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ABSTRACT

Catherine Lisbeth Kurtz. STUDIES ON THE PREPARATION AND MAINTENANCE
OF PRIMARY NEURAL TISSUE OULTURES FROM THE CRAYFISH, Procambarus clarkii.
(Under the direction of Dr. Gerhard W. Kalmus), Department of Biology,
December, 1982.

To establish and evaluate growth of ganglion and axon expiants of

the crayfish, Procambarus clarkii, expiants of both cell types were

cultured on coversllps for 3-20 days in 18 media that were adjusted to

crayfish tissue fluid osmolality. To insure the cultures were free of

bacterial and mycotic contamination, antimicrobial agents were utilized

in concentrations necessary to restrict growth of these microorganisms.

All culture media were supplemented with selected growth enhancers of

which insulin, transferrin, and in some cases, nerve growth factor were

most successful for maintaining viable expiants and supporting growth.

Pretreatment of tissues with collagenase enhanced explant affinity for

the substratum. Cultures were incubated at temperatures ranging from

15° to 37°C in an air or 95% 02-5% C02atmo5phere; ootimum conditions
were 25° and 37°C in an atmosphere of 95% 0_-5% CQ^. Tissue maintenance

and growth was evaluated by light microscopy, and crayfish nerve tissue

was observed using light and electron microscopy.
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ABBREVIATIONS

A - axon

Ac - loose areolar connective
tissue

Ah - axonal hillock

Ax - axoplasm

C - connective tissue sheath

cAMP- cyclic adenosine monophos-
phate

Cb - cell body

Cf - collagen fibrils

CN5 - central nervous system

Co - collagen

dbc-AMP - dibutyryl cyclic adeno-
sine monophosphate

E - free edge of explant

Eu - euchrorriatin

Ex - explant

F" - tissue fragmentation

PCS - fetal calf serum

Fi - fibroblast

G - outgrowth

Gc - ganglion cells

H - healthy tissue

L - lateral giant axon

M - mitochondrion

Me - medial giant axon

Mf - motor fiber

N - nucleus

Nc - necrosis

Ne - neuropil

Nf - nerve fibers

NGF - nerve growth factor

Nr - neurite

NuE - nuclear envelope

PCS - physiological crayfish
solution

PNS - peripheral nervous system

S - synaptic membrane

ScC - Schwann cell

Sep - Schwann cell process

Sn - Schwann cell nucleus

V - vacuolated area

He - heterochromatin
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INTRODUCTION

Nervous systems of invertebrates offer several distinct advantages

over vertebrates for the study of nerve cell function. This is due in

part to the less complicated nature of their systems as compared to

vertebrates. Further advantages include the following: invertebrate

neurons are relatively large (100-1000 pm in diameter) (Kandel, 1975),

making them readily penetrable with microelectrodes for electrophysiolo-

gical study and easily dissectable for use in biochemical analyses.

Their size facilitates mapping of their cell fibers and perikaria. Due

to the smaller number of neurons (10^), compared to the larger number of

neurons (10 ) in the mammalian brain (Kandel, 1975), cell function can

be more readily described and cell response to given stimuli more easily

determined. Neuroglial cells may be from 0.2-6 pm in diameter, depending

on the species. Interconnections between neural cells which may occur

electrically, ionically, or by cell-to-cell contact (Kuffler and Nicholls,

1966), are thus more readily studied in invertebrates. The nervous

systems of many invertebrates are similar, and thus may be used to study

analogous neurons in different systems. Similarities do exist between

vertebrate and invertebrate nervous systems, such as the retina (Kandel,

1975). Thus, study of less complex invertebrate systems is important

in elucidating functions, interrelationships, and comparative physiology

of all nerve cells.

An attractive invertebrate system is that of the crayfish. Its

ventral nerve cord contains two medial giant axons which extend continu-

ously throughout the length of the nerve cord (Fig. 1). Schwann cells are
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apposed to the axolemmae; this glial layer is composed of 15-20 Schwann

cells deeply Interdigitated with collagen fibers, forming intercellular

channels which probably serve as communication networks between the axo-

glial space and the area surrounding the connective tissue sheath

(Lieberman et , 1981) (Fig. 2). Robertson (1961), Lane and Abbott

(1975), and Liebermsn et (1981) describe a curious tubular lattice

system in Schwann cell cytoplasm which may sequester cellular ions.

Segmental lateral giant fibers are located in the nerve cord as

well; these fibers originate in one ganglion and terminate in the next

posterior ganglion (Johnson, 1924). Motor fibers originate in each abdomi-

nal ganglion, exit the nerve cord at the third root fiber (Fig. 3), and

innervate flexor muscles (Hama, 1961).

The relative simplicity of invertebrate systems may be advantageously

combined with tissue culture methods, in which the cellular and humoral

environment can be controlled independently of jri situ influences. The

in vivo nervous system may be too complex to allow identification of

responses to specific stimuli such as hormones and neurotransmitters.

In vitro analysis allows study of cells in an isolated system so that

their response to external stimuli and effector molecules can be more

easily assayed. Most in vitro studies have been conducted with verte-

brates due to their advanced homeostatic mechanisms that are more easily

reproduced in tissue culture. In order to determine whether the cell-to-

cell interactions described in studies on vertebrate cultures hold true

for other phyla, it is necessary to experiment with tissue cultures from

animals other than vertebrates; as always, simple models are sought to

explain complicated biological functions.



The purpose of the present study was to develop a neural tissue

culture system from the crayfish, Procambarus clarkil. This involved
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development of an appropriate tissue isolation procedure and extensive

studies concerning development of culture medium. Primary expiant cul-

tures were prepared from axon and ganglion tissues and maintained in media

supplemented with known growth enhancers for neural cells. An appropriate

culture substratum as well as optimal incubation temperatures and gas

atmospheres were determined. This was followed by light and electron

microscopic observations of crayfish nerve tissue.



LITERATURE REVIEW

In 1906, Harrison performed experiments on frog neuroblasts, which

demonstrated the origin of nerve fibers. These experiments led to the

beginnings of the field of tissue culture. Harrison believed that the

culture medium for any cell must closely approximate that of the cell's

in situ environment, and he therefore used frog lymph for his culture

medium. Physiologists at this time were designing physiological salt

solutions (i.e.. Ringer, Locke, Tyrode) which they used for short term

tissue maintenance. These were modified by the addition of gluoose and

used for tissue culture.

Two methods of study emerged following these experiments. "Tissue

culture" sought to provide infinite numbers of cells by continuous multi-

plication, whereas "organotypic culture" stressed maintenance of structural

and functional capabilities iri vitro, with as little cell outgrowth as

possible. The latter was found most useful for the study of embryonic

development and differentiation in vertebrate tissues.

As the B-vitamins, amino acids, and hormones were discovered, they

were added to culture solutions as supplements. Following this, physio-

logical salt solutions (i.e., Earle, Hanks, Gey) were developed for use

in tissue culture media. Subseguently, media were developed for specific

cell types, and were often supplemented with serum which provides additional

nutrients and hormones in unknown concentrations.

Tissues of embryonic origin and injured nerve tissues have typically

been used in neural cultures, as Schwann cells normally proliferate only

during 1) nerve development (Peters and Muir, 1959) and 2) regeneration
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after injury (Bradley and Ashbury, 1970). Cells at these stages are at

their full mitotic potential. Subsequently, these cell populations

become quiescent, and initiating growth becomes improbable. Murray and

Stout (19A2) cultured sensory neurons and Schwann cells from human fetuses

and saw limited Schwann cell mitoses. Varón and Raiborn (1969) failed in

an attempt to separate neurons from glial cells in culture, as the neurons

would survive only several days under these conditions. Raff et al. (1978)

and Wood and Bunge (1975) found that Schwann cells divided very infre-

quently in standard culture media. Primary glial cell cultures have been

initiated by: 1) dissociation of neural tissues by trypsin or collagenase;

2) explantation of glial regions, without neural contamination (Varón and

Saler, 1975); and 3) ganglion explant cultures wherein subsequent axotomy

produced pure Schwann cell populations (Wood and Bunge, 1975). Most experi-

mental material for these studies has come from rat dorsal root ganglion

expiants.

In vertebrates, neuronal and glial properties described jxi vitro

parallel those observed in vivo, ana vice versa (Varón, 1975). A primary

example is the early study by Peterson and Murray (1955) demonstrating

formation of the myelin sheath in tissue cultures of chick embryo ganglia.

Cultured neurons and glia have also been shown to exhibit their normal

electrophyslological potentials (Hild and Tasaki, 1962; Kimelberg et al.,

1979). Other possibilities for the study of nerve cell/tissue cultures

are responses to axon injury, toxic compounds, drugs, hormones, effects

of immune sera from autoimmune diseases, and viruses (Fedoroff, 1977).

