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ABSTRACT 

Tissue c~ltures were prepared from cerebel Ia and mi~-brain · 

of neonatal rat~ by ~~bedding the explants in plaima clots on cover 

slips and incubating them in roller tubes at 36°C with a nutrient 

medium consisting of 75% balanced salt sol~tion and 25% ca.lf serum. 

Within about two tb three weeks the cultures flattened io that the 
. . ,•. . -

nerve cells eventually became arranged in a two-dimensional array 

surrounded by a felt-like matrix of glial eel Is and glial and neuronal 

processes. 'under a phase contrast m I erose-ope, the I I vi ng nerve ce I Is 

c6uld .then be cl~a~l~ see~ and distin~~ished from other eel Is Cgl ia, 

fibroblasts, etc.). Some of the structural features of neurons, 

such as Nissl substance and neurofibrils as revealed by ~istological 

method~, appeared quite normal. Structures resembling te~minal 

bo'utons were commonly seen after Bodiari's or Holmes' silver impreg-

\'l 

nation of unsectioned cultures. Myelin formed in the cultures usually 
. . \ 

after about 10 - 12 days .lD_ vitro. 

By positioning microelectrodes under visual control near 

the soma of a neuron, spontaneous extracellular actiori potentials 

were recorded from the majority of eel Is tested. That the spikes 

originated in the soma of neurons nearest to the electrode and not 

from axons or dendrites in the vicinity was proven by showing that 

the spikes stopped when the neuron in question was .ki lied. At room 

~ : 



temperature, the average frequency of spikes was generally between 

·50 and 300 spikes per minute, with bursts, doublets and triplet 

sptkes frequently occurring. 

vii 

The average spike frequen-cy cou I d be reduced to a I f!lOSt zero 

~nd the duration of the spike cbuld be increased by a factor of 

almost two by lowering the temperature f·rom 25°C to 16°C. At 36°C 

the spike fYequen~y was up to twice as high and the duration of the 

spike was distinctly shorter than at room temperature (25°C). 

Above abo~t 43 to 45°C the spike acti~ity stopp~d irre0ersibly: 

The tnterspike interval histogram usually showed several peaks with 

rather narrow distributions, and in general did not follow a Gauss[an 

or Poisson dis!'ribution, which seems indicative of neuronal c-ircuits 

or some other non-random i nf I uence. 

S~ike trains simultaneously recorded with two microelec­

trodes from two neurons in· the same microscopic field and separated. 

by as far as 200 ~were usually loosely correlated, i.e., some 

sptkes from one neuron were accompanied by a near-coincident spike 

from the second neuron, while there were also spikes from each 

neuron that did not correlate in time with spikes from the second 

neuron tested. 

The average spike frequency could be increased and the 

discharge pattern drastically altered by the addition of 10 ~g/ml 

" 

• 
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strychnine to the bathing medium during electrophysical recording. 

Reduction of the calcium concentration in the bathing medium <from 

2.55 mM to 1.2 mM) resulted in a temporary high frequency burst of 

spikes followed by a depression of the spi~e frequency. Decreasing 

or Increasing the ma.gnesium concentration caused an increase or 

deere~~~, respectively, of +he avera~e frequency of·unit spike 

activity. 

Membrane potentials of up to -77 mv and subthreshold 

signals resembling EPSP's could be recorded with intracellular 

electrode~ from n~uronal somas. 

From the non-random interspike intervals, from the high 

degree 6f correlation of two sim~ltaneously recorded spike t~ains, 

and from the effects of strychnine and magnes i urn, it is -cone I uded 

that the neurons in these thinly spreqd cultures form synaptically 

. connected nets of interacting units. These thin cultures therefore 

seem to be a favorable preparation for the study of some problems of 

mammalian neurobiology, where simplification of the system, control-

fable environment, visibility, 

living neurons is desirable. 

and accessfbi I ity of individual 
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I. INTRODUCTION 

~ Nervous tlssue grown and malntalned ~vitro represents a 

model system for the study of some of the properties of neurons and 
\ 

their interactions under relatively simple and controllable conditions. 
' 

Many Investigations of cultured nervous tissue were and are stlllcon-

earned with demonstra,ting the Integrity of its crucial cellular and or~ 

ganotypic parameters, such as its cytological, morphological, ultra­

structural, bioelectrical, .and biochemical properties. As will be seen 

from a review of the relevant literature, most of the Important struc-

tural and functional attributes of nerve eel Is are indeed maintained in 

culture; thus neurons differentiate and mature~ vitro, their electri-

.cal properties correspond wei I to the~ vivo situation, and they seem 

to r~tciin at least some of their biochemical specificity. 

A. STATEMENT OF THE PROBLEM 

Obtaining successful cultures of nervous tissue seems to be 

ps much an art as a science. The esta,bllshment, improvement, and 

refinement of culture techniques to obtain cultures of uniform differ-

entiation and development was prerequisite to this study, consequently 

much time has been spent on this aspect of the problem. Next, a char­

acterization of the spontaneous bioelectric activity was nece~sary be-

l 
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.- fore embarking upon the m_atn goal of thts Investigation. This was first, 

to establ. i"sh. that the .neurons In thinly:..spread cultures have functional 

synapses forming nets of·interactlng units; and second, to explore some 

of the properties of these interactions with extracellular and intra~ 

eel lular microelectrodes under a variety of environmental conditions. 

B. DEVELOPMENT OF NERVE TISSUE CULTURE TECHNIQUES . ' 

'/ 

1. Advantages ~nd Disadvantages of Tissue Culture 

Long~term Isolation of tissues has both experimental disad­

vantages and advantages. It Implies a considerable disruption of the 

nbrmal environment of the cells, as well ~s a distortion of the.!.!!. vivo. 

topographic and physlol,ogfcal relationships of the tissue. If the 

environment is chahged too drastically, as for i·nstance In established 

~ubcultured ~elI lines, the ce11s usually lose their characteristic 

morphology and function and dedifferentiate into a more embryological 

state (Harris, 1964). For some .primary tissue cultures, wher~ an at-

tempt is made to allow the cells to be integrated into a tissue, as is 

the case In the cultivation of nervous tissue, dedifferentiation Is· 

usually not evident. Nevertheless, one has to be constantly on guard 

for such' undesirable effects when dealirig with cultured tissue.· On the 

·other hand, ls~lation and the ensuing simplification of the tissue in 

culture under suitable conditions allows 
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'. 

a) control of the physical. and chemical .environment (nu-

trtents, Ions, hormones, dr.ugs,. temperature, rad lation, 

etc.); 

b)· isolation from the control I fng and modifying influences 

(neural, humoral, hormonal) of other tissues rn the body; 

c)~, .con:tLnuous .... pbse.r:.v.a.tJ_on_of the ce I Is In the I r I i vi ng state 

under a suitable microscope (phase contrast 6 polarizingD 

interference, f I uorescent, etc.) permitting study of 

morphology and eel 1. dynamics; 

d) accessibility of Individual eel Is and even parts of eel Is 

3 

to exploration with microelectrodes, mlcrobeams, and other 

micro-instruments; and 

e) the possibility of studying intracellular molecular syn­

thesis;and degradation with tracer and other techniques. 

Compared t6 tissue slices and other similar short-term Iso­

lation techniques, long-term isolation In cultures often permits recov-

ery from the dissection trauma and from the transient changes occurring 

in the tissue In its adaptation to the new environment. The recovery 

may not be complete, but hopefully at least some slowly changing con-

dltlon Is reached which allows meaningful experimentation. 

AI I of ~hese factors are of special significance in the study 

of nervous tissue, because the nervous system is an almost hopelessly 

complex organ conslsting of various functionally and structurally dif-
• 

ferent eel I types.· Simpl iflcation, coupled with the control table envir-

onment, visualization, and accessfbflity made possible by the technique 
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of tissue culture, may therefore be one of the productive avenues to the 

study of some aspects of the nervous system. 

2. Historical developments 

A valuable guide to the older literature ts the Bibliography· 

of the Research l.!l TIssue CuI ture comp i I ed by Murray and Kopech (1953). 

Several recent books treat modern culture methods in detail and offer 

an introduction to various aspects of tissue culture research (Cameron, 

1950; Patker, 1961; Penso & Balducci, 1963; Harris, 1964; Merchant, 

Kahn & Murphy, 1964; Pau I, 1965; and Wlllmer, 1965). The reviews by 

Thomas (1956), Murray {1965), and Lumsden (1968) deal In particular with 

'nervous tissue in culture. 

Early attempts at culturing isolated tissue by von Reck-

1 lnghausen (1866), Roux (1885), Ljunggren (1897), and many others, may 

only have resulted In a somewhat delayed death and decay of the tissues. 

But Jolly (1903), for Instance, was able to maintain and observe 

amoeboId movement and ce II dIvIsIons of I eucocytes l.!l vitro for about 

a month. In order to study the development of nerve fibers, Harrison 

(1907, 1910) developed a technique of culturing nerve tissue from 
! 

embryonic frogs by embedding the explants In lymph clots on coversllps · 

inverted· and sealed over depression slides. In this way he observed the 

formation of fibers by protoplasmic outflowlng from the central peri-

karya and thus substantially contributed to the confirmation of the 

neuron doctrine of nerve development. 



\. 

... 
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Morphologfcal ~tudt~s continued from 1910 to the present, 
t 

but the matn effort went tnto experiments on the regenerative and pro-

. 11fera+tve capacities of· explanted eel Is, using tissues of many ori­

gins. Until better methods had been developed, the study of nervous 

tissue was limited by tlie apparent inability of the cultures to survive 

for longer than a week or two, after which the newly grown fibers. 

5 

usually started to degenerate (lngebrigtsen, 1913). Nevertheless, sig- · 

niflcant contributions to many problems of neurology were made during 

this time: e.g., Levi and Meyer <1945) on nerve regeneration; Weiss & 

Hiscoe l1948) on axoplasmic flow; on fiber orientation during devel-

opment (summarized .in Weiss, 1955); and on the existence of (non-arte-

factual) Nissl substance and neurofibri Is in ltvlng neurons (reviewed 

\ by May and Courtey, 1966). 

