01-07, opistho=-
somal ganglia.

Figure 52: (17) Symbols:

n, neuron cell bodies; 1lvt,
latero-ventral tract; mlt,
meso~lateral tract; as,
ascending tract; I-IV, ganglia
of walking legs; CE, cauda
equina; ucf, upper level §
commissure fibers; sci, second
level commissure fibers.
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Figure 53. (20) Symbols:

CEn, cell bodies of neurons

of the cauda equina; n, neuron
cell bodies; ucf, upper level
commissure fibers; scf, second
level commissure fibers; mlt,
meso=lateral tract; 1vt, -
latero-ventral tract; I1-IV,
ganglia of walking legs.

Figure 54. (27) The lower |
portion of each ganglion is
dense neuropile, Symbols: é
lc, lower level commissure;
gi, giant reuron; n, neuron;
somata; CEn, neuron somata |
underlying cauda equina; ’
I-IV, neuropiles of the ‘
walking leg ganglia. |
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APPENDIX II '

Application of Holmes' reduced silver technlcae to spiders: A .detailed
outline of procedures. References: Weiss (1972) Blest (1961),
Humason (1972).

.'1.

5.

Anesthesia: Place a small piece of dry ice (CC,) into a container
containing the spiders to anesthetize. Wait at“least one minute
after the spiders stop moving.

Fixation: Immerse in Bodian's fixative no. 2 (5ml formalin, Sml
glacial acetic acid, 90ml 80% ethanol) and remove opisthosoma and
all appendages, including chelicerae, with a sharp single-edged
razor blade. Fix for 18 hours.

Wash in three baths of 70% ethanol over 1-2 days., Store in 70%
ethanol.

Removal of CNS from prosoma: Embed prosoma in molten wax in normal
orientation. Procede under a dissecting microscope, in 7C% ethanol.
Remove cuticle of optic quadrangle with a sharp razor. Simarily,
section off the front and sides of the prosoma to sever major
rerves. In doing this section, rather than tear, the eyes from the
body wall and maintain the optic nerves as well as possible. Care=-
fully tease away dorsal muscles, sucking stomach, and endosterrnite
with fine forceps. Make certain that the anterior end of the
esophagus is detached from the pharynx. Iift CNS and underlying
midgut diverticula by peeling away from sternum, starting at the
posterior end.

Dehydration and embedding: Transfer solutions rather than the

delicate tissuej agitate frequently.

a. 2 minutes in 82% ethanol.

b. 3 minutes in 95% ethanol.

c. 4 minutes in 3 parts 95% ethanol:?1 part terpineol.

d. 5 minutes in 1 part 95% ethanol:1 part terpineol.

e. 6 minutes in 1 part 95% ethanol:3 parts terpireol.

f. 30 minutes in terpineol.

g. 60 minutes in terpineol.

h. 30 seconds in benzene, with constant agitation. Repeat once.

i. 2 minutes in liguified 1 part benzene:1 part Paraplast (Sherwood
Medical Industries, Inc.). ,

j. 5 minutes in Paraplast, in 58-60°C. oven. Repeat once.

k. Orient and emked in fresh Paraplast. Cool blocks in water.

Sectioning and mounting sections:

a. Trim blocks and mount in standard rotary microtome.

b. Section at 10um with sharp steel knife and accumlate serlal
sections in box.

c. Subbed slides are prepared by dipping in the following "subbing
solution and then drying thoroughly (prepa*e subbing solution
as follows): Dissolve 1.0g gelatin in 1.0 liter of hot dis-
tilled water. Cool, add 0.1g chromium potassium sulfate, then

1 4]
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store in refrigerator. A thin film of Mayer's egg albumen
(Prepare as follows: Beat egg white until stiff, let stand
overnight. Add equal volume of glycerol to settled liquid at
bottom, then add 1 part formalin for every 100 parts of this
mixture.) is then smeared over each subbed slide, and the
sections are arranged in order on this thin film.

Float sections by addéing distilled water (water standing several
days to remove dissolved gases), with care to avoid cropplng
water on top of sections.

Place slides with floating sections on slide warmer, adjusted
below Paraplast melting point. When sections are flattened
remove excess water and dry overnight on warmer.

Hydration of sections on slides:

a.
k.
c.
d.
e.

minutes in xylene. Repeat once.

minutes in absolute ethanol.

minute in 95% ethanol.

ninute in 50% ethanol. ,
minutes in distilled water. Repeat once.

A AV V]

Silver impregnation of sections on slides:

a.
b.
c.