Lastly, knowledge of the normal state of neural cells in vitro can serve

as baseline information when dealing with pathological cell states.
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Ultimately, knowledge obtained from such studies will be used for clini-

cal interventions of a "cell therapy" type (Bunge, 1975). Studies have

already been performed in transplanting cultured neural tissue back into

an animal (Thuline and Bunge, 1972). Thus, tissue cultures are useful

as models of the in situ system regarding responses to external stimuli.

GROWTH ENHANCERS

Several neural cell mitogens have been identified from the extensive

research on cell growth stimulation. For neurons, nerve growth factor

(NGF) is most important for growth and survival (Levi-Montalcini and

Angeletti, 1963; Bray et ^., 1981). Several NGF target cells have been

identified: 1) sympathetic ganglionic neurons; 2) peripheral ganglionic

neurons; 3) CNS neurons; and A) several non-neuronal cells (rat tumor

PC-Í2, macrophages, and chromaffin cells) (Varón, 1975). Its mode of

action is modulating cell membrane permeability (Varón, 1975). Varón

and Saier (1975) demonstrated that glial cells may be an additional

source of NGF, as neuronal-glial cultures do not require exogenous NGF.

Insulin, which is structurally similar to NGF (Frazier et ^., 1972) is

also a potent mitogen for neurons (Levi-Montalcini, 1966; Raff et al.,

1978).

Mitogens which act on Schwann cells have also been identified.

Contact with sensory neurons (Wood and Bunge, 1975) and sympathetic

neurons (McCarthy and Partlow, 1976) in co-cultures elicited a potent

mitogenic effect. Both actively dividing and quiescent Schwann cell

populations are stimulated by this mitogen, which has been characterized

as a peripheral membrane protein (Salzer ^ , 1980). Cholera toxin.
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di-butyryl cyclic AMP (Raf f _et _a]^., 1978; Salzer _et _al., 1980), bovine

pituitary extract, insulin, and transferrin (Raff et , 1978) are also

potent mitogens. Vertebrate serum, specifically fetal calf serum, is

an undisputed mitogen for vertebrate cells. Its precise role is unknown,

but it is probably a source of necessary hormones, enzymes, amino acids,

and possibly insulin (Waymcuth, 1977). In mixed neuron-Schwann cell cul-

tures, the serum mitogen provides necessary stimulation for Schwann cells

to ensheath axons (Kalderon, 1979; Moya et ^1., 1980; Varón and Saler,

1975), thereby expressing their full genetic potential. Efforts to sub-

stitute hormones for serum have largely failed, although insulin and

transferrin provide some degree of stimulation (Mather and Sato, 1977).

Use of growth enhancers has therefore made cultures of the fastidious

neural cells possible.

THE GLIAL CELL

Glial (Schwann) cells have traditionally been thought of as support

cells for the more functional cells of the nervous system—the neurons.

More recently, however, research has suggested a functional role for

Schwann cells. Since glia form membranes around axons and capillaries,

they may mediate exchange of metabolites (Peterson and Murray, 1955) and

regulate the humoral environment with regard to cyclic nucleotides (Varón,

1975). Schwann cells, in perhaps their most important role, myelinate

axons in the PNS of vertebrates by a method elucidated by Geren (195A).

They also phagocytlze damaged myelin after injury, and maintain normal

myelin (Siegel, 1976). Extensive reversible communication between neurons

and glia has been suggested due to rheir physiological properties (Kuffler
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and Nicholls, 1966). Schwann cells have a resting membrane electrical

potential which is sensitive to depolarizations of the apposed axon

(Villegas ^ , 1968; Villegas, 1972; Lieberman et , 1981). The

presence of cholinergic receptors on their membrane surface (Lieberman

et ^., 1981) has assigned them a neurotransmitter role; and indeed,

Schwann cells have been observed to take up and release-y-amino butyric
acid (Dennis and Miledi, 1974) as well as NGF (Pfeiffer et ^., 1977).

In mixed cultures, glial cells are involved in neuronal maintenance.

They undoubtedly provide growth factors since upon removal of the glial

cells, exogenous NGF must be supplied to neuronal cultures for continued

growth (Varón, 1975). Glial cells also secrete collagen precursors that

polymerize to form basement membranes (Church £t ^., 1973; Lane and Abbott,

1975; Bunge ^t ^., 1980).

INVERTEBRATE CULTURES

Invertebrate cell/tissue cultures have been used most extensively

in the study of: 1) the effect of hormones on various organs during

sexual differentiation; and 2) virology; as invertebrates are often

intermediary hosts of human parasites (Vago, 1971, 1972).

Parameters for invertebrate tissue culture are not as well defined

as for vertebrates, but several facts have been noted. Invertebrate

tissue fluids are of higher osmolality than that of vertebrates (Gomot,

1972), which necessitates adjustment of medium osmolality. In addition,

inherent sepsis of inverteorate tissues makes asepsis an important consi-

deration. Tissues of crustaceans, coelenterates, and annelids are

heavily contaminated with microorganisnr.s as compared to mollusks and
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echinoderms (Gomot, 1972). The use of antibiotics and ultraviolet

irradiation have made cultures possible. Invertebrate cells are usually

incubated at 17°-25°C.

Most studies on invertebrate tissue culture have utilized embryonic

insect tissues (Maramorosch, 1976; Kurstak and Maramorosch, 1976).

Cell lines have been established from a variety of insects. These are

maintained in media which are usually supplemented with bovine or equine

serum (Hansen, 1976). Insect cell lines are commonly used in studies on

effects of molting hormones and insect-carried parasites (Maramorosch,

1976). Other arthropod cultures have been achieved with embryos of the

horseshoe crab Tachypleus tridentatus (Yamamichi and Sekiguchi, 1974),

nerve tissue of Limulus polyphemus (Sanborn et £l., 1959), and chromato-

phores of the fiddler crab Uca puqilator (Lambert, 1977). Such studies

were performed after disinfecting the carapace in 70% alcohol and anti-

biotic/antimycotic solutions before dissection to reduce surface contami-

nation. Sea urchin larvae (Okazaki, 1975) have also been cultured to a

limited extent.

Successful development of molluskan tissue cultures have been

reported by Hansen (1979) and Bayne et a^., (1977). They achieved con-

tinuous cultures of embryonic cells from the freshwater pulmonate

Biomphalaria glabrata in modified Scnneider's Drosophila medium and fetal

calf serum, with lactalbumin hydrolysate. Many organs from the paludine

gastropod mollusk Vivíparos vivíparos have been cultured (Griffond and

Gomot, 1974). Cultures of CNS tissues survived well for 20 days. In all

cases, organotypic cultures were the goal, and there was no report of

cell outgrowth. Bacterial contamination of cultures was controlled by
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immersion of organisms in penicillin solutions. Media consisted of

physiological salt solution, horse serum, and penicillin. Muscle cul-

tures of Helix aspersa and Helix pomatia survived in vitro for 3 days to

3 weeks with no outgrowth (Gomot, 1972). Mason and Muller (1982) achieved

cultures of leech axon segments that survived jun vitro and demonstrated

growth from both ends for 6 days.

Cultivation of crustacean tissues ^ vitro has met with limited sue-

cess. Failure of early work was due to inherent crustacean tissue sepsis.

Antibiotics have helped control this problem. The earliest work with

crustacean organotypic cultures was in 1916 by Lewis, with Limulus claws

(Le Douarin, 1971). Studies with Homarus lymph gland cultures employed

ultraviolet irradiation of explant tissues to achieve asepsis (Peponnet

and Quiot, 1971). Wolff cultured heart, intestine, liver, gonads, and

nervous system of Xiphosura (Gomot, 1972). The ventral nerve cord survived

for 7 days although no proliferation was observed. Ovary and embryo

explant, and dissociated cultures of Astacus pallioes have shown mitosis

for up to 4 months (Peponnet and Quiot, Í971). Oyama and Kamemoto (1970)

cultured ovarian expiants of the portunid crab Thalamita crenata and

observed some proliferation of interstitial cells and ovocytes. Berreur-

Sonnenfant cultured gonads of the amphipod crustacean Orchestia to observe

the effect of androgenic hormone on testes (Gomot, 1972). Integument of

Astacus leptodactylus have also been cultured for several days. The most

successful medium consisted of one part calf or horse serum and two parts

vanHarreveld saline (Daig and Spindler, 1979). There have been no reports

to date concerning tissues of Procambarus in culture.



MATERIALS AMD METHODS

ORGANISM

Nerve cell ganglia and glial cells were obtained from adult cray-

fish, Procambarus clarkii, supplied by Carolina Biologicals Wauban Labs,

Shreveport, Louisiana. Crayfish were maintained at 25°C in a temperature

controlled water tank, and were used within one month of receipt. To

insure that healthy specimens were used in the experiments, all expert-

mental organisms possessed a carapace free of breaks or fungal growth,

as well as a strong tail muscle response.