3. Modern Nerve Tissue Culture Methods 

Any tissue culture·method must attempt to provide the tissue 
' \ 

wtth. an environment that is close to the.!.!!. vivo situation while allow-

· lng for the simplification and accessibility demanded by the particular 

experiment. Successful long-term cultivation of nervous tissue seems 

to be possible with a number of techniques using various combinations 

of vess~ls, substrates for eel I attachment, and compositions of nutrient 

media. However, several critical requirements are common to alI 

techniques: 
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a) 3 An optimum_ sfze of the explant, usually about 1 mm, 

small enough to allow dfffuslon of nutrients and oxygen 

to alI parts of the tissue, yet large enough to leave a 

maximum number of eel Is undamaged or with recoverable 

damage (Peterson~ Crain & Murray, 1965; Lumsden, 1968). 

b) A suitable substrate for eel I attachment. Since cui-

tures of nervous tissue do not adhere wei I to uncoated 

glass, several methods are commonry employed to hold the 

explants, in· place. Embedding the tissue in a plasma clot 

(chicken plasma clotted with chicken embryo extract) 

(Burrows, 1910) is one of the most convenient methods. 

Most neural tissues (except avian spinal ganglia) attach 

wei I to. cover glass coated with a film of reconstituted 

collagen <Bornstein, 1958). · Holding the explant under 

a strip of dialysis membrane has also been successful !y · 

employed (Pomerat~ 1959); and culturing tissue on eel lu-

lose sponges has been reported (Cunningham & Estborn, 

1958; Cunningham, 1962). 

c) A nutrient medium consisting of a balanced salt solution 

<BSS) supplemented with serum and possibly other natural 

'fluids (human placental serum; various fetal, newborn, or 

adult animal sera; various sera ultrafiltrates; and embryo 

extracts) (Murray, 1959; Peterson & Murray, 1960), with 

a high glucose concentration (Pomerat & Costero, 1956; 

Murray, Peterson & Bunge, 1962; Orr, 1965), and buffered· 

; .. 
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at a pH of .. 6.8 to 7.1 (Lumsden, ·1968). 

d) Suff tcient oxygenation of a II parts of the tissue. 

e) I ncubatton' at. a temper.ature of 36...:37°C (Peterson & 

Murray, 1960) • 

f) Lack of toxicity In alI parts of the culture chamber, 

especially the cover glass (Peterson, Deitch & Murray, 

1959). 

. g) Maintenance of strict sterility throughout all manipu-

lations. 

Based on ·the above requirements, several methods have emerged 

during the last two decades and·are most commonly tn use today: 

a) The Maxtmow double coverslip assembly (Maxtmow, 1925), 

which was first used for nervous tissue by Murray & 

Stout (1942), consists of a small circular coverslip 

which bears the culture (either In a plasma clot or on 

a film of collagen) attached with a drop of balanced 

salt solution to a larger cover glass which is sealed 

with a petrolatum-paraffin mixture over a depression 

slide. The cultures are usually Incubated In a "lying 

drop" position with a drop of rich medium <c:ontaining 

high concentrations of sera, embryo extracts, and ultra-

filtrates) forming a thin film over the culture. This 

technique usually yields a kind of organ culture many 

eel I layers thick which has retained a great deal of 

organization (Bunge, Bunge & Peterson, 1965, 1967); it 

7 



is well suited to a! low continuous or repeated obser­

vation without d.lsturbance. The cultures have to be 

opened frequently for feeding and washing and conse­

quently require constant attention. 

8 

b) Rot ler tubes were used by Hogue (1947), and Costero and 

Pomerat (1951) added flying covers I Ips to carry the ex­

plants. The use of about 2 ml of nutrient medium allows 

much lower concentrations of serum and embryo extract in 

the medium and requires a much les~ frequent feeding sche­

dule. The rol I ing action results I~ repeated draining, 

aerat~on, and refe~dlng of the cultures. Under these con~ 

dltions, glial and mesenchymal migration seems to be en­

couraged; after approximately two weeks In culture the 

three-dimensional arrangement of neurons has become trans­

formed into a two-dimensional array of nerve cells embedded 

In a matrix of dendrites, axons, glial eel Is, and gl lal 

processes thin enough to allow good visual lzation with the 

phase contrast microscope. Such cultures represent a much 

less complex system than the thick Maximow chamber cultures. 

Because of the favorable vlsibll ity and accessibility 

of the neurons, and because of the relative ease of pre­

paration of ~he cul~ures, this technique has been se­

lected for the present study and wt I I be described and 

discussed In detail under "Materials and Methods". 

c) The Rose perfusion chamber (Rose, 1954; Rose, Pomerat, 

Shindler & Trunnel, 1958) consists of two cover glasses on 

either side of an Inert rubber gasket clamped between 



.... 

two suI tab I e meta I pI ates. The cuI tures are usua I I y cov-

ered with a strfp of dlalysts membrane Un order to en­

courage s~reading) (Pomerat, 1959; Orr, 1965), but plasma 

clots or col lagan coats can also be used; or a film of 

col lagan can be combined with a dialysis membrane cover 

(Handelman & Booher, 1966). Feeding is accompl ishedby 

fnsertl~g a sterile syringe needle through the rubber 

gasket, or permanent ports can be provided for perfusion 

for pharma.6o log ica I and toxicolog tea I stud t es durIng 
•. 

observation (Pomerat, 1962)·. 

Dissociation of eel Is represents an entirely different 

approach. Instead of trying to preserve organotypfc organization as 

9 

much as possible, eel Is-- usually of embryonic origin-- are disso-

elated by chemical and/or physical means immediately after explantatlon. 

They can then be cultured in suspension; plated on glass, col lagan 

films, or in plasma clots; or recombined into small pel lets. This sys-

tem offers promising opportunities for studying purely cellular as-

pacts; for assessing the Importance of tissue integrity In eel lular 

functl~n, morphology, and differentiation; or for investigating the 

potential for reaggregation Into histotypic structures (e.g., synapses). 

Only recently has this technique been successful Jy appl led to some 

parts of the nervous system (St. Amand & Tipton, 1954; Nakai, 1956; 

Levi-Montalclni & Angeletti, 1963; Hillman & Sheikh, 1968). Some of the 

morphological and functional characteristics found In these eel Is 



(Nfssl substancep argyrophilic processes, !a_rge restlng potentlalsD 

and excitable membranes with normal actfon potentlals) demonstrate 

apparently normal neuronal dlfferentiatton (Scott, Engelbert & Fisher, 

1969). 

C. STRUCTURAL CHARACTERISTICS OF CULTURED NERVOUS TISSUE 

10 

The reviews of Murray (1965) and May and Courtey (1966) treat 

thts subject extensively; the following discussion wll I consequently be 

restricted to hlghl lghttng some of the aspects relevant to this particu-

1 ar t nvest tgat l on.. CuI tures from dIfferent parts of the nervous 

system exhibit ihdlvldual differences in their l.!l vitro behavior. The 

patterns of development of cultured rat and kitten cerebel l~m have been 

described by Bornstein and Murray (1958) for Maximow slide cultures, 

and by H tId ( 1966) and Mamoon, Sch I apfer and Tobias ( 1968) for roller 

tube cultures .. These patterns consist essentially of an outgrowth of 

non-neuronal eel Is, a flattening of the cultures, and an appearance of 

myelin. Some neuronal migration·has been reported in cultures of sym­

pathetic ganglia <Murray & Stout, 1947) and fetal human cerebellum 

(Hogu~, 1950), but It Is. now general ,IY agreed that neurons of the cere­

brospinal system are usually quite lmmobl le. Under favorable condi­

tions cultures have survived for up to six months without any notice­

able deterioration (Lumsden, 1968), and rat sympathetic ganglIa, for 

instance, have even been maintained for up to eleven months (Coidan, 

0 1964). 



·~, . 

. I·: 

- . 

·Cultures of. ner::vous· ttssue contatn a vartety of types of. 

neurons~ depending on the origin of .the explant, lnaddltion to various 

types of gl tal cells and·mesenchymatous elements. In cultures of cere­

be II um of human fetuses, for instance, Hogue ( 1947> descrIbed granu I e 

11 

eel Is, Golgi type! II neurons, Purkinje cells, ~nd giant dentate neurons. 
\ 

Simi I ar observations were made by Pomerat and Costero <1956) in cu 1-

tures of cerebellar folia·6f newborn kittens, and by Wolf (1964) in 

cultures of cerebel tum of newborn mice, although it seems that cere-

bellar granule cells are difficult to distinguish from ol igodendro-

cytes except for the retention of their neuronal electrical prope~ties 

(Lumsden, 1968). Hlld (1954, 1957c, 1966) bas examined rot ler tube 

cultures from various other parts of the newborn mammalian brain, gen-

eta I ly finding at least some of the neuronal types represented as l!l. 
·.:. 

vivo.. In cerebellum for instance, he found Purkinje cells (with slight 

morphological alterations, such as a reduction and simplification of the 

dendritic tree), and large multipolar eel Is from the deep nuclei; in 

brainstem cultures, he found large multipolar neurons frorn the lateral 

vestibular nucleus 6f Deiters and ~nipolar neurons from the mesenceph-

al lc Vth nucleus. 

Among the structura I character i sties spec! f lc to neurons are · 

a) Nlssl substance, b) neuroflbrils, c) myelin, and d) synaptic struc~ 

·· tures. A I I of these are found In cuI tures ! n forms that are very s lm i-

lar· to their l!l. vivo counterparts, as the next section wll I review. 



e'lectron microscope, on the other hand, re~ea.ls clear and typical 

synaptic profiles In cultures of ,fetal rat spinal cord (Bunge, 

14 

Bunge, Peterson & Murray, 1963; Bunge, Bunge & Peterson, 1965, 1967), 

rat cerebellum and brain stem (Callas & Hi ld, 1964; Lumsden, 1968), 

mouse cerebral cortex (Pappas, 1966), and chick embryo central ner­

vous system (Meller & Haupt, 1967). Th~ various types of axe-dendritic 

and axe-somatic synaptic structures with synaptic vesicles, mitochon­

dria, and thicken6d presynaptic and post-synaptic membranes are 

commonly found, resembl lng the~ situ structures very closely. 

The·question of whether synapses are ~Imply carried over 

during the explanting operation or whether they are formed de !!.Q.Y.Q.. In 

the cultures has attracted recent attention; de novo synthesis in 

cultures would suggest the posslbl lity of studying·problems of 

development and regeneration, as well as studying the mechanisms of 

learning. 