009+
P Y

ol SR B

2=3 hours in 20% silver nitrate bath, total darkness.

Rinse 5 minutes in distilled water.

Bath in impregnating solution (27.5ml, 0.2M boric acid; 22. 5m1
0.05M borax; 10ml, 1% silver nitrate; 4ml 2:4: 6 collidine;
250ml distilled water] checked at pH 8.4 at 20°C.) for 18 hours
in 37°C oven, in total darkness.

Reduce in 60°C. reducing solution (3g hydroquinone, 3Qg sodium
sulfite, 300ml distilled water) for 3 minutes.

Wash in running tap water 3 minutes; rinse in distilled water
3 minutes.

Tone in 1% gold chloride for 7 minutes.

Rinse by dipping in distilled water.

Reduce in 2% oxalic acid for 10 minutes.

Wash in distilled water for 3 minutes.

Fix in 5% sodium thiosulfate for 1 minute.

Wash thoroughly in distilled water.

Dehydration of sections:

a.
b.
c.
d.
e.

minute in 50% ethanol.

minute in 70% ethanol.

mirutes in 95% ethanol. Repeat once.
minutes in atsolute ethanol.

minutes in xylene, Repeat once.

[ASIRAVIRAV RS

Mount with Permount (Fisher Scientific Co.) and cover glass.
fermountc g
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APPENDIX III

Application of the Golgi-Kopsch technique described
by Colonnier (1964). The following procedure was
used with sixth instar spiders.. : .

Spiders are anesthetized with dry ice (002).

Remove opisthosoma and all appendages, including
chelicerae, with single-edge razor.

Quickly immerse prosoma in 1 part 25% glutaraldehyde:
4 parts 2.5% potassium dichromate. Maintain in
darkness for 5-6 days. '

Transfer to 0.75% silver nitrate. Maintain in
darkness for 5-6 days.

Wash in distilled water several times with.
agitation.

Dehydration and embedding in Epon (Iuft, 1961;
see Appendix IV; for sixth instar spiders all
infiltration times are doubled).

Section prosomata at 80pm with rotary microtome
and hard steel knife.

Assemble sections on slide; mount with Permount
(Fisher Scientific Co.) and coverglass.



APPENDIX IV

Fixation and epoxy embedding of second instar spiders. References:
Dawes (1971), Eakin and Brandenburger (1971), Iuft (1961).

1. Spiders anesthetized with dry ice (002).
2. Dissection in.cold fixative (2% glutaraldehyde in 0.1M cacodylate
buffer at pH 7.4). Fix for 1.5 hours at room  temperature.
3. Three 15 minute buffer rinses in 0.1M sodium cacodylate buffer at
pH 7.4 '
L, Post-fix 1.5 hours in 1% ©sO4 in 0.1M sodium cacodylate buffer.
5. Rinse in 0.1M sodium cacodylate buffer, pH 7.4,'for 15 minutes.
6. Ethanol dehydration:
a. 15 minutes in 50% ethanol.
b. 15 minutes in 70% ethanol.
c. 15 minutes in 95% ethanol. Repeat once (may store overnight
in refrigerator).
d. Three 15 minute rinses in absolute alcohol.
7. Transition in 1 part ethanol:1 part propylene oxide for 20 minutes.
8. Two 20 minute rinses in propylene oxide.
Embedding by one of two sequences with occasional agitation dufing
infiltration.
_ (ARALDITE 502)
9. Infiltrate 2 hours in 1 part propylene oxide:1 part infiltration

10.

1.

10.

11.

medium. Medium consists of 27ml Araldite 502 (Ciba Co., Inc.),
232ml dodecenyl succinic anhydride or DDSA, 1.0ml DMP-30 or 2,4,6-
tri (Dimethylaminomethyl) phenol added just before using.

2=3 hours in infiltration medium.

Transfer and orient in final embedding medium (27m1 Araldite 502;
23ml DDSA, 0.5m1 DMP-30). Incubate for 48-72 hours in 65 C. oven.

(EPON 812, medium hardness)
Infiltrate 2 hours in 1 part propylene oxide:?1 part complete mixed
resin (5ml mixture A, 5ml mixture B, 0.15ml DSP-30; mixture A is
6.2m1 Epon 812 (Shell Chemical Co.), 10.0ml DDSA; mixture B is
10.0m1 Epon 812, 8.9ml methyl nadic anhydride or MNA).

2-3 hours in complete mixed resin.

Trgnsfer and orient in fresh complete mixed resin. Incubate in
65 C. oven overnight.