ISOLATION OF NERVE CORD

Prior to dissection, crayfish were washed in fresh water to remove

adherent debris and microorganisms from the carapace. In order to reduce

surface fungal contamination, some animals were immersed in 5 ppm mala-

chite green solution for 10 minutes, followed by a fresh water rinse.

Following this, the gross dissection proceeded as follows:

Using surgical scissors, the 2 chelipeds, A pair of walking legs,

and 2 antennae were cut close to the body. The branchiostegites were

removed by cutting through the thoracic region on each side. This faci-

litated removal of the carapace. The terga were removed by making 2

longitudinal cuts through the flexor muscles. Two rostral cuts were made

along the top of the head, one on each side, followed by cuts down toward

the ventral side (Pig- A). The top of the head was removed by cutting

connective tissue and mandibular muscle, exposing the gastric mill area

and green gland (Fig. 5). Gills were laid aside and cut close to the

body. The animal was pinned out through the telson. Longitudinal cuts
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were made to separate the chitinous side wall of the thorax from the

thoracic organs. Holding the cardiac ossicle firmly with forceps, the

cardiac muscle was cut without puncturing the gastric mill membrane.

The gastric mill was lifted by pulling up on the cardiac ossicle. This

action empties the animal's stomach. A cut was made through the esophagus

close to the circumesophageal connectives, and the viscera removed at

once by pulling back on the cardiac ossicle. The hind gut was cut close

to the anus. The animal was rinsed periodically with sterile physiologi-

cal crayfish solution (PCS) (modified from vanHarreveld, 1936) (Table 1).

The side walls of the thorax were removed, and the thoracic muscles cut

close to the sterna. These muscles were removed along with longitudinal

abdominal flexor muscles. Two cuts were made through the apodemes on

either side of the mid-line and these were broken away to the sides.

Center bridges of apodemes covering the ventral nerve cord were removed

with forceps, as well as any extraneous chitinous material, to fully

expose the nerve cord (Fig. 6). Starting at the caudal end, the nerve

cord was lifted with forceps while cutting connections to musculature.

Moving rostrally and upon reaching the cerebral ganglia, connectives to

the head region were cut. The cord was removed from the animal, and

placed in sterile PCS.

Extraneous muscle material and the connective tissue sheath were

removed from the nerve cord by microdissection. This technique also

allowed removal of the ganglia or medial giant axons from within the

neuropil of the cord for culture. A lucite chamber containing sterile

PCS was mounted under a dissecting microscope. The nerve cord was clipped

down in the chamoer at the circumesophageal and 1st abdominal ganglia.
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Microdissection instruments were used to make 2 longitudinal cuts along

the nerve cord sides through the connective tissue sheath. Transverse

cuts were made at each ganglion. The sheath was then peeled away from

the nerve cord proper. This prepared the nerve cord for removal of the

ganglia or giant axons for culture. Prior to culture, some ganglia and

axons were subjected to treatment with anti-microbial agents (Table 3).

CULTURE CONDITIONS AND MEDIA

Various media, incubation temperatures, substrate surfaces, and gas

atmospheres were used in this study. All cultures incubated at 15°, 18°,

and 20°C were in an atmosphere of air. All cultures incubated at 25° and

37°C were in an atmosphere of 95% 0 - 5% CO.,. Table A summarizes the

culture conditions used in this study.

Salt concentrations in PCS and media are summarized in Table 1.

Salt solutions were made using sterile double distilled and deionized

water. The base media were: 1) Eagle's Minimum Essential Medium (MEM)

Instant Tissue Culture Powder, with Earle's salts (CISCO); 2) McCoy's

5a, with Hanks' salts (DIFCO); and RPMI 1640 (CISCO) (Table 1 and

Appendix). Eagle's MEM was rehydrated with m.odified PCS. McCoy's 5a

and RPMI 1640 were obtained in liquid form and diluted with salt solutions

to adjust osmolality (Table 2). Osmolality of all culture and bathing

solutions were 425-450 mOsm/kg, and pH^¿7.3-7.5, respectively. Osmolality

was measured with a Precision Systems Osmette osometer, and pH with a

pH meter. After making any necessary adjustments, media were filter

sterilized through a 0,45 pm pore size Falcon filter and stored in glass

bottles at 4°C for a maximum of one month. All culture media were

suoplemented with 10% fetal calf serum (FCS) (CISCO). Supplements and
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growth factors are summarized in Table 5. Contents of individual media

are listed in Tables 6, 6a, and 6b.

The following culture media supplements were freshly prepared:

Chick Embryo Extract- three 8-day chick embryos were minced with scissors,

combined with an equal volume of sterile PCS, passed through an 18 gauge

needle, and homogenized with a glass homogenizer 20 strokes in an ice

bath. The homogenate was centrifuged at 1500 xg for 10 minutes in a

Sorvall refrigerated centrifuge. The supernatant was decanted and used

as extract in culture medium.

Bovine Pituitary Extract- anterior lobes from beef hypophyses were

dissected and placed in 3 ml saline pH>í8.5 per gram of fresh tissue.

The tissue was sheared with a Polytrcn tissue shearer for 1 minute and

then sheared again with a teflon pestle at medium speed for 3 full

strokes. Sheared tissue was pooled, and pH adjusted to 8.5 by dropwise

addition of 5N NaOH. The suspension set overnight with constant stir-

ring, then was centrifuged at 1500 xg for 10 minutes at Q°C. The super-

natant was decanted and diluted 1:10 with sterile PCS, filter steri-

lized through a 0.45 pm pore size filter, and used as extract in culture

medium.

Molting Crayfish Extract- tail and abdominal muscles and whole nerve

cords of molting crayfish were obtained by cissection. Tissue was

sheared in an equal volume of sterile PCS in a Brinkman Instruments tissue

shearer, then homogenized with a teflon tissue homogenizer 10 strokes

in an ice bath. Resulting suspension was centrifuged at 1500 xg for

30 minutes at 4°C. Supernatant was decanted and used as extract in

culture medium.
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Crayfish Hemolymph- obtained by inserting a syringe into a cut walking

leg or between the branchiostegites and terga of the abdomen.

Nerve Cord Extract- two nerve cords were obtained by dissection, cut

into pieces, and homogenized in 10 ml of sterile PCS with a glass homo-

genizer 50 strokes in an ice bath. Resulting homogenate was used as

extract in culture medium.

Crayfish Muscle Extract- abdominal muscles of one crayfish were obtained

by dissection, minced with scissors, and added to an equal volume of

sterile PCS. Mixture was expelled several times through an 18 gauge

needle and homogenized 10 strokes in a glass homogenizer in an ice bath.

Suspension was centrifuged at 1500 xg at 4°C for 20 minutes. Supernatant

was decanted and used as extract in culture medium.

All media supplements were stored at 4°C until use (within 1 day).

CULTURE PROTOCOLS

Series A Experiments - Whole Ganglion Explant Cultures:

Desheathed nerve cords were used. While in the dissection chamber,

the cord was cut to separate the ganglia from interganglionic segments

(Fig. 1). The ganglia were transferred to sterile PCS until culture.

Cultures were prepared in a media transfer hood (Labconco). Whole

ganglia were placed on plastic and glass Fisher coversllps in 35 x 10

mm Falcon petri dishes, and overlaid with 5 ml of culture medium. In one

experiment, a 2-phase system was used whereby a liquid phase (E3 medium)

overlaid a 1% Bacto-agar semi-solid phase. A watch crystal mounted

inside a petri dish held this medium. All cultures were incubated at

18'^C in tlie dark. Cultures were refed on day 1, and every third day

thereafter for a period of 12 days. All expiants were rinsed with sterile
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PCS before addition of fresh medium.

Series B Experiments - Schwann Cell-Axon Tubular Explant Cultures:

Dissection and desheathing of the nerve cord were carried out as

previously described. A glass needle was used to tease away small nerve

fibers overlaying the giant axons. Once exposed, the medial giant axons

were cut at the 1st and 8th thoracic ganglia (Fig. 1), then gently pulled

up through the neuropil. The giant axons and adherent Schwann cells

were placed in sterile PCS, or treated with anti-microbial agents (Table

8). They were then cut into 2-4 mm lengths with a cataract knife and

placed on 25 mm round Lux Thermanox tissue culture coverslips. The cover-

slips were placed in 35 x 10 mm petri dishes and overlaid with 3-5 ml

of culture medium. Incubation times are summarized in Table 8; culture

medium was changed on day 1, and every other day thereafter.