Cultured fetal spinal cord can Innervate Isolated fragments 

-..of skeletal·muscle (placed 0.5 to 1.0 mm apart>, make functional 

connections (Peterson & Crain, 1968; Crain, 1968), and form struc­

tures having the characteristics of nerve-muscle junctions (James 

& Tresman, 1968). Dispersed embryonic spinal cord cells plated onto · 

moriolayers of muscl~ cells even develop structures resembling neuro­

muscular junctions (Shimada, Fischman & Moscona, 1969). Neuronal 

synaptic prof! les formed de novo In culture were demonstrated by 

Stefanelli, Zacchel, Caravlta, Cataldi & leradl (1967) using 4-day 

"t' 



• 

15 

chIck embryo ret 1 na I ce l'i s dIssocIated by tr.yps In and reaggregated Into 

pellets before culturing for twenty-five days. ·Similar experiments on' 

.·synapse for~ation in cultured pellets of previously disaggregated 

neurons from fetal rat brain have not yet been successful (Jacobs, 

Andrews & Mak, 1969). In thick cultures of embryonic rat spi~al 

cord explanted prior to synapse formation (14 days~ utero) synaptic 

. structures closely resembling the~ situ structures'have been shown 

to develop (Crain, Bunge, Bunge & Peterson, 1964; Bunge & Bunge, 1965; 

Bunge, Bunge & Peterson, 1967); and simi Jar observatiions have been 

made in cultures of mouse cerebral cortex (Pappas, 1966). There is 

consequently no doubt that synaptic structures can and do form in 

culture, at least under certain conditions. Electrophysiological evi~ 

dence for the onset of. synaptic function wit I be reviewed below 

(page 18). 

4. Non-neuronal CelIs 

,As~ situ, the neurons In culture are wholly or partially 
'· . 

embedded, J~pendlng on the thickness of the culture, In a matrix of 
l:i 
-:c;: 

glial eel l~and their processes. The identification and classification 

of the ~arlbus types of neuroglIa (oligodendroglia, fibrous and proto­

plasmic astrocytes) has been the subject of several recent treatises 

<Nakai, 962; Nakai & Okamoto, 1963). 

Ci I lated :eel Is from the ependymal I lnlngs of the ventricu-



tar system have been repeatedly observed tn cultures <Weiss, 1934; 

Naka! & Okamoto, 1963; Lumsden, 1968). The ciliary beatings of these 

eel Is has been described and documented with motion pictures by Hlld 

(1957b): 

Mesenchymatous and fibroblastic eel Is from meninges and 

wal Is of blood vessels, as wei I as microglIa (macrophages), areal­

ways present in cultures of nervous tissue. 

D. BIOCHEMICAL PARAMETERS OF NERVE TISSUE CULTURES 

The few aspects of this Important subject that have been 

studied generally Indicate a good correspondence between the ln 

vitro and~ situ biochemical activities, e.g., glucose metabolism 

<Bornstein & Hochstein, 1962; Cechner, Geller & Fleming, 1969), 

.oxygen consumption (Luk 1 yanova, Shungskaya, Yenenko & Donskova, 1968), 

pyrimidine metabolIsm (Appel & Silberberg, 1968), and nucleic acid 

and protein synthesis (Utakoji & Hsu, 1965). 

Oxidative enzyme activities retain their characteristic 

temporal and spatial patterns (Yonezawa, Bornstein, Peterson & 

Murray, 1962), acetylcholinesterase activity Is localized In neurons 

{Hansson, 1966), the uptake of catecholamines is restricted to sym­

pathetic nerve eel Is <Burdman, 1968; England & Goldstein, 1969), and 

chol lne Is Incorporated Into peripheral nerve myel in (Hendelman & 

Bunge, 1969). 
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E. ELECTROPHYSIOLOGICAl'STUDIES ON CULTURED NEURONS 

Crain, Grundfest, Mettler & Flint (1953) were the first 

to study the bioelectric activity of cultured neurons by recording ex­

tracellular action potentials from chick embryo dorsa·l root ganglion 

eel I bodies after electric stimulation of their neurltes. This early 

work was extended with lntrac~l lular mlcroelectrodes (Crain, 1956) 

to explore membrane potentials, graded or local response, all-or-none 

. action potentialsj Impulse propagation along neurites, post-spike 

soma refractoriness, and temporal summation of subl imina! stlmul i of 

cultured chick embryo dorsal root ganglion cells; all these parameters 

were found to correspond closely to similar~ situ material. Hild 

and Tasakl (1962) recorded lntracellularly from somas and dendrites 

of cultured neurons from cerebel Ia of neonatal rats and kittens and 

found membrane potentials of about 50 mv, excitable dendritic 

branches and soma membranes, as wei I as some spontaneous firing. In 

similar cultures, resting potentials of up to 75 mv have subsequently 

been obtained, and spontaneous action potentials are seen quite reg­

ularly <Raj & Lumsden, 1968). Klee & Hlld (1967) Investigated various 

membrane properties of cultured neurons and neuroglIa (membrane 

potentials, action potential amplitude, membrane time constants, mem­

brane resistance and capacitance). In cultured dissociated chick 

embryonic spinal gang I ion eel Is, Scott, Engelbert & Fisher (1969) were 

;ab I e to record membrane potentia Is of 40-55 mv and evoked action poten­

tials for up to five weeks in culture. 



·A great deal of work has been done with extracellular elec­

trodes, investigating the bioelectric activity of thick organ cultures 

obtained with the Maximow technique. Complex bioelectric potentials 

with long-lasting (100 msec. up to many seconds), diphasic, oscil fa­

tory <7-15 per second) afterdischarges can be evoked by brief; single, 

electric stimuli In older cultures of rat, chick, and human fetal 

.spinal cord <Crain & Peterson, 1963, 1964; Peterson, Crain & Murray, 

1965), and neonatal cerebral cortex of mouse (Crain, 1964b, 1964c; 

Crain & Bornstein, 1964). In cultures of spinal cord explanted to-

gether with an attached spinal ganglion, local stimulation· to the gan-

gl ton evokes a complex response in the·s~inal cord tissue <Crain & 

Peterson, 1964; Crain, 1966). These complex evoked potentials develop 
I 

during maturation of the cultures from simple spike potentials to 

more and more complex patterns <Crain, 1966). In young cultures of 

fetal material explanted before electron microscopic evidence for 

synaptic structures can be found, only simple spikes can be evoked 

during the first few days in culture; but as the.cultures mature, com-

plex activity with afterdlscharges begins to appear. The onset of 

this complex activity coincides with the appearance of synaptic pro-

files In electron m.icrographs (Crain & Peterson, L965, 1967; Bunge, 

Bunge & Peterson, 1967). 

Functional interneuronal connections develop even between 

explants of various mammal ian central nervous tissue separated by gaps 

of about 1 mm. Neuritic bridges form between such explants, and 
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stimulation of one explant often elicits complex responses in the 

ofher· one. Some. of the charactert.stics of these newly-formed con-

19 

' nect ions have been exam l ned, for instance in paired spina I cord cu 1-

tures <Crain & Peterson, 1965), and In cultures of spinal cord - brain-

stem, spinal cord- cerebellum, and cerebellum- medul Ia (Crain, 

1967; CraIn, Peterson & BornsteIn, 1968). 

Spontaneous bioelectric activity In cultures of nervous 
; 

tissue was first reported by Cunningham, Dougherty & Rylander (1960), 

who explanted central nervous tissue onto platinum electrodes for , 

continuous recording during Incubation. Complex repetitive patterns 

varying in time were recorded_from explants of chick embryo tel-

encephalon and adult human cerebellum (Cunningham, 1961a, 1961b, 1962), · 

suggesting the Interaction of many eel Is. In later mlcroelectrode 

studies spontaneous unit spikes were recorded both extracellularly and 

intracel lularly (Cunningham, O'Lague~ Rojas-corona & Freeman, 1966). 

In some of the long-term organotyplc Maximow cultures of 

spinal cord and cerebrum, spontaneous oscl I latory potentiais occur 

sporadlcal ly (Crain, 1966). 

In contrast to the above EEG-type activity recorded with 

relatively large mlcroelectrodes In thick cultures, spontaneous action 

potentials can be recorded with extracellular mlcroelectrodes placed 
t 

under visual control near IndiVIdual nerve eel I bodies In thlply-spread 

rot ler tube cultures of rat and mouse cerebel tum CHild & Tasakl, 1962; 
' 

Cechner & Fleming, 1967; Cechner, 1967; Lumsden, 1968). These spon-



taneous spikes may occur .. at Irregular intervals with frequencies 

ranging from 15 per second to one per several seconds <Htld & 

Tasakl, 1962); they ·have been reported to be "usually characterized 

by a Gaussian lnterspike Interval histogram," and it was found that 

"units physically. close together have discharge patterns which, to 

date, appear to be uncorrelated" (Cechner & Fleming, 1967). Later, 

however, Cechner (1967) sometimes found bursts of activity, and 

Lumsden (1968) reported bursting spontaneous activity (groups of 5-6 

spikes at about 2 second intervals) in Purklnje eel Is of rat cere-

bell urn. 

F. EVIDENCE FOR THE PRESENCE OF FUNCTIONAL SYNAPSES IN CULTURES 

I 

In thick long-term organ cul'tures obtained by the Maxlmow 

technique, there. Is, by now, overwhelming evidence for the presencei 

and even de~ formation, of functional synapses In cultures. To 

summarize the preceding review briefly, it has been most elegantly 

.shown that 

a) complex bioelectric activity develops during matura-

20 

tion of the tissue l.!l vitro with the transformation from 

simple evoked responses to complex evoked potentials 

coinciding with the morphological development of syn-

aptlc structures, and 

b) functional Interneuronal connections form between separated 

explants of various parts of the nervous system. 
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In thinly flattened cultures obt?~lned with the roller tube 

technique, on the other hand, the tissue has undergone considerably 

more reduction and simplification and the survival of synapses has been 

q'uest I oned (Hi I d, 1966). In e I ectrophys I o log I ca I experiments wIth 

intracellular mlcroelectrodes, Hi ld & Tasaki (1962) found no evl-
.· 

dance for function~! synapses~ and their results Indicate quite 

Clearly that they ~ere dealing with functionally l~olated cells. 

Since they were Interested In the bioelectrical properties of single 

eel Is and their dendrites, they probably chose neurons In extremely 

, thin areas of their cultures, where the cellular processes are clearly 

visible under the phase co.ntrast microscope. However, electron 

microscopic evidence of synaptic structures was found In similar 

cultures (Cal las & Hlld, 1964; Lumsden, 1968), but their functionality 

remained In question (Hlld, 1966). 

Cechner (1967) presented some data possibly suggestive of· 

.synaptic Interactions In his cultures. Klee ·& Hild (1967) perlpher,.. 

ally mentioned the occurrence of "mlnlature-EPSP's" but apparently 

did not attempt to investigate them further. And finally, Lumsden 

(1968) Inferred primltive'"nerve net"propertles from the long Ia-

. tencies between stimulus and evoked response In similar thinly-spread 

roller tube cultures. 



G. CONCLUSIONS 

The preceding review of the literature amply demonstrates 

that nervous tissue cultured under suitable condttons retains most of 

its organotyplc structure and function. 

As has been pointed out, the Maximow double coverslip tech­

nique favors the maintenance of a maximum of structural and func­

tional integrity, .including de~ myelin and synapse formation, in 

thick long-term organ cultures. While such cultures are valuable 

test objects for a variety of physiological, biochemtcalg and pharma­

cological experiments relating to nervous system development and 

differentiation, th~ir thickness (100-300 ~), which seems Imperative 

for optimal development, renders them opaque to phase contrast 

(Wolf, 1964; Crain & Peterson, 1964; Bunge, Bunge.& Peterson, 1965); 

and the use of bright field illumination (Peterson, Crain & Murray, 

1965) does not seem to ailow sharp visual izatlon of the contours of 

perikaria and eel lular processe~ (dendrites, etc.) within the ex­

plant. The surface of the explant becomes covered with a neuropil 

consisting of neuritic and neuro-glial processes. Consequently, it 

is very difficult to place microelectrodes accurately near individual 

·neurons, and most electrophysiological experiments have been carried 
' 

out with large extracellular electrodes recording from a large num­

ber of eel Is simultaneously. 

At the other extreme, the cultivation of dissociated eel Is 
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from the nervous system sheds I I ght on the ce .II u I ar aspects of ner­

vous tf:ssu_e function. But even under.these conditions. some organo­

typlc interactions (e.g •• synapses -and neuromuscular junctions) can 

occur, demonstrating the endogenous eel lular potential _In this regard. 

-~rh·e-pTop-er-f·crnct-lcm-of~tne·se structures has, however, not yet been 

demonstrated. 

Finally. the rot ler tube technique, which favors a rapid 

flattening of the culture Into a two-dimensional layer of nerve eel Is 

embedded In a matrix of glial cells and their processes, allows 

good vislbi I ity. of Individual neurons and their processes and 

accurate placement of extr~cel lular or lntracel lu_lar mlcroelectrodes. 

In spite of the transformation of the tissue from a cubical to a mem­

brane- U ke fIat arrangement, wIth cons I derab I e dIstort I on of the 

original topography, most of the significant organofyplc structures 

(myel In and synapses) can still be found, and the functional aspects 

,(membrane potentials, action potentials, etc.) seem to be well­

preserved. However, the normal architecture of the explanted 

tissue is largely destroyed and the Integrative mechanisms of the 

tissue segment are therefore altered considerably. 

In order to use roller tube cultures as simp! I fled models 

of the nervous system, the properties of these cultures have to be 

examined in great detail so that a baseline for experimentation can 

be established. The present study Is an attempt to contribute to 
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this baseline information by making an Inquiry into the characteristics 



. ; 

of spontaneous bioelectric acttvrty and the properties of synaptic 

Interactions In these cultures • 

' . ~ 
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I I. MATERIALS AND METHODS 

A. TISSUE CULTURE TECHNIQUES 

Cultures of nervous tissue are always primary explants and 

they are therefore considerably more demanding than the established 

cell lines usually found in a tissue culture laboratory. Media. 

glassware. and instruments demand special attention with regard to 

sterility, purity, and absence of toxicity. The culturing techniques 

represent modifications of a method of preparing· plasma clot cultures 

on "flying coversllps" in roller tubes. originally developed by 

Costero and Pomerat (1951 ) and adapted to the present materia I by 

Hi ld and Tasakl (1962). 

The nerve tissue culture laboratory here was establ !shed 

,by Mr. Abdei-Megid Mamoon. He laid the foundation and developed the 

Initial skills which were necessary to make this project a success. 

The culture methods finally adapted are the result of subsequent 

25 

improvements suggested prlmari ly by Mr. Mamoon and tested and developed 

jointly by Mr. Mamoon and the author. Most morphologlcal observa-

tions on cultured neurons·reported in this dissertation were arrived 

at In coQjunction with Mr. Mamoon. 



1. Biological Material·-

Cultures were prepared from the cerebel lumand midbrain 

(corpora quadrlgemlna) of three to five day old rats (Sprague~Dawley, 

Simonsen albinos). Strict sterile conditions were observed through­

out the explanting procedure. The rats were decapttated 6 the roof 

of the cranium was removed, and the entire midbrain and cerebellum 

was cut out with iridectomy scissors and placed in a drop of balanced 

salt. solution <BSS). Without delay, both cerebel tum and midbrain 

were cut with triangular knives made from stainless steel razor 

blades Into pieces of appr:oximately 1 - 2 mm3; the cerebellum was 

cut sagltal ly Into 6 - 8 pieces, the midbrain Into 10 - 15 pieces. 

The cut explants were then transferred to a new drop of BSS, where 

they were allowed .to stay for about twenty minutes. Two to three 

pieces each were then placed In a drop of heparinized chicken plasma 

<Hyland Laboratories # 65-080 or Baltimore Biological Laboratories· 

# 70-025G) on a 12x50 mm #1 Gold Seal coverslip and clott-ed with a 

drop of chicken embryo extract (Baltimore Biological Laboratories 

# 70-027G). After the clot had sol ldlf1ed, the coversllps were In­

serted Into Falcon Plastic culture tubes (falcon Plastic # 3026) to 

each of which 2 ml of culturing medium was added. 

26 
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2. Media 

· Gey 1s balanced salt solution (Mfcrobtol.oglcal Associates 

# 10-505), enriched with glucose to a final concentration of 5.5 

mg/ml, was used during explantlng and during most electrophyslologl-

c'al experiments. Several nutrient media compositions were used, 

but the best cultures so far have been obtained with a medium con-

slsting of 75% Gey~s balanted salt solutiori and 25% heat Inactivated 

(56°C for 30 min) calf serum (Hyland Laboratories# 65-200), with 

glucose concentration Increased to approximately 5.5 mg/ml. No anti-

biotlcs were used in the media, In most cultures, the medium was 

exchanged weekly, but some cultures were fed after seven days and bi-

weekly thereafter. 

3. I ncubatlon 

The cultures were Incubated In roller drums at 36.5°C ± 
. i 

.0.5°C In a Rollertherm Incubator (New Brunswick Scientific Co.). The 

drums containing the culture tubes were tilted about 4-5°, with 

respect to the horizontal axis, In order to confine the medium to 

the bottom of the tube. They were rotated at 1/5 rev/min, providing 

the cultures with a well-mixed and aerated nutrient medium. Since 

Falcon Plastic culture tubes are permeable to co2, the atmosphere In 

the Incubator was kept at approximately 4-5% co2 In humid air to 
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Insure control of the bicarbonate buffered medium at a pH of be­

tween 6.9 and 7.1. 

Most cultures were used for experiments after 15 - 30 days 

28 

In vitro. By that time they had thinned enough for clear phase contrast 

visualization of nerve eel I bodies, myelinated axons, and some den-

drites. 

4. Comments about the Nerve Tissue Culture Technique 

To obtain satisfactory cultures, meticulous attention has 

to be given to the detai Is' of the culturing methods. Prior to use In 

experlments, the cultures were examined with a Zeiss phase contrast 

microscope, usually after 15- 30 days l.!l vitro; they were judged 

"satisfactory" if they conformed to the following criteria: 

a) sufficient thinning (good outgrowth) to allow ob-

servation of eel lular detal I; 

b) lack of necrotic areas, I lttle decay and eel lular 
' 

debris; 

c) relatively smal I population of macro~hages; 

d) presence of neurons with centrally located round 

nuclei (figs. 5 to 15, and 18);. 

e) abundant myel In (figs. 16 and 17) In an apparently 

healthy state. 

While It Is not possible speclfical ly to pinpoint alI the 

~' 
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factors that contrlbuted .. to the final success after Initial failures 

. to obtaln satisfactory cultures, some of the most Important elements 

·were: 

a) G I assware .• 

AI I !materials used that come In contact with the cul­

tures or the medIa, espec I a I I y the covers I Ips, shou I d 

be free of toxic Ingredients (Peterson 6 Deitch & Mur­

ray, 1959). A constant source of trouble are traces 

of detergent left on the glass from the washing pro­

cedure. Our cultures improved markedly when we shifted 

from glass test tubes to sterile disposable Falcon 

Plastic culture tubes. The reason for this improvement 

was not investigated In detail, but it could have been 

due to traces of detergents or other toxic materials on 

the surfaces of our glassware, which disappeared with 

the shift to the disposable tubes. An additional 

advantage of the plastic culture tubes is that the 

covers! Ips bearing the cultures do not slip in plastic 

tubes and consequently receive a much more uniform ex­

posure to media and air, whereas they slide·in the glass 

roller tubes during the rol I ing action. AI I glassware 

(petri dishes and sterile coverslips for holding the 

explants during the explantlng operation, pipettes for 

feeding, etc~), with the exception of the covers! ips, 
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-
was subs~quently replaced with Falcon P.lastic material. 

The coversllps were boiled In several changes of 3X 

distil led water, Immersed in redistll led 95% alcohol for 

several days, air dried one by one over a hot plate, 

and heat sterl lized. 

b) Instruments used for explanting~ 

Explanting instruments (scissors, Iridectomy scissors, 

fotceps) should be scrupulously clean. They were 

us~al ly cleaned with an ultrasonl~ cleaner and boil~d In 

d I st I I I ed water. 

c) Explants 

Animals aged 3- 5 days were used for starting material, 

and no attempt was made to Investigate the effect of 

the age of .the anima I on the cuI tures. Th~ need for . 

an optimum size of the explant has been repeatedly 

pointed out (e.g.p Peterson, Crain & Murray, 1965; 

Lumsdent 1968). A major factor in obtaJning good cui-

tures seems to be a clean and sharp cutting of the ex-

plants without tearing or shearing. For this reason, 

new knives made out of stainless steel razor blades were 

always used In each explantlng session, and care was 

taken not to damage the delicate tips of the knives. 

d) Plasma clot. 