Series C Experiments - Opened Axon Explant Cultures:

Desheathed nerve cords were used. Medial giant axons were prepared

by removing overlaying nerve fibers with a glass needle. Inserting one

blade of the scissors, and cutting the axolemma along its length. Trans-

verse cuts were made at the 1st and 8th thoracic ganglia. The axons

were removed from the nerve cord and placed in sterile PCS, followed by

treatment with antimicrobial agents (Table 10). The axolemma with adherent

Schwann cells was cut into 2 mm lengths with a cataract knife and the

fragments placed, one layer thick, on Thermanox tissue culture coverslips.

Initial feeding and all refeeds were performed in a Labguard laminar flow

hood (NuAire, Inc.). Cultures were refed every other day.

Series D Experiments - Collagenase-Pretreated Axon Explant Cultures:

Nerve cords were dissected and desheathed and axons isolated as
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previously described. Medial giant axons that had been opened along their

length were bathed for 30 minutes in 200 U/cc collagenase (DIFCO).

Axons were then rinsed 3 times for 10 minutes each in sterile PCS,

treated with antimicrobial agents (Table 12), cut into 2 mm lengths, and

placed on Thermanox coverslips. Cultures were refed every 3 days in a

laminar flow hood.

Series E Experiments - Ganglion Expiants:

Dissection and desheathing of the nerve cord were carried out as

previously described. Whole paired ganglia were removed from the nerve

cord, separated, and bathed in 200 U/cc collagenase for 30 minutes, then

rinsed 3 times for 10 minutes each in sterile PCS. Ganglia were then

treated with antimicrobial agents (Table 14), and placed on Thermanox

culture coverslips in 35 x 10 mm petri dishes. It was imperative that

surface adhesion be made between explant and coverslip before the addi-

tion of medium. Cultures were refed in a laminar flow hood every tl'iree

days for a total of 7 days.

SCHWANN CELL COUNT

Schwann cell population was determined along a length of the medial

giant axon. An axon was removed and stained for 5-10 minutes with 2%

toluidine blue. A length of axon (20 mm x 0.1 mm) was examined in a wet

mount preparation and a Schwann cell nucleus count was made at 5 randomly

chosen areas of the axcn. These counts were averaged, and the resultant
2

cell count recorded as Schwann cell nuclei per mm of axon. Since axon

width varies from 0.1 mm - 0.25 mm depending on the animal, this procedure

yielded only an estimation of cells on any one axon segment.
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GROWTH CHARACTERISTICS

Cultures were observed daily for morphological changes indicating

explant viability, growth, and degeneration. Parameters of growth and

viability were: 1) number and size of cytoplasmic projections; 2) color

and quality of explant tissue; and 3) sustaineo attachment of the explant

to the substrate surface. Degeneration was characterized by: 1) blac-

kening of explant tissue; 2) surface tissue fragmentation; and 3) loss

of explant contact with the substratum.

LIGHT MICROSCOPY

Light microscopic observations of living and fixed material were

made with an Olympus inverted microscope or a Zeiss WL microscope.

Living material was observed in vitro or in wet mount preparations. For

fixation, nerve cord tissue was placed in 2% glutaraldehyde for 30 minutes,

cleared in a graded ethanol series, infiltrated, and embedded in paraffin.

Sections were cut using a Leitz microtome at a thickness of 8 pm, and

were stained with hematoxylin and eosin.

ELECTRON MICROSCOPY

Tissue was fixed in 3.5% glutaraldehyde in PCS for 30 minutes, washed

in 4 changes of PCS, and post-fixed in PCS-buffered 2% osmium tetroxide

for 15 minutes. After osmium fixation, tissue was washed in PCS for 10

minutes, rinsed in 3 changes of 0.05M maleic acid buffer (pH 6.0),

stained with 1% uranyl acetate in 0.05M maleic acid buffer for 1 hour,

and rinsed with 0.05M maleic acid buffer for 20 minutes. Tissue was

dehydrated in a graded ethanol series (15 minutes each), followed by

propylene oxide- resin (1:1) infiltration for 2 hours. After a 2 hour
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infiltration in pure resin, tissue was embedded in Araldite 6005 and

cured at 60°C for 3 days.

Sections were cut on a Sorvall MT2-B ultramicrotome with a Dupont
C

diamond knife at a thickness of 700-1000 A, and mounted on 150 mesh

copper grids. Sections were stained with 5% uranyl acetate and lead

citrate for 5 minutes each.

Transmission electron microscope observations were made on a Hitachi

HS-8 electron microscope. Electron micrographs were taken on Kodak

Kodalith LR film.



RESULTS

CULTURE PROTOCOLS

Series A- Whole Ganglion Explant Cultures:

All data expressed for this experimental series are from 4 crayfish,

and are summarized in Table 7. Expiants were free-floating, and did not

attach to coverslip nor agar substrata (see Materials and Methods).

Contamination was due to bacteria, fungi, and protozoa.

Less than 30% viability was achieved with this system for the 12

days ^ vitro. Almost 70% of the cultures became contaminated and over

50% exhibited various degrees of necrosis. Media may be classified as to

retaining explant viability in the following manner: Medium El> E2> E3.

Series B- Schwann Cell-Axon Tubular Explant Cultures:

All data expressed for this series are from 17 crayfish, and are

summarized in Tables 8 and 9.

E4 and E5 Cultures:

Cultures maintained at 18°C became extremely contaminated with

bacteria, in spite of bathing expiants between refeeds with penicillin

G. Explant viability was 100% in E4 medium, and 67% in E5 medium, but

no outgrowth was observed. At SO'^C, explant viability was 61% after

4 days vitro; one culture demonstrated outgrowth of cytoplasmic

processes. Viability decreased with time, and by day 15, 73% of the

cultures were at least partially necrotic.

E6 Cultures:

Cultures showed 92% viability and 36% growth after 4 days jri vitro.

By 12 days ijn vitro, viability was only 2%. Within these trials.



21

pretreatment did not have a selective effect on overall viability as all

cultures were viable regardless of pretreatment. None of these cultures

became contaminated at any time.

R9 Cultures:

Thirty-eight percent of these cultures were viable, and all viable

cultures possessed cytoplasmic processes by day 3. However, 88% of the

expiants rapidly degenerated by day 5 (Fig. 7), as compared to healthy

expiants (Fig. 8). No nuclei were observed in these processes; none of

the cultures became contaminated.

Series C- Opened Axon Explant Cultures:

All data expressed for this series are from 19 crayfish, and are

summarized in Tables 10 and 11.

Cl and R1 Cultures:

Cultures were incubated at 18°C and subjected to identical pretreat-

ment schemes. Medium Cl maintained viable cultures for 4 days (Fig. 9),

but by day 7, only 25% of the expiants were viable and no growth was

observed. R1 medium was more successful; 88% of the cultures were

viable throughout the 12 days in culture and 25% of viable expiants

developed cytoplasmic extensions by day 4.

R2 - R9, and R12 Cultures:

Cultures R2 (15°C), R3 (37°C), R4 (370C), R6 (15°C), R9 (25° and

37°C), and R12 (37°C) all had an especially high viability rate at 4

days (at least 50%), but only the R3 and R9 cultures demonstrated out-

growth (13% and 17%, respectively) (Fig. 10). Viability of R2, R4, and

R6 cultures decreased to 0-50% by day 8. R3 (37°C), R9, and R12 media

sustained explant viability for 4-7 days, and no necrosis was observed.
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Cultures R3 (15°C) (Fig. 11), R5, R7, and R8 had low viability and

high degeneration; all expiants became necrotic within 4 days in culture.

All cultures were pretreated identically, and no contamination was

observed.

R9 cultures demonstrated growth by day 4 (Fig. 12). Culture of

expiants in R12 medium both at 25° and 37° was successful; 64% of these

cultures were sustained for 5 days. No growth was observed and no

cultures became necrotic.

Series D- Collaqenase-Pretreated Axon Explant Cultures:

All data expressed for this series are from 4 crayfish, and are

summarized in Tables 12 and 13.

R9 Cultures:

Cultures incubated at 25°C were not pretreated with malachite green,

developed fungal contamination after 7 days, and were terminated at that

time. Up to day 7 all expiants remained attached to the substratum and

free of necrosis. Some cultures (33%) demonstrated outgrowth of cyto-

plasmic processes.

At 37°C, cultures remained free of contamination and were main-

tained for 21 days. After 7 days, 67% were viable and 33% were partially

necrotic; only one culture exhibited outgrowth. By 21 days, all cultures

showed some degree of necrosis. Necrosis was frequently observed as an

overall darkening in color of the explant, combined with surface tissue

fragmentation (Fig. 13); or otherwise healthy tissue that possessed

necrotic loci (Fig. 14).
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Rll Cultures:

After 8 days, only 22% of the expiants were partially necrotic.

Others remained completely free cf necrosis. No growth was observed,

and none of the cultures became contaminated.