Chicken plasma and chicken embryo extract <CEE) from 
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various suppliers, including material we prepared our-

selves, were tested. Large differences between the 

various brands were found, but lyophilized chicken plas-

rna from Hyland Laboratories (cat. # 65-080), clotted. 

with fortified lyophi I ized CEE from Baltimore Biolog­

Ical Laboratories (cat. # 70-025G) has given the best 

resu Its so far. 

e) Nutrient media. 

Durfng the early phases of this Investigation the 
' 

nutnlent medium used was similar to the one favored by 

HI ld and Tasakl (1962), namely 45% Gey 1s BSS, 50% 

heat Inactivated (56°C for 30 min) calf serum from 

Hyland Laboratories (cat. # 65-200), and 5% CEE, with 

the glucose content increased to 600 mg/100 ml. 

Great variations exist between different batches of 

calf serum, even from the same suppl ler; a new lot Is 

consequently always tested before ordering or reserving 

a larger quantity of serum. It is not known why these 

differences exist, but toxic effects of high serum con-

centrations in nutrient ,media have been reported 

<Olmsted, 1967>. 

Omission of chicken embryo extract from this original 

formulation did not seem to have a deleterious effect; 

In fact, a slight Improvement In the overal I app~arance 
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of the cu (tu res was noted. A further arne I ! oratIon 
n 

was achieved by lowering the serum concentration to 25% 

in BSS, whereas a stilI further reduction to 15% 

resulted in a worsening of the overal I appearance of 

the cultures. 

Experimentation with different media [such as sub-

stituttng basal medium Eagle (Microbiological Asso-

ciates (MBA)# 12-104) for Gey's BSS, adding 1.5 mM 

glutamine (MBA# 17-605F), 0.5 mg/ml sodium pyruvate 

<MBA# 13-115), or 0.75% of 100X essential amino acid 

mixture (MBA # 13-602)] has resulted so far In no 

apparent improvement of our cultures. Further ex-

perimentation along these I lnes is p·lanned. 

B. HLSTOLOGICAL METHODS 

Representative cultures were stained as whole mounts with 

Nissl stains (cresyl violet, toluidine blue, Elnarson 1s gal locyanln-

chromalum, thio~ine and methylene blue-azure blue), with silver 

stains CBodian 1s protargol and Holmes' silver impregnation), and 

with Su~an blackBand Luxol Fast blue for myelin sheaths. Standard 

histological methods for Nlssl staining were used (Conn, 1960; 

Culling, 1963). The Bodtan protargol method (Bodlan, 1936) has been 

repeatedly used on whole mount nerve tissue cultures (Murray & 
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Stout# -1947; Lumsden, 1951; Hlld,. 1957c, 1966) to demonstrate ITlYelln-. '. 

ated and unmyelinated axons. ForHolmes' sl.lver lmJ)regnatlon (Holmes# 

1947), the procedure of Wolf (1964) has been followed, and myelin was 

stained with Sudan black B according to the method given by Peterson 

& Murray (1955). After examination. of the living culture with phase 

contrast optics, a desired area was often photographed and a circle 

inscribed on the covers I lp with a diamond marker mounted on the micro-

scope. In this fashion, Identification of the same neuron or group 

of neurons after fixation and staining was greatly facilitated. 

C. ELECTROPHYSIOLOGICAL METHODS 

1. Mechanical and Optical Arrangements 

A modified Bausch and Lomb phase contrast microscope with 

a fixed stage and a 40X Zeiss objective with a 1/4 wavelength phase 

plate was used to view the cultures during electrophyslological ex-

perlments. The microscope and three micromanipulators (one Brink-

mann and two Narlshlge model MD-4) were ·attached to a heavy base 

plate (loaded with approximately 100 lbs. of lead bricks) which _rested 

on shock~absorbent material (ordinary packing material) on a two-

Inch laminated plywood table top. Asbestos vibration pads separated 

the table top from the st.urdy frame of the table, which was in turn 

isolated from the floor by shock mounts (Barry HI-Damp). In order 



to eliminate electrical fnterference, the whole setup was SlJrrounded 

by a wei !-grounded electrostatic shield (constructed of copper mesh) 

which served as a common ground for alI electronic equipment. 

The coversli'p bearing the culture was mounted, culture 

down, on a bridge simi Jar to the one used by Hild, Chang & Tasakl 
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<1958) and Hlld & TasakJ (1962), which allowed the positioning of 

microelectrodes under visual control through the open sides (fig. 1). 

The bathing solution (approx!mat~ly 0.65 ml -- usually Gey's balanced 

sa It sol uti on enriched w·i th g I ucose, or mod If !cations thereof) was 

held in the chamber by surface tehslon and was exchanged frequently in 

order to avoid pH changes and accumulation of waste products, and to 

provide freshly aerated medium. Ports for perfusion and exchange 

Of the bathing solution were provided through the bridge mounts. A 

manual syringe pump consisting of two pairs of back-to-back 10 ml 

plastic syringes allowed the exchange of the bathing solution during 

electrophysiological experiments. Although most experiments were 

carried out at room temperature, the preparation could be warmed by. 
i 

a thermocouple-controlled shielded heater coil mounted around the 

microscope condenser, or cooled by flowing cooling liquid through a 

loop of copper tubing under the chamber; and the perfusate could'be 

prewarme1 or precooled before entering the recording chamber. 
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Fig. I: Microscope stage for electrophyslologlcal experiments. The 

chamber consists of a glass base plate onto which two 

teflon blocks have been glued with bee's wax. The coverslip 

bearing the culture forms the roof of the chamber. The 

chamber is fi I led with balanced salt solution {or modifi-

cations thereof) held by surface tension. 



2. Recording of Extracel !ular Potentials <Fig. 2) 

Glass mlcroplpettes with tips of 4 - 6 ~ were manufactured 

on a horizontal electrode puller (John Keefe Assoc., Cambridge, 

Mass.) from Kimax capillary tubes <0.0. 0.7 to 1.0 mm) and filled 
. 

with 0.9% NaCI simply by immersing the tips In saline and then fll ling 

the shafts with a fine syringe needle. Such electrodes have a resls-

tance of approximately 10 megohms. Two recording microelectrodes 

could be placed into the culture simultaneously. A platinum wire 

' inserted Into the shaft of each mlcroelectrode was connected to a 

low noise a.c.-coupled FET (field effect transistor) preamp! lf)er 

(Applied Cybernetics model 4UAH) mounted very'ciose to the micro-

electrodes. This preamp I lfler has a frequency response of .3 Hz to 

100 kHz, and input Impedance of 500 megohms, and a peak-to-peak noise 

(measured) of 30 ~v at ful I bandwidth and with grounded Input. A 
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col I of platinum wire In the bathing solution served as the Indifferent 

electrode. The outputs of the preampl lfiers were hooked to a four-

trace storage oscl I Joscope (Tektronix model 564) and each, In paral lei, 

to two Tektronix 122 amplifiers; the output of the first one was fed 

directly i~to one channel of an 8-channel tape recorder (Precision 
j 
~ 

Instruments model PJ-6208), whl le the output of the second one went ',. 

to a discMilminator and a pulse generator. The pulses were a) exam-
.. ~ 

' ined on the oscilloscope to make sure that the discriminator l.evel 

was set correctly (i.e., that each pulse corresponded to an extra-
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·Fig. 2: Experimental arrangement for recording extracei lular poten-

tlals from cultured neurons. 



ce I I u I ar sp t ke), b) recorded on the tape recorder for I ater computer 

analyses of the Interval distribution and correlation, and c) fed 

into a rate meter <Nuclear Chicago model 1620) with a chart recorder 

to plot automatically the average spike frequency. 

3. lnt~acel lular Recordings (fig. 3) 

Hyperftne micropipettes (0.1' to 0.5 ~tip diameter) were 

drawn from well-cleaned Ktmax capillary tubes and.fllled with.3M KCI 

by immersing the tips into freshly filtered (0.22 ~ Mi I lipore) KCI 

solution and fl I ling the shafts with distilled water. They were 

then left In a vert! cal pos rtton (tips down dIpped into 3M KC I> 

overnight under a heat lamp which caused the bubble In the tip to 

move up Into the shank or should~r. The next day, the disti I led 

38 

water could be exchanged with 3M KC! with a fine syringe needle, and 

If the bubble stt I I persisted it could usually be removed with a fire­

etched tungsten wire (0 1 Lague, 1969). ·Mlcroe!ectrodes manufactured In 

this fashion usually have a resistance of 40 - 80 megohms. The 

electrodes were then used within 2 to 3 days. 

The micropipettes were coupled with polyethylene tubing, 

fi I led with a gel of 2% agar In saline, to a reservoir of sal i~e con­

taining a large chlorlded·sl lver wire; this was In turn connected to 

a d.c.-coupled high Input impedance, negative capacitance preamp I ifier 

(Winston Electronic Co., model S-857; Transidyne General Corp., model 
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--- CHART RECORDER 

2% AGAR IN SALINE 
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Fl g. 3 Experlmenta I ~rrangement for I ntrace II u I ar recordIngs from 

cultured neurons. 



MPA-2; or a homemade FET Input amp I lfier). The preamp I iffer output 

was fed In para! lei to 9 storage oscilloscope (Tektronix model 564), 

a chart recorder (Mosely model 680), and an FM channel of the tape 

recorder. The Indifferent electrode ~onslsted of an Ag-AgCI wire 
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stuck into a saline pool above a saline-agar gel in a glass tube making 

contact with the bathing soluti6n In the experimental chamber. Be-

.fore and after each experiment, a calibration pulse from a Grass 

stimulator (model S4G) was used to measure the total amplification of 

the recording system. 

4. Analysis of Electrophysiologlcal Data 

Some of the spike trains recorded with extracellular.elec-

trodes were analyzed with a general purpose computer (PDP 8/1). The 

intersplke lnterv<;~ls could be measured and displayed as a time Inter..,. 
. I 

val histogram. For records that Involved two channels <two separate 

m!croelectrodes recording from two neurons), a first-order "cross-

interval histogram" could also be displayed (Perkel, Gerstein & Moore, 

1967). The diagram in Fig. 4 defines the intervals that were measured 

and displayed. 

The comp I ete program wIth f I ow dIagrams ! s inc I uded as an 

Appendix 
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Fig. 4: Definttt6n of Intervals used for computer analyses of spike 

trains. A
1
, and A

2 
are I ntersp Ike I nterva Is of spIke train 

A: s
1 

is an lntersplke interval of spike train B; and v_
1 

and V 
1 

are the f i'rst-order backward and forward recurrence 

times, respectively, of any one spike ·in train A with 

respect to the nearest spikes In train 8 (Perkel, Gerstein 

& Moore, 1967). 
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I II. RESULTS AND DISCUSSION 

A. MORPHOLOGICAL CHARACTERISTICS OF CULTURED NERVOUS TISSUE 

Within 24 hours after explantatlon, mesenchymal cells 

derived from the meninges and blood vessels, glial eel Is, and possibly 

neurltes started emerging from the explant. The tissue flattened as 

macrophages engulfed debris and as non-neuronal eel Is migrated peri­

pherally with nerve cells generally staying behind. Flattening was 

sufficient for transillumination for phase contrast microscopy start­

Ing about the twelfth day _!_Q_ vitro~ and by the third week, most parts 

of the culture were usually thin enough for considerable eel lular 

detal I to become visible, In most areas~ the nerve eel I bodies became 

arranged In a two-dimensional layer embedded between glial eel Is 

and an extensive network of gl lal and neuronal processes. Hi ld 

(1957a, 1966), Cechner (1967), and Lumsden (1968) have described the 

morphological development of cerebel tar cultures that are very similar 

·to the ones used in this study. 

1. Identification of Neurons in Culture 

Some of the neurons In II vI ng cuI tures observed under phase· 

contrast could be Identified by their large size compared to the 

other eel Is Rresent, by their phase-dark cytoplasm (appearing dark 



i 
·! 

. u~der the phase contrast mic roscope> ~ and by the i r phase- l ight large 

rounded or oval nuc le i with a distinct dark nucleo lus. Neurons 

were usua l ly found In grou ps or nests (figs. 5 and 6), and often In 

rows (figs. 7 and 8), with in the confi nes of the or iginal explant . 

Dendrites were often v isib le i n areas of lower eel lular density and 

could sometimes be fo ll owed for some distance from the per !kar ion 

(f ig. 9) . The t entati ve Ident i f icati on of ee l Is as neurons i n phase 

contrast can be conf i rmed by st a i ning the culture as whole mounts 

with Niss l s t ains (cresy ! v i olet ~ t o lu id i ne blue, thlonine, Einar-

son's gal locyan in-chroma lum, azu re blue) (figs. 6 and 7) or by s i lver 

impregnation (Bodian or Holmes) (fi gs. 10 and 18). Some eel Is resem-

bled neurons in phase cont rast but fa il ed t o s t ai n with e i ther silver 

or bas ic sta ins . With some experi ence 0 and repeat ed comparison of 

stained whole mounts with photographs of the same areas t aken with 

phase contrast , a high degree of con fi dence in t he proper ident ifi-

cation of many neurons can be acquired. 

Although no att emp t was made to ri gorously class i fy neurons 

according to their histo logica l and morpholog ica l t ypes as seen~ 

situ, neurons resembling, and probably derived from, Purkinje eel Is 

could be seen in almost every cerebel lar cultu re. Their character-
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istics include a) location i n rows , or groups, usually toward the peri-

phery of the explant (figs. 7 and 8), similar to their~ situ dis-

tribution; b) often a pear-shaped eel I body with a large oval nucleus 

(fig. 11); and c) a dendritic t ree, usually to one side of the eel I 



XBB 698-4960 

Fig. 5: Group of I iv ing neurons (Purk inje eel Is?) from cu ltured 

cerebe ll um of newborn rat. 21 days~ vitro. Phase 

cont rast. Note the distinct dark nuc leo l i and the I ighter 

rounde-d nuc I e i . 
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XBB 698-5287 

Fig. 6 : Group of nerve ce I I s embedded between g I i a I ce I Is. 19-day 

old cerebe ll a r cu lture . A: phase contrast; B : the same 

area after sta i n i ng as who l e mount with cresyl v i o l et 

(Stains Nissl substance i n neurona l cytop l asm , as we i I as 

glial nucle.i). 
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Fig. 7: Row of neurons . (Purkinje ce ll s?) surrounded by gl ia l ce ll s 

in 17-day o ld cerebe ll ar cu lture . Stained as who le mount 

with toluidine b l ue (Basophi I ic stain, stains primar il y 

nucleic acids , such as contained in Niss l substance , 

nucleoli and nuclei). 
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Fig. 8: Row o f I i v ing neurons ( Purk inj e ce ll s?) from ce r ebe ll a r 

culture . 26 days in v i t r o . Phase cont r ast. 
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Fig. 9 : Li v ing neuron with three long dend rite s . 2 1-day o ld mid­

bra in cu lture. Phase cont ra s t. 
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XBB 698-5294 

Fig . 10 : Nerve ce ll from a deep nuc l eus of a cu ltur ed ce r ebe ll um. 

20 days in v i t r o . ma : mye li nated axon ; a: axon; d : den­

dri te . A : I i v i ng , phase con t rast; B: Bod i an . 
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Fi g . II: 

XBB 698-4951 

Li ving neurons (presumab l y Purkinje ce ll s) from 26 - day old 

cu lture of cerebe ll um . Note character i st i c dend riti c tree 

under (d), pear- shaped cell bodies and large rounded 

nuc l e i. Phase contrast . Same cu l ture as f i g . 8 . 
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body~ but In a generally much reduced form compared to the~~ 

morphology (figs. 11 and 12). The culture environment may have in­

duced structural alterations, but some of the features of the Purklnje 

eel Is could sti I I be distinctly recognized (Addison, 1911; Oadoune, 

1966). In central areas of the cerebel Jar cultures 8 large multi­

polar eel Is, often surrounded by myelinated axons, and presumably 

·derived from the deep nuclei of the cerebel lumD were regularly found 

(fig. 10). The other neuronal eel I types of the cerebellum (basket 

eel ls 8 stellate eel lsc granule eel Is) could not be Identified with 

certainty. 

In cultures of midbrain no attempt was made to classify 

the neurons, but representative eel Is are shown In figs. 9, 13, 14 

and 15. 

2. Axons 

Unmyelinated axons usually could not be discerned ln a 

l iving culture during phase contrast observation. Myel lnated axons, 

on the other hand, were quite dist inct; the myel in sheath appeared as 

dark double lines under phase contrast and birefringent in polarized 

! ight <f,igs. 16 and 17). Staining with Sudan black B or Luxol Fast 

blue confirmed the presence of myel in (fig. 16c) . Myel in usually 

appeared after about twelve days · ln c~ltu re. 

Both Bod ian's and Holmes' silver impregnations are .wei 1-
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XBB 698-4953 

Fi g . 12 : Bodian sta ined cu l ture of cerebe ll um . II days ~ vit r o . 

Note dendr i t i c tree (d) and axon (a) eme r g ing f rom soma . 
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XBB 698-4956 

Fi g . 13: 
I 

Li ving multipolar neuron from midbrain cu ltu r e of 36 days 

in v itro . Note four dendr ites (d) and seve ral mye linated 

axons (m) . Phase contrast . 



XBB 698-4959 

Fi g . 14 : Bodian sta i ned neuron from a 17- day o ld midb rain c ulture. 

Note severa l dendrites emerging from the soma, some o f them 

branching. Dark I ines criss - crossing are s il ver impreg­

nated axons . 
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XBB 698-4949 

Fig. 15: Li ving neuron from 21 - day o l d midbra in culture . Phase 

contrast . 
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XBB 698- 4958 

Fig. 16 : Mye li nated axon in a 55 - day o ld cu lture of midbrain . 

a) phase contrast , b) same axon i n po larized I ight , and 

c) same axon after staininq with Sudan b lack B. 
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XBB 69 8-4955 

Fi g. 17: Mye li nated axons of a midbrain culture , 33 days in v i tro . 

Ph ase co nt r ast. 
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suited for demonstrating nerve ce ll s and the lr processes 0 espec ially 

axons, since neurofibrlls (extending throughout the entire length of 

neurons) are usuaLly deeply stained. The nuclei and nucleoli of alI 

eel Is are also stained, beautifully reveal lng the entire architecture 

of the culture (figs. 10. 12, 14 and 18) . Many axons that could not 

be seen In phase contrast appear very clearly after silver impreg-

nation. In some areas of the cu l tures , the axon? formed a fe lt-like 

network similar to the neuropil (figs. 17 and 18). Axons were common-

ly observed to bifurcate repeatedly, and the meandering and seemingly 

erratic path of an axon can often be followed for a great distance. 

Axons almost never ventured into eel I free areas of the clot , nor 

into outgrowth areas covered primarl ly with mesenchymal e lements. 

This is in marked contrast to spina l cord cultures, In which axons push 

peripherally into the meningeal outg rowth <Peterson, Crain & Murray, 

1965). Quite often, axons wound around neuronal eel I bod ies, possibly 

making contact with the somas (fig. 18). 

3. Term lnal Boutons 

Structures resembling termina l boutons could often be seen 

after ·Bodlan or Holmes s il ver Impregnation, appearing sometimes as 

dark bal i s of about I ~ diamet er , sometimes as ring-shaped ter-

' mlnals, and sometimes as club-like endings (figs. 18, 19 and 20). 

Occasiona ll y such a bouton- 1 ike ending was seen In a Bod ian sta i ned 



XBB 699-5974 

Fig. 18 : Group of cerebe ll ar neurons CPur kin j e ce ll s?), 20- day old 

culture. Top: Li v in g, phase contrast. Bottom: Same area 

after fi xat ion and sta i ning with Holmes' s il ver impre~ nation. 