R12 Cultures:

All expiants incubated at 25°C remained viable for 4 days. By this

time, expiants possessed limited outgrowth of cytoplasmic processes (22%),

however no nuclei were observed in this outgrowth. 87% of the cultures

incubated at 37°C remained viable for 7 days; 15% demonstrated cytoplasmic

outgrowth, 13% became necrotic, and none became contaminated.

Series E- Ganglion Explant Cultures:

All data for this series are from 4 crayfish, and are summarized in

Table 14. Of cultures incubated at 25°C, 40% remained viable after 4

days, but after 7 days viability decreased to 20% as expressed by some

extent of necrosis. Also by day 7, 50% had developed fungal contamination.

One culture possessed cytoplasmic outgrowth by day 4. Growth was observed

as profuse interconnecting fibers at the periphery of the explant (Figs.

15 and 16). No nuclei were observed in this outgrowth area.

SCHWANN CELL COUNT

The average cell count of 5 randomly chosen areas of the axon was

4 2
3.6 X 10 Schwann cell nuclei per mm of axon. Thus, a typical axon

explant of 2 mm length contained an average of 7600 Schwann cells.
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NERVE CORD HISTOLOGY

The medial and lateral giant axons are located on the dorsal side

of the nerve cord (Fig. 17). The central region of the ganglia consists

of neuropil. The ganglion cells are located at the outside in a ventro-

lateral position. Individual ganglion cells contain a large nucleus

(Fig. 18) and a nucleolus. Their axons traverse the neuropil and perform

sensory and motor functions. The interganglionic segments contain axons

but no cell bodies (Fig. 19). Schwann cells are closely apposed to the

axolemma (Fig. 20). The nerve cord is ensheathed by both dense (Fig. 17)

and loose areolar connective tissue (Figs. 17 and 21); the latter contains

cellular elements. The lateral giant axons are segmental fibers which

synapse in the ganglia (Fig. 22 a-f). The motor giant axons also synapse

with the lateral giant fibers (Fig. 23).

At the fine structural level, it can be demonstrated that a connective

tissue sheath surrounds the axon, composed of dense collagen fibrils

which interdigitate Schwann cell processes (Figs. 24 and 25). The

Schwann cell nucleus possesses a well defined nucelar envelope and con-

densed heterochromatin. Several circular to elongated mitochondria with

filiform cristae are observed in close proximity to the nucleus (Figs.

2Ó and 27).
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Table 1

Salt Content of PCS and Base Media

ma/L
Salt

PCS Eagle's MEM McCoy's 5a RPMI 1640

NaCl 12000 6800 8000 6000

KCl 400 400 400 400

CaCl^ — 200 140 —

MgSO,'7H^0^42
— 100 100 100

MgCl^-ÔH^O 530 — 100 —

NaH^PO,-HO2 4 2
— 125 — —

Na2HP0^-2H20 — — 60 —

KH PO,•2H^02 4 2
— — 60 —

CaNoy 414^0 — — — 100

Na^HCO^ 190 — — 200

Na^HPO^-TH^O — — — 1512

CaCl2-2H^0 1580 — — —



Table 2

Salts Added for Osmolality Adjustment

Salt
Amount Added to Media (mg/L)

Eagle's MEM McCoy's 5a RPMI 1640

NaCl^ 5200 4000 600

CaCl^ 1780 1840 —

MgCl.^'ÓH^O 530 430 —

NaHCO^ 350 — —
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Table 3

Expiant Pretreatment Solutions

Agent Concentration

Malachite Green (BBL) 5 ppm

Collagénase (DIEGO) 200 U/cc

Penicillin G (DIEGO) 200 U/cc

Gentamicin (Schering) 1%
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Table 4

Culture Conditions

I.Media.

A. Eagle's Minimum Essential Medium.

B. McCoy's 5a.

C. RPMI 1640.

II.Substrata.

A. Glass coverslips.

B. Plastic coverslips.

C. Bacto-agar.

D. Thermanox coverslips.III.Incubation Temperatures.

A. 15° C.

B. 18° C.

C. 20° C.

D. 25° C.

E. 37° C.IV.Gas Atmospheres.

A. Air.

B. 95% 0^ - 5% CO^.
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BPE

CA

CEE(l)

CEE(2)*
cme""

PCS

G

Laâ

G1

*

H

I

LAH

MCE*
*

NCE

NGF

P-S

T

Table 5

Culture Media Supplements

bovine pituitary extract

di-butyryl cyclic adenosine monophosphate (dbc-AMP)(Sigma)

chick embryo extract (DIFCO)

chick embryo extract

crayfish muscle extract

fetal calf serum (GIBCO)

gentamicin (SCHERING)

galactose (FISHER)

glucose (FISHER)

crayfish hemolymph

insulin (SIGMA)

lactalbumin hydrolysate (SIGMA)

molting crayfish extract

nerve cord extract

7S nerve growth factor (Res. Found., S.U.N.Y.)

penicillin - streptomycin (DIFCO)

transferrin (SIGMA)

*

Freshly prepared prior to media preparation.



Table 6

Contents of Culture Media

Base Medium (BM): Eagle's MEM (E)

Variation BM (ml)
Supplements*

FCS CEE(l) CEE(2) CME NCE G1 Ga I T LAH P-S

El 80 10 ml — — 10 ml — — 130 rng — — — 1 ml

E2 80 lü ml -- — 10 ml — — — — — 450 mg 1 ml

E3 88 10 ml — — — 1 ml — 130 mg — — — 1 ml

E4 88 10 ml — — — 1 ml 130 mg — — — — 1 ml

E5 78 10 ml — 10 ml — 1 ml 130 mg — — — — 1 ml

E6 86 10 ml 0.2 ml — — 1 ml 130 mg — 5 pg/ml 5 pg/ml — 1 ml

>«-See Table 5 for legend to abbreviations



Table 6a

Contents of Culture Media

Base Medium (BM); McCoy's 5a (C)

Variation BM (ml)
Supplements^

FCS Cl I T G

Cl 87.5 10 ml 2Û0 mg 5 pg/ml 5 pg/ml 5 pg/rnl

*See Table 5 for legend of abbreviations



Table 6b

Contents of Culture Media

Base Medium (BM): RPMI 1640 (R)

Variation BM
( ml )

S jpplements
FC5
(ml)

CI

(mg)
I

(gg/ml)
T

(gg/ml)
CEE (1)

(ml)
BPE

(ml)
NGF

(pg/ml)
H

(ml)
CME
Ul)

NCE
(ml)

MCE
(ml)

CA
(M/ml)

G

(pg/ml)

RI 87.5 10 200 5 5 50

R2 86.5 10 200 5 5 — — — — 1 — — — 50

R3 86.0 10 200 5 5 — 1 50

R4 84.5 10 200 5 5 — — — — — — 2 10"^ 50

R5 60.0 10 200 5 5 — — — 30 — — 2 10"^ 50

R6 86.0 10 200 5 5 0.2 2x10"^ 50

R7 68.0 10 200 — — — — — — 20 — — 10"^ 50

R8 82.0 10 200 — — 0.2 1 — — — 5 — 10'^ 50

R9 85.5 10 200 5 5 — 1 — 10"^ 50

Rll 89.4 10 200 — — — — 0.1 50

R12 85.4 10 200 5 5 -- 1 0.1 10"^ 50

*See Table 5 for legend of abbreviations

K)



Table 7

Series A - Whole Ganglion bxplant Cultures

Medium ^'^Explants
Percent of Expiants

Viable Contaminated Necrotic

El 7 43 29 a,b 29

E2 6 33 50 a,b 17

E3 12 17 lUÛ a,b,c 83

a - fungal contamination

b - bacterial contamination

c - protozoan contamination
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Legend

E4 cultures: The double slash lines separate data for 4 days from

data for 15 days.