Note the rather de nse axona l network (dark I ines ) with many 

termina ls surrounding the ne urons . The cytopl asm is sta ined 

only ve r y I ightly but nucle i of nerve ce ll s ( la r ge, rounded) 

and gl ia (small, ova l ) are dense ly stained . 
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Fig. 19: Cerebe ll ar neurons with several axons and presumed terminal 

boutons (arrows). 34 days in v itro. Bod i an. Oil immer­

s ion. 
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Fig. 20: Cerebel Jar neurons with r i ng-shaped and c lub-! ike t e rminal 

boutons (arrows). Bodian. Oi l immersion. Top: 2 1 days 

in v itro . Bottom: 16 days in v itro. 
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culture not assoc iated wi t h any v i sib le neurons 8 but It is of course 

not known whether contact was made with some unstained dendritic 

branch. Such branches may reach some hundreds of micra from the eel I 

body and, especially in denser areas , may not be d i scernible even 

after Bodlan staining. Cel I bodies that were dense ly surrounded by 

axons (fig. 18) could have possibly provided contacts In the form of 

boutons-en-passage. Whether these various morphological structures, 

as revealed by si iver impregnation, really represent functional syn-

. apses could not yet be determined. Such structures have now been 

· seen in silver stained preparations of tissue cultures by Lumsden 

(1951), Wolf (1964), Kim (1965), Hlld (1966), and Cechner (1967>, 

but except for the case of thick organ cultures (Peterson, Crain 

& Murray, 1965; Bunge, Bunge & Peterson, 1965) , correlated ultra­

structural and functional studies are sti I I lacking and a cautious 

interpretation Is warranted (Hi ld, 1966). However, in view of the 

electrophysiological data presented below , they could possibly be 

identical with functional synapses. 

4. Discussion 
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In general the mor pholog ical observat ions r eported here ful !y 

agree wi th the ones published by Hild (1966). The flat , memb rane-! ike 

nature of the cultures used in this study is apparent from an inspec­

tion of the stained whole mount (non-sectioned) preparations (fi gs . 6, 

7 , 10, 12, 14, 18, 19 and 20) . At an age of between about 13 a nd 25 
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days~ vitro, glial nuclei' are often seen to overlap, but neuronal 

eel I bodies are -mostly laid down in a more or less dense two-dimensional 

array. Exceptionally thick areas can, of course, be found, more often 

in younger cultures. Neurites (axons and dendrites) and glial pro­

cesses, on the other hand, overlap considerably, and the cultures can 

therefore not be considered as monolayers. The cultures thin out pro­

gressively as they get older, and an increasing number of them start 

to degenerate. Some cultures, however, have been maintained in an 

apparently healthy state for up to two months. 

The development of rol fer tube cultures Is thus radically 

different from the thick organ cultures obtained with the Maximow 

double covers! ip technique. The accessibi I ity both for phase contrast 

visual .fzation and for microelectrode placement is a major advantage, 

even if it has to be bought with additional distortion of the organa­

typic structure. This advantage is espec ially valuable if one is In­

terested In the function at the eel lular level (e.g., Hlld & Tasakl, 

1962), or in the Interactions of a relatively small number of eel Is. 

No experiments have yet been performed to determine the 

reason for the distinctly more pronounced thinning of roller tube 

cultures compared to Maximow cultures. In fact such experiments may 

be impo~sible to carry out since the various aspects of the fluid 

motion (aeration, waste product removal, etc.) may be hard to disso­

ciate from other differences, such as the requirements for a different 

nutrient composition, amount of nutrient medium, schedule of feeding, 
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oxygen tension, concentration of co2, and many more . Even the gravity 

compensation of the rol I lng arrangement may play a role! In any case, 

one may speculate that the constant movement of the nutrient medium 

in the roller tubes plays an Important part. In addition to thinning 

· due to the peripheral migration of mesenchymal and glial eel Is, and 

to the macrophagic removal of debris from c~l Is injured during the 

explanting surgery or from eel Is degenerating during the adaptation to 

the culture environment, thinning may be enhanced due to the rol I ing 

action of the tubes by washing away many eel Is that would have remained 

part of the tissue in an undisturbed system. 

B. SPONTANEOUS BIOELECTRIC ACT IVITY 

1. Extrace II u I ar Recordings from I nd 'l vI dua I Neurons 

By positioning the tip of a microelectrode under visual 

control within a few micra of the soma of a neuron (fig. 21), spon­

t aneous extracellular action potentials were recorded from a majority 

of the nerve eel Is tested. Spontaneous activity was found in cul­

tures of 13 to 34 days~ vitro; younger cultures were usually sti I I 

t oo thick to allow accurate visual placement of electrodes ; and older 

ones usually became spread too thinly and often started degenerating, 

or the supply of cultures simply was exhausted. 34 days in vitro is 

consequently not to be considered an upper I imit for the detection of 

spontaneous bioelectric activity. With respect t o a remote electrode, 
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Fi g. 2 1: Typical arrangement of the extrace llul ar recording elec­

trodes in a cerebe ll ar culture (17 da ys i n v itro). 
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the spikes were sometimes negative (fig. 22a), most often blphas ic 

negat ive-positive (fig. 22b), or triphasic with a smal I positive de­

flection preceding the major negative-positive potential (fig. 22c), 

frequently with an inflection in the negative swing. At times, large 

positive (fig. 22d) or positive-negative potentials (fig. 22e) were 

seen. 

The shape and duration of the biphasic negative-positive 

extracellular spike was very similar to the~ vivo recordings from 

cerebellar Purkinje eel Is (Eccles, Ll inas & Sasaki, 1966); it corres­

ponded wei I to the theoretically calculated potential distribution 

due to an action potential of a spherical eel I body with dendrites in 

a conducting medium (Ral I, 1962). Triphasic extracel lu!ar action po­

tentials are commonly seen~ vivo (e.g., Fatt, 1957); .the initial 

positive deflection is due to a remote depolarization, and the large 

negative potential is due to the depolarization of the soma mem-
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brane near the electrode ~ with the inflection reflecting the !ower 

threshhold for excitation in the initial segment (axon hi I lock) , and 

the delayed depolarization of the soma (Fuortes, Frank & Becker, 1957). 

The rarer positive-negative spikes (fig. 22e), were characterized by 

a much larger amp I !tude (up to 2 mv peak-to-peak to date, compared to at 

most 0.6 to 0.8 mv for spikes with a negative major leading phase) 

and by an absence of other spikes (from other nearby units). Such 

extracellular "giant spikes" have been repeatedly reported, though at 

times with much greater amplitudes (Granit & Phi I lips, 1956). These 



Fiq. 22 : 

Examples of extracellu lar 

action pote nt ials. 

a) Midbrain, 27 days in v itro 

( D IV), 

b) cerebe llum, 20 DIV, 

c) cerebe ll um , 25 DIV , 

d) mid bra in, 27 DIV, 

e) midbra i n, 22 DIV. 

In this and a I I fo I I ow ing osc­

i I loscope records , positivity 

is in d icated by an upward 

deflection. a, b & d .are 

multiple trace photographs. 

XBB 699-5975 
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positive-negative spikes resembled the extracellu lar pot entials seen 

by Woodward, Hoffe r & Lapham (1969) In the Purklnje eel I layer of rat 

cerebellum, and both Crain (1956) and Hild & Tasaki (1962) have repor­

ted both negative-posit ive and positive-negative extracellular unit 

spikes recorded from cultured neu rons . The differences in the ob­

served potentials are probably caused by differences in the relative 

position of the recording microelectrode with respect to the electro­

genic structure. These large pos itive or positive-negative spikes 

were not encountered often enough in this investigation to permit con­

clusive experimentation as to the relationship of t he e lectrode pos i ­

tion to the polarity of the extracellular potential. More experJments 

are planned since the vlsibl I ity of the nerve eel Is and the record­

ing electrode tip under culture conditions seem ideal for the inves­

tigation of this problem. Upon approaching~ situ motoneurons with 

extracellular microelectrodes, the spikes, in response to antidromic 

stimulation, change fr.om a triphasic positive-negative-positive shape 

(sim i iar to fig. 22c) to a positive-negative giant extracellular spike 

(Nelson & Frank, 1964). Similarly, the negative extracellular spikes 

from pyramidal eel Is in the cat cortex change to larger positive-neg­

ative potentials, depending on the position of the electrode (Rosen­

t ha l , Woodbury & Patton, 1966). 

Because of the dense network of axons that is seen to wind 

around some eel I bodies after silver impregnation (fig. 18), a la rge 

ext racellular microelectrode (4 - 6 ~ tip diameter) may pick up smal I 
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potentials from many eel Is; one can usually not be sure that the po­

tentials recorded are really from the eel I that Is seen In phase 

contrast. While most records had spikes of uniform height, and 

thus were considered to -originate from a single neuron, a few showed 

spikes of various ampl !tudes (fig. 23), and at times quite complex 

potentials were seen, probably resultl·ng in part from activity in a 

"miniature neuropi I" (fig. 18) near the cell body whose bioelectric 

activity was sought (fig. 24). 

2. The Physiological Origin of Extracellular Spikes 
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Even though the shape, duration, and ampl •tude of the above­

described spikes corresponded closely to the wei !-documented spikes 

reported in the I lterature , several experiments were carried out to 

determine whether they were indeed identica l to neuronal action po­

tentials. 

a) Effect of the distance of the electrode from the eel I 

membrane. When the extrace ll ular microelectrode was with­

drawn from the immediate v icin ity of the neuron soma, 

the amp I !tude of the spike decreased rapidly with in­

creasing distance. Fig. 25 shows an example of such an 

experiment. Beyond a certain distance (more than 10 to 

15 ~ with electrode just sitting in balanced salt solu­

tion), no signals have ever been detected, nor have any 
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Fig. 23: Ext race I I u I a r sp i kes f r om two different ce I I s reco rded 

with a sing l e e l ectrode . a) Cerebe ll um (Purkinje cel ls?), 

23 day s in v itro (DIV), b) mi dbra in, 27 DIV . 
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Fig. 24: Compl ex pot e nti a ls reco r ded with a s ing le extrace llular 

electrode . Mid br a in, a ) 27 DI V, b ) a nother c ulture, 

midbra in, 26 DIV. 
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.2mvL 
5sec 

b 

.2mvL 
.2sec 

XBB 698-4947 

Fig . 25: Extracellu lar recording from ce r ebe llum cul t ure , 16 DIV. 

a) electrode very c lose t o ce ll membrane, b) e l ect r ode 

removed 5-8 ].I• 
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signa ls ever been found by p lacing the electrode onto 

presumed gl Ia I or mesenchymal eel Is. 

b) lrr:eversible injury to neurons during recording. 

In order to assess the origin of the extracellular 

spikes . the eel 1 .body near the recording electrode was 

damaged by puncturing i t with a second (ultrafine) 

electrode from the opposite side. In every case the 

large extracellular action potentials (as shown in fig. 