E6 cultures: The double slash lines separate data for 4 days from

data for 12 days.

a - fungal contamination

b - bacterial contamination

c - protozoan contamination

d - cultures rinsed with Penicillin G solution between refeeds

e - half the medium replaced at refeeds

f - 0.5 U/cc mycostatin in culture medium

g - crayfish immersed in 5 ppm malacnite green for 10 minutes

h - expiants exposed to ultraviolet irradiation for 30 minutes

i - expiants bathed in 2% penicillin-streptomycin for 30 minutes

j - cultures refed every day

k - expiants bathed in 1% gentamicin for 20 minutes



Table 8

Serles B - Schwann Cell-Axon Tubular Expiant Cultures

Medium
Incubation

Temperature
Duration of

Culture (days) ^^Explants Pretreatment
^^Viable/

'^^Growth
^^Necrotic ^'^Contaminated

E4 18°C 6 12 d 12/0 0 11 b

E4 20°C 6 12 e 0/0 12 4 a,c
E4 20°C 15 26 f 23/1//3/0 3//19 7 b

E5 18°C 6 12 d 8/0 4 12 b

E6 15°C 12 6 g,i 4/1//1/0 2//5 0

E6 15“C 12 6 g,h,j 6/3//0/0 0//6 0

E6 15°C 1 O 6 g,i, j 6/2//0/0 0//6 0

E6 15°C 12 6 g,tbi,j 6/2//0/0 0//6 0

R9 37°C 5 8 g,k 3/3 7 0



Table 9

Summary Table for Series B - Schwann Cell-Axon Tubular Explant Cultures

Medium Incubation

Temperature
% Viable % Growth

E4 18°C 100 0

E4 20°C 61 A

E5 18°C 67 0

E6 15°C 92//0 36

R9 37°C 38 100
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Legend

The double slash lines separate data for 4 days from data for 3 days.

a - fungal contamination

c - protozoan contamination

g - crayfish immersed in 5 ppm malachite green for 10 minutes

h - expiants exposed to ultraviolet irradiation for 30 minutes

k - expiants bathed in 1% gentamicin for 20 minutes



Table 10

Series C - Opened Axon Expiant Cultures

Medium
Incubation

Temperature
Duration of

Culture (days) ’''^Expiants Pretreatment table/
/^^Growth

^^Necrotic ^^Contaminated

Cl 18°C 12 8 g,h 8/0//2/0 0//6 0

R1 18°C 12 8 g,h 8/2//7/2 0//1 0

R2 15°C 8 12 g,k 8/0//0/0 0//8 0

R3 15°C 7 8 g,k 0/0//0/0 8//8 0

R3 37°C 7 8 g,k 8/1//8/1 0//0 0

RA 37°C 4 8 g,k 7/0 1 0

R5 15°C/37°C 4 16 g,k 0/0 16 0

R6 15"C 8 6 g,k 6/0//3/0 0//5 0

R6 37°C 8 10 g,k 5/0//5/3 3//3 0

R7 37°C 4 10 g.k 0/0 10 0

R8 37°C 4 6 g,k 1/0 5 2 c

R9 25°C 4 6 k 6/1 0 0

R9 37"C 4 6 k 6/1 0 0

R12 25°C 5 1
/ g,k 3/0 0 4 a

R12 37°C 5 4 g,k 4/0 0 2 a



Table 11

Summary Table for Series C- Opened Axon Explant Cultures

Medium Incubation
Temperature % Viable % Growth

Cl 18°C 100//25 0//0
R1 18°C 100//88 25//29
R2 i5°C 67//0 0//0
R3 37°C 100//1Û0 13//13
R3 IS^'C Ü 0
R4 37°C 0 0

R5 15°C/37°C 0 0

R6 15“C 100//50 0//0
R6 37“C 50//50 0//60
R7 37°C 0 0
R8 37°C 17 0

R9 25°C 100 17

R9 37°C 100 17

R12 23°C 43 0

R12 37°C 100 0

Note: The double slash lines separate data for 4 days from data for 8 days.
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Legend

The double slash lines separate data for 7 days from data for 21 days.

a - fungal contamination

g - crayfish immersed in 5 ppm malachite green for 10 minutes

1 - expiants bathed in 200 U/cc collagenase for 30 minutes



Table 12

Series D- Collagenase-Pretreated Axon Expiant Cultures

Medium
Incubation

Temperature
Duration of

Culture (days) ^^Explants Pretreatment
^^Vlable/

Growth
Necrotic ^^Contaminated

R9 25°C 7 6 1 6/2 0 6 a

R9 37°C 21 9 g,i 6/1//O/O 3//9 0

Rll 37°C 8 18 14/0 4 0

R12 25°C 4 9 g,i 9/2 0 0

R12 37°C ->
/ 23 g.i 20/3 3 0



Table 13

Summary Table For Series D - Collagenase-Pretreated Axon Explant Cultures

Medium
Incubation
Temperature

% Viable % Growth

R9 25°C 100 33

R9 370c 67 0

Rll 37°C 77 0

R12 25°C 100 22

R12 37°C 87 15



Table 14

Series E- Ganglion Expiant Cultures

Medium incubation
Temperature ^'^Explants Pretreatment ^^Viable/

Growth
^^Necrotic ^^Contaminated

R12 37°C 3 g,k,l 0/0 3 1 a

R12 25°C • 10 g,k,l 4/1 5 4 a

a - fungal contamination

g - crayfish immersed in 5 ppm malachite green for 10 minutes

k - expiants bathed in 1% gentamicin for 20 minutes

1 - expiants bathed in 200 0/cc collagenase for 30 minutes
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I- igure 1 Ventral Nerve Cord of Procambarus clarkii. lx.
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Figure 2. Cross Section of Axon Sheath.
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Figure 3. Enlarged View of Crayfish Ganglion.
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Figure 4. Crayfish - Dorsal View. lx. Modified from Rowett, (1957)
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Figure 5. Crayfish - Internal Oblique View. lx. Modified from Rowett,

(1957).
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Figure 6 Crayfish - Iri Situ Nervous System. Ix.

(1957).

Modified from Rowett,
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Figure

(^igure

Figure

Figure

7. Series B Culture Exhibiting Degeneration. 450x. Tubular

axon expiant showing necrosis and tissue fragmentation.

Medium R9; 5 days iji vitro. No, necrotic area.

8. Series B Culture. 330x. Tubular axon explant. Medium R9

5 days in vitro. Note cytoplasmic processes (arrows).

9. Series C Culture. lOOx. Opened axon explant. Medium Cl;

5 days ^ vitro. N, nuclei.

10. Series C Culture Exhibiting Growth. 550x. Medium R9;

4 days vitro. No, necrotic area. Note cytoplasmic

processes (arrows).
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Figure 11. Series C Culture Exhibiting Necrosis. lOOx. Note explant

edge that has lost contact with substratum, (E). Medium R3;

4 days in vitro. H, healthy tissue; Nc, necrotic tissue.

Figure 12. Series C Culture Exnibiting Growth. 500x. Medium R9;

4 days in vitro. Note cytoplasmic processes (arrows).

Figure 13. Series D Culture Exhibiting Necrosis. 900x. Medium R9;

10 days in vitro. F, fragmentation of surface tissue;

Nc, advanced necrosis.

Figure 14. Series 0 Culture Exhibiting Partial Necrosis. 500x. Medium

R9; 20 days in vitro. Nc, necrotic areas. Note cytoplasmic

processes (arrow).
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Figure 15. Series E Culture Exhibiting Growth. 25x. Ex, expiant;

Nr, neurite outgrowth.

Figure 16. Series E Culture Exhibiting Growth. lOOx. Ex, expiant;

G, outgrowth area; neuritas (arrows).
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Figure 17. Cross Sectional View Through Thoracic Ganglion. i60x. Note

oonnective tissue sheath (C). Ac, loose areolar connective

tissue; Gc, ganglion cells; L, lateral giant axon; Me, medial

giant axon; Ne, neuropil.

Figure 18. Ganglion Cells. 850x. A, axon; Ah, axonal hillock; Cb, cell

body; N, nucleus. Ne, neuropil; Sn, Schwann cell nucleus.
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Figure 19. Longitudinal Section of Interganglionic Segment-Nomarski

Interference Optics. 1150x. Ax, axoplasm; C, connective

tissue sheath; Ga, giant axon; Nf, nerve fibers.

Figure 20. Longitudinal Section of Interganglionic Segment-Bright Field

Optics. 1150x. C, connective tissue sheath; Nf, nerve

fibers; Sn, Schwann cell nucleus.
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Figure 21. Connective Tissue Surrounding Nerve Cord: Loose Areolar.

1250x. Cf, collagen fibrils; F, fibroblast-like cell.
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Figure 22.a- Serial Sections of Lateral Glant-to-Lateral

Synapse. 800x. Selected serial sections,

giant axon; S, synaptic membrane.

Giant

L, lateral
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Figure 23. Lateral Giant-to-Motor Giant Synapse. 1600x. Nf, nerve

fibers; L, lateral giant axon; Me, medial giant axon,

Mf, motor fiber.
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Figure 24. Longitudinal Section o1^ Medial Giant Axon and Connective

Tissue Sheath. lO.OOOx. A, axon; C, connective tissue

sheath; Co, collagen matrix; Sep, Schwann cell processes.

Figure 25. Longitudinal Section of Connective Tissue Sheath of Medial

Giant Axon. 45,000x. Co, collagen matrix; M, mitochondrion;

Sep, Schwann cell process.
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Figure 26. Schwann Cell Nucleus. 15,000x. Eu, euchromatin; He, hetero-

chromatin; M, mitochondrion; NuE, nuclear envelope.

Figure 27. Schwann Cell Nucleus. 17,200x,
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Figure 28. Effect of Collagénase Pretreatment. 43,000x. Transmission

electron micrograph of axonal connective tissue sheath.

Note absence of collagen matrix and extensively vacuolated

areas (V). M, mitochondrion; Sep, Schwann cell crocess.



 



DISCUSSION

CULTURE PROTOCOLS

Series A Experiments- Whole Ganglion Expiant Cultures:

Successful maintenance of invertebrate ganglia was reported by

Griffond and Gomot (1974) using the mollusk Viviparus. Culture media

consisted of physiological salt solution, horse serum, and penicillin.

In the present study, ganglion cultures of Procambarus in more complex

media were unsuccessful and rapidly necrosed. Contamination posed a

problem to culture maintenance, as the agar substratum, culture media,

and the explant itself became permeated with bacteria and protozoa. This

condition was probably due to microorganisms inherent in crayfish tissues.

Contamination correlates with tissue necrosis as 76% of the contaminated

cultures became necrotic.

Griffond and Gomot (1974) cite evidence suggesting that long term

tissue maintenance is favored when expiants are attached to a substratum

rather than in suspension culture. Thus, in tne present study, non-

attachment of crayfish ganglia expiants to the substratum may have

Influenced the high rate of necrosis.

Series 3 Experiments- Schwann Cell-Axon Tubular Explant Cultures:

Mason and Muller (1982) described axon outgrowth from tubular axon

segments of the leech ^ vitro. Axon fragments in the present study were

similarly explanted from the crayfish, cultured in various media, and

observed for Schwann cell outgrowth.

The most successful media for maintaining viability were E4 and E6:

expiants in both media remained viable for one week, and some expiants
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exhibited outgrowth after 4 days in culture. These cultures had been

incubated at 15°-20°C, therefore temperature had no selective effect on

explant viability over this 5°C range. E6 medium was supplemented with

insulin and transferrin, and these cultures yielded among the highest

viability and the highest growth in this series. Necrosis was frequently

observed in cultures that had previously lost surface contact with the

substratum. Pretreatment of expiants with 1% penicillin-streptomycin

solution prior to culture remarkably reduced contamination. From the

data, ultraviolet irradiation of expiants was unnecessary as long as

penicillin-streptomycin pretreatment was performed.

An interesting observation concerns the low viability of R9 cultures,

yet high outgrowth of viable cultures after only 3 days ixi vitro. R9

medium was more complex than the E4 or E6 media due to both the composi-

tion of the base medium RPMI 1640 (see Appendix) and the supplements

incorporated therein (Table 6b). R9 medium contained four known Schwann

cell mitogens; insulin, transferrin, obc-AMP, and pituitary extract

(Raff et al., 1978). These may have acted as modulators of outgrowth

in healthy expiants.

Series C- Opened Schwann Cell-Axon Explant Cultures:

Cultures of 4 - 5 days duration were optimum with necrosis increasing

after this time. Opening the axons prior to culture facilitated attach-

ment and persistance to the substratum, a necessary feature of viability

(Varón, 1977). Some cultures remained viable for 12 days, however, no

increase in growth was observed after 8 days jun vitro. Temperature of

incubation did not have a selective effect on viability as cultures were

viable at all temperatures tested. Fungal contamination was alleviated

by immersion of crayfish in malachite green. Bacterial contamination was
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successfully controlled by bathing expiants in 1% gentamicin prior to

culture. Gentamicin replaced penicillin-streptomycin as the anti-bacterial

agent due to the broad spectrum effect of gentamicin. In addition, both

penicillin and streptomycin are known to have neurotoxic side effects in

the crayfish (Ayala et 1970; Onodera and Takeuchi, 1977).

Successful maintenance of Limulus nerve in tissue culture was

reported by Sanborn et al^. (1959) using physiological salt solution

supplemented with 5 - 10% sterile Limulus serum. In this study, similar

attempts to culture crayfish expiants with crayfish hemolymph failed.

Medium R5 contained crayfish hemolymph that oxidized after one day,

blackening the culture medium. Wyatt and Wyatt (1976) reported phenol

oxidase activity in insect hemolymph which formed melanin and various

toxic compounds upon exposure to air. This might have been the case in

the present study, as expiants lost contact with the substratum and

necrosed within one day of culture.

Common factors of other unsuccessful media were the absence of

insulin and transferrin (media R7 and R8) (Table 6b). Other Schwann

cell growth enhancers contained in these media, such as pituitary extract

and dbc-AMP did not compensate for the lack of insulin and transferrin.

All media that contained insulin and transferrin (R2, R4, R6, R9,

R12) yielded a high degree of viability regardless of incubation tempera-

ture. Therefore, these enhancers are necessary for viability of explant

cultures.

NGF did not add any extra stimulus than that provided by insulin and

transferrin alone. Medium R12 yielded cultures that demonstrated the same

degree of viability as R6 and R9 cultures, but did not stimulate
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outgrowth of cytoplasmic processes.

Series D Experiments- Collaqenase-Pretreated Axon Explant Cultures:

The increased persistance of explant tissue to the substratum in

Series C cultures with opening of the axon was similarly noted in this

series.

Lieberman ^ (1981) described collagen fibers interdigitating

adaxonal Schwann cells in the crayfish. In this study, expiants were

immersed in collagenase to potentially loosen Schwann cells from these

fibers. Results of this treatment at the ultrastructural level show that

much of the collagen was removed and is replaced by highly vacuolated

areas within the axon sheath (Fig. 28).

Medium R9 was highly successful in maintaining viability, as in

Series C. Medium Rll did not contain insulin and transferrin, as did

medium R9, but did contain NGF. The high degree of viability of the Rll

cultures (77%) is interesting considering the absence of insulin and

transferrin and the apparent failure of tissues in media without these

supplements (media R7 and R8 in Series C). This may be explained by

the study of Frazier _et al. (1973) which described structural similar!-

ties between insulin and NGF. The two supplements may have functional

similarities as well with regard to these cells. NGF seemed to potentiate

an insulin-like effect, even though the Schwann cell is not a known NGF

target cell. The Rll medium dio not promote cytoplasmic outgrowth from

expiants as did media R9 and Ri2. Therefore, NGF exerts its effect as

a tissue maintenance factor and not a cell growth factor as it does for

other cell types (Levi-Montalcini, 1966).
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These cultures exhibited cytoplasmic processes more consistently

than cultures from other experimental series. Cultures in this series

remained viable for longer periods of time than those in other series;

most cultures were necrosis-free 7 days jjn vitro. This enhanced

viability and outgrowth might have been due to the enhanced surface

contact of these expiants with the substratum. R12 medium contained

insulin, transferrin, and NGi^. The effect of these enhancers may have

been additive, as increased viability was observed for these cultures

compared to R9 cultures (without NGF).

Series E Experiments- Ganglion Cultures:

Medium R12 contained NGF, a potent mitogen for vertebrate sensory

and sympathetic ganglia that stimulates neurite outgrowth ^ vitro

(Levi-Montalcini, 1966). Neurite outgrowth was observed in one culture

as a halo around the periphery of the explant (Fig. 15). No mitoses were

observed as neuron nuclei divide only during embryological development,

and not in cultures of adult tissues (Bunge and Bunge, 1975).

Invertebrate ganglia contain far fewer cells than their vertebrate

counterparts (Kandel, 1975), thus substantially reducing the probability

of neurite outgrowth. Additionally, there may be a need for a critical

cell number before the explant will remain viable and produce neurites.

These conditions are potentially unfulfilled in invertebrate ganglia

which would explain explant necrosis. Furthermore, necrosis may have

resulted from the Inability of the culture medium to sufficiently permeate

the large explant, thus impairing exchange of metabolites.
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CONCLUDING REMARKS

From the results obtained in the present experiments, the collagenase

pretreatment of opened axon expiants yielded greater viability than other

methods. Regarding culture media, media based on RPMI 1640 (R9 and R12)

were most appropriate. Media based on Eagle's MEM was appropriate when

supplemented with growth enhancers (medium E6). Of incubation temperatures

tested, 25° and 37°C were most effective in m.aintaining viability and

growth. It was important to incubate cultures in a controlled atmosphere

as pH fluctuations hastened degeneration of expiants incubated in air.

Because of the limited cytoplasmic outgrowth demonstrated by these

cultures, the presence of factors inhibitory to cell growth and viability

must be considered. Although sterilization is the most widely used

method of culture medium and serum sterilization, this procedure may

remove essential proteins. Additionally, recent research has disclosed

that components of membrane filters biochemically alter culture media,

resulting in inhibition of cell growth (Engel, 1982). However, no appro-

priate alternative presently exists, so miedia may continue to be altered

by this procedure.

The culture system may be inhibited by contaminating, non-viable

particles as well. High standards of purity for liquid culture components,

especially water, must be assured. This necessitates autoclaving to

remove microorganisms and distilling to remove pyrogens. Pyrogens are

net removed by standard filtration methods because of their small size

(Good and Lane, 1977). Potential sources of pyrogens in culture systems

are freshly prepared supplements which are not depyrogenated prior to
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use. The pyrogenic bacterial endotoxins can be assayed rapidly in media

using the Limulus amebocyte lysate test.

The media evaluated in this study were more suitable for maintaining

viable cultures rather than stimulating outgrowth and cellular proli-

feration, although the media tested were supplemented with growth factors

which have been reported to be strongly mitogenic for these cell types.

Therefore, some other growth promoting substance and/or culture condition

must be required to stimulate proliferative growth. Possible culture

conditions which may meet these requiremens are as follows:

1. A growth promoting substance may be contained in the crayfish molting

hormone. This hormone is similar to the insect hormone ecdysone. Cray-

fish ecdysis is under hormonal control by the CNS and is initiated by a

molt-accelerating hormone found in the y-organs. These are similar to

the insect prothoracic gland. Evidence indicates that the molting hor-

mone induces metamorphosis by altering gene activity patterns that increase

protein synthesis (Hickman et _al., 1974). An extract derived from the

y-organs may thus be Incorporated into culture medium to potentiate

growth. In the present study, every effort was made to use proecdysis-

stage organisms, for the preparation of crayfish extracts. These

extracts, however, showed insufficient stimulation of Schwann cell out-

growth or mitosis. More appropriately, crayfish embryo extracts may be

a more potent source of growth promoting factors.

2. Another possibility for preparing a Schwann cell population would be

to culture the cells jun vivo. Assuming that the best environment for a

cell is the one it encounters in its normal body position, transplantation

of tissues to a similar environment in another host would be the next
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best alternative. Giant axons would be dissected from embryo or adult

crayfish and injected inside the connective tissue sheath of the nerve

cord of a recipient crayfish. This would be most easily achieved by

injecting axon segments through a cut in the ventral portion of the

abdomen. Schwann cells, now in their normal in situ environment, would

have access to circulating factors and after a period of proliferation,

could be harvested for in vibro studies. This culture method might

require the use of isogenic organisms to avoid tissue rejection. How-

ever, allografts are accepted by most invertebrates, which display few

if any adaptive immune responses (Davis et ^., 1980).

3. Studies have shown the existence of a humoral relationship between

axons and Schwann cells, which might be maintained in axo-glial co-cultures.

Sensory axons have been demonstrated to be mitogenic for Schwann cells

in vitro (Wood and Bunge, 1975). In co-cultures of crayfish ganglia and

axon segments, potential Schwann cell growth promoting factors may be

supplied by the ganglia.

4. Chick neural retina cells are stimulated to project cytoplasmic

processes in cell culture by addition of adrenergic neurotransmitters

to the culture medium (Kurtz and Kalmus, 1980). In addition, glioblasts

of fetal rats demonstrate enhanced process formation following treatment

with isoproterenol and norepinephrine (Lim e;t ^., 1977). Both of these

effects are probably due to increased intracellular levels of cAMP, medi-

ated by those neurotransmitters (Giiman and Nirenberg, 1971). Crayfish

Schwann cells, possessing nicotinic cholinergic receptors on their cell

membrane (Lieberman e^ al,, 1981) might similarly be stimulated in vitro
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by addition of acetylcholine or carbachol to the culture medium.

5. A further consideration rests in the nature of the expiant tissue

Itself. In the Schwann cell-axon expiants, the cell number was approxi-

mately 7600. This is much below the minimum advisable plating density

of 20,000 cells/ml for primary cultures (Paul, 1975). Such a density is

necessary to concentrate intermediary metabolites that leak from the

cells, providing an adequate extracellular pool of these substances.

Culture of these tissues in microwells or a drop of medium such as in a

Maximow slide assembly might yield more favorable results considering the

reduction in the volume of medium.

In the ganglion expiants, a reduction in the size of the expiant to

less than 1 mm (Paul, 1975) might favor prolonged viability, as this

would facilitate both metabolic exchange between explant and culture

medium, and oxygen uptake by the explant tissue.

6. A major obstacle to successful invertebrate tissue cultures in this

and other stuoies has been inherent tissue sepsis. In the present

study, antimicrobial agents were used to successfully restrict microbial

contamination. However, use of these agents raises questions concerning

tissue toxicity and subsequent inhibition of growth. Aseptic rearing of

crayfish from embryos is indicated as an alternative method of assuring

culture sterility.

7. Successful invertebrate tissue cultures have been reported using

embryonic or juvenile stages of the organism in question (Maramorosch,

1976). At these stages, growth hormones would be found in the tissues,

as well as cells normally receptive to these factors. For these reasons.
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tissue cultures prepared from juvenile crayfish may favor enhanced growth

in vitro.
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SUMMARY

Although expiant viability and cytoplasmic outgrowth occurred

under a variety of conditions in different media, these were not prompted

by a particular formulation. However, several conditions have been iden-

tified for the optimum maintenance and growth of expiants of crayfish

neural tissues:

1) To achieve aseptic conditions, crayfish must be surface sterilized

with antimycotic agents before dissection, and all culture tissues

immersed in antibacterial solutions prior to culture.

2) Opening the axon along its length prior to culture promotes sustained

explant contact with the substratum.

3) Collagenase pretreatment of expiants prior to culture removes connec-

tive tissue components of the nerve cord or axon sheath, furthering

Schwann cell-substratum contact, and increasing culture viability.

4) Explant attachment and persistance was greatest using Thermanox tissue

culture coverslips as the substratum.

5) Use of insulin, transferrin, and NGF as culture medium supplements

increased explant viability and cytoplasmic outgrowth.
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APPENDIX

A. Eagle's Minimum Essential Medium.

Amino Acids mq/L Vitamins mq/L

L-Arginine HCl 126. A D-Biotin 1.0

L-Cystine 2A.0 D-Ca-Pantothenate 1.0

L-Glutamine 292.0 Choline chloride 1.0

L-Histidine HCI.H.^0 A1.9 Folic acid 1.0

L-Isoleucine 52.5 i-Inositol 2.0

L-Leucine 52.4 Nicotinamide 1.0

L-Lysine HCl 73.1 Pyridoxal HCl 1.0

L-Methionine 14.9 Riboflavin 0.1

L-Phenylalanine 33.0 Thiamine HCl 1.0

L-Threcnlne 47.6

L-Tryptophan 10.2

L-iyrosine 36.2

L-Valine 46.8
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B. McCoy's 5a.

Amino Acids mq/L Vitamins mq/L

L-Alanine 13.0 p-Aminobenzoic acid 1.0

L-Arginine HCl A2.0 Ascorbic acid 0.5

L-Asoaragine A5.0 D-Biotin 0.2

L-Aspartic acid 20.0 D-Ca-Pantothenate 0.2

L-Cysteine 32.0 Choline chloride 5.0

L-Glutamic acid 22.0 Folic acid 10.0

L-Glutamine 219.0 i-Inositol 36.0

L-Glycine 8.0 Nicotinamide 0.5

L-Histidine HCl.H^O 21.0 Nicotinic acid 0.5

L-Tryptophan 3.0 Pyridoxal HCl 0.5

L-Phenylalanine 17.0 Pyridoxine HCl 0.2

L-Tyrosine IS.O Riboflavin 0.2

L-Lysine HCl 37.0 Thiamine HCl 2.0

L-Methionine 15.0 Vitamin B^2
L-Isoleucins 39.0

L-Leucine 39.0 Other Components mq/L

L-Valine 18.0 Glutathione

L-Threonine 18.0 Bacto-Peptone 600.0

L-Serine 26.0

L-Hydroxyproline 20.0

L-Prcline 17.0
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C. RPMI 1640.*

Amino Acids mq/L Vitamins mq/L

L-Arginine (free base) 200.00 Biotin 0.20

L-Asparagine 50.00 D-Ca-Pantothenate 0.25

L-Aspartic acid 20.00 Choline chloride 3.00

L-Cystine 50.00 Folic acid 1.00

L-Glutamic acid 20.00 i-Inositol 35.00

L-Glutamine 300.00 Nicotinamide 1.00

Glycine 10.00 p-Aminobenzoic acid 1.00

L-Histidine (free base) 15.00 Pyridoxine HCl 1.00

L-Hydroxyproline 20.00 Riboflavin 0.20

L-Isoleucine (Alio free) 50.00 Thiamine HCl 1.00

L-Leucine (Methionine free) 50.00 Vitamin B^^ 0.005

L-Lysine HCl 40.00

L-Methionine 15.00 Other Components

L-Phenlalanine 15.00
D-Glucose 2000.00

L-Proline (Hydroxy L-Proline
free ) 20.00

Glutathione (reduced) 1.00

L-Serine 30.00
Phenol red 5.00

L-Threonine (Alio free) 20.00

L-Tryptophan 5.00

L-Tyrosine 20.00

L-Valine 20.00

(Paul, 1975)

*(GIBC0 1982 Catalog)