22) disappeared following the entry of the damage-In­

ti icting electrode tip, at times immediately, at other 

. times after a few high frequency "injury" discharges. 

The injured eel I body could then be seen to disinte­

grate (it turned rapidly granular and phase-light) and 

seemed subsequently to disappear. Occasionally, . 

smaller irregular and complex potentials, at times 

barely above the noise level, persisted; this Is simi­

lar to activity that can sometimes (not very often) be 

detected by placing the recording electrode into the 

tissue away from visible nerve eel Is. On the other 
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hand, large spikes have so far never been found, except 

when the electrode is very close to a neuronal eel I body. 

Thus it can be assumed with reasonable certainty that 

the large spikes seen in most records are actually from 

the eel I body near the electrode tip and not from any 

other smal I undetectable neurite. 



c) Effect of temperature on average spike frequency and 

shape of extracellular action potential. 

Warming the bathing medium from room temperature (25°C) 

to 36°C increased the average spike frequency by a 

factor of up to 2. The increase varied from preparation 

to preparation. If the temperature was raised even 

more, the spike frequency increased progressively and 

the neuron often fired prolonged high frequency bursts, 

uriti I at approximately 43- 45°C all bioelectric acti­

vity stopped suddenly and irreversibly. Extracellular 

action potentials had a distinctly shorter duration at 

36°C than at room temperature; the o10 for the spike 

duration between 25~C and 36°C was ~bout 2 (fig. 26). 

Lowering the temperature to 15°C decreased the spike 

frequency to almost zero and lengthened the duration of 

the extracellular action potential (fig. 27) with a 

010 (24 to 16°C) of about 2.7. Only preliminary experi­

ments have been performed to examine the effect of tem­

perature variation on the electrical activity of cui-

tured neurons. More experiments are planned, especially 

with respect to the reversibi I ity of the observed phe-

nomena. 

1
The effect of temperature on the action potential du­

ration is wei 1-known for other preparations (Schoepfle 

& Erlanger, 1941; Hodgkin & Katz, 1949 ; Schoffeniels, 

1958), and has also been noted in intracellular record-
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Fig. 26: Extracellul a r sp i kes from a 15-day o ld ce rebe ll a r cu lture. 

a) at 25 °C, b) at 36°C reco rded from the same neuron (same 

e lectrode pos iti on). Notice the shorte r duration of the 

spike at 36°C. 
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Fig. 27: Ext race I I u I ar act ion potent i a Is r ecorded from the same nerve 

eel I while lower i ng the temperature from 24 °C to I6°C and 

then raising it aga in to 24.5°C . Cerebe llum. 14 days ~ 

vitro. Notice th e change in du r ation of the extrace llular 

action potential. 
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ings of neurons in tissue culture CHild & Tasaki, 1962). 

d) Effects of strychnine, calcium, and magnesium concentra-

tlon in the bathing solution. 

The marked effect of strychnine on the spike pattern, 

and the sensitivity of the average spike frequen~y to 

changes in the concentration of calcium and magnesium 

' In the external medium, wei I attest to the physiological 

nature of the observed spikes. This subject wi I I be 

treated in section I I I, 0. 

3. Patterns of Spontaneous 81oelectrlc Activity 

After placing the culture under the microscope and post~ 

tlontng the electrodes successfully, activity could be recorded un-

diminished and presumably from the . same unit, for up to five hours or 

longer at room temperature In bal~nced salt solution. Good activity 

could usually be found in nests of neurons (presumably Purkinje 

eel Is) of cerebel !ar cultures, as shown in figs. 5 and 6, and from 

neurons in denser areas of midbrain and cerebel Jar cultures profusely 

surrounded by myelinated axons (figs. 13 and 14). In neurons located 

in very thin areas of the explant, where the density of eel Is ahd 

eel lular proces~es is low, spontaneous spikes h~ve~ so far, been 

~etected only infrequently by the extr~cel l~lar retordlng method. It 

appears that spontaneous activity may require a critical eel lular 
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density or, alternatively, it ls possible that a htgh cel l density is 

essential for the maintenance of functional synapses that mediate the 

bioelectric activity. The relationship between cellular density 

(neuron-gl ia interaction?) and spontaneous electrical act ivity war-

rants further study. 

The average spike frequency at room tempera t ure ranged from 

a few spikes per minute to about 10 to 15 spikes per second, but fre-

quencies of 50 . to 300 per minute were most often found, with inter-

val distributions that were usually irregular and non-random. 

Spikes often occurred in trains, with silent periods of sometimes 

several seconds between bursts (fig. 28), and spike frequencies of up 

to 100/sec. within the bursts. At times, a very regular spike pattern 

was found (fig. 29), and often doublet and triplet spikes were recorded 

· in both cerebellar and midbrain cultures, with the second and third 

spikes usually somewhat smaller in amplitude than the first one 

(f -ig. 30). Fig. 31 shows an excerpt of the record and the interspike 

interval histogram of a culture with a doublet firing pa~tern. No­

tice that, while there are some intervals smaller than 5 msec., there 

is a large peak in the 5 - 10 msec. and 10 - 15 msec. bins. Almost 

no counts were accumulated for intervals between 15 msec. and 140 

msec.~ with subsequent peaks at around 200 msec . and 425 msec. The 

inte rval histogram of another culture showed a sharp peak at a smal I 

interval, and a broad secondary peak at a much larger interval (fi g. 

32). Two other examples of non-random interval dist ribut ions are 
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Fig. 28 : Bursting spike act iv ity from a 17-day o ld midbra in cu lture. 
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F i g . 29: Fair l y regular extrace l lu l ar ac tion potenti a l s from 

Purki nje ce lls (?) of 16- day o l d cerebe ll ar cu l ture . 
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Fig. 30: Examp l es of doub l et and trip l et spikes of decreasi ng 

amp I itu de . A : cerebe llum, 14 days in v i tro. B : 18- day 

o l d cerebe ll ar cu ltu re. 
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Fi g. 31: a) Excerpts from origina l record showing sing le and doub le 

spikes. b) I ntersp ike i nterva I histogram. Number o f 

occurrences versus time. Bin size: 5 msec . Samp ling 

interva l : 5 min. Number of counts p lotted: 957. 

Cerebe ll um, 30 days in vi tro . 
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Fig, 32: lntersp i ke interval histogram of a 22-day o ld midbrain 

cu lture, Ord inate: number of occurrences. Bin s i ze : 

2 msec. N = 2053. Sampling interva l: 16 min. 25 sec. 
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given In the histograms of fig. 33 and 34. In the former, the firing 

pattern has preferred spike Intervals at about 10 msec. and at about 

70 msec., with a tall of long Intervals; In the latter, short In-

tervals are conspicuoOsly absent and the preferred Intervals seem to 

be near 160, 300, and 450 msec., again with a large number of much 

longer Intervals. 

A variety of different discharge patterns are thus found In 

cultures of cerebellum and midbrain. These may reflect not only the 

heterogeneity of eel I types in these cultures, but also the somewhat 

unorganized and distorted growth and maturation of the cultures. In 

situ architecture, topographic reI atlon,s, and anatomica I connecti ens 

are changed during the explanting operation and the subsequent read-

justment to the new environment, and possibly new interneuronal 

relations are developed . 

However, certain patterns mimicking the~ vivo activity 

'are repeatedly found. The bursting activity, for Instance, has been 

found In intact and decerebrate cat cerebellum (Brookhart, Moruzl 

& Snider , 1950; Granit & Phi I I ips, 1956), In Intact rat cerebellar 

cortex (Woodward, Hoffer & Lapham, 1969), and in isolated cat cere-

bel lar folia (Snider, Teramoto & Ban, 1967). Depending on the st ate 

of development, the cerebellar Purkinje eel Is may be spontaneously 

active at a rather regular slow frequency, may fire doublets, or may 

be bursting (Woodward, Hoffer & Lapham, 1969). Comparison with the 

thick long-term organ cultures of Crain may not be easy, but the 

sporadic, spontaneous, long-lasting complex potentials detected with 
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XBB 699-6064 

Fig. 33 : lnte r sp i ke interva l histogram of a midbra in cu lture, 20 

days ~ v itro . Ordinate: number of occur rences . Bin s ize : 

5 msec. N = 1765 counts. Samp ling in te rva l: 5 min. 

Note peaks at about 10 and 70 msec . 



XBB 69 9-6063 

Fig . 34 : l nte r sp i ke i nterval histogram of 20- day o ld cerebe l Ja r 

cu ltu re. Bi n size: 5 msec . N = 509. Samp l ing inte rva l: 

5 mi n. 30 sec. 

Note absence of short i nte r va l s and th ree peaks . 
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larger electrodes (Cra fn6 1966) may be a mani festation similar to the 

bu r stt"ng activity reported here. The rhythmic activity of the organ 

cultures of Cunningham (1962 ) may have s imila r origins . 

. So far no differences with respect to average frequency or 

interval distribution could be detected between cerebel tum and mid­

brain , nor could anV differences be found as a f unction of age of the 

~ulture . Such differences may wei I exist 6 but they may be di ffi cult 

to find due to the heterogeneity of the cultures. As ·work progresses 

on this system, it may become possible to study the development of 

bioelectric activity from specific cultured eel I types. 

4. Simultaneous Extracellular Recording f rom Two Neurons 
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When unit activity was simultaneously recorded wtth two 

extracel lular microe lectrodes from t wo randomly selected neurons, ,the 

somas of wh ich were 20 ~ to 200 ~apa rt (fig. 21), their spike activities 

were very of ten correlated. Such correlation was found in almost 

aJ I cases where both eel Is showed any activi t y at al I. 

The probabi I ity of acc identally recording simultaneously 

with two electrodes from two different points on the same eel I (the 

eel I body and some distant neurite that ~appens to run near the 

second eel I body) is extreme ly low . Since the action potential could 

be abolished by damaging the eel I body (desc r ibed above), there was 

no doubt that the electrodes recorded from two different eel Is. 



Fig. 35 shows the correlated bursting activity of two near­

by neurons. The bursts st·arted and ended a I most s tmu I taneous I y, with 

common silent periods between bursts. Within the bursts the spike 

correlation was not one-to-one; at times spikes could be seen in 

one neuron and not in the other, The correlation In another culture, 

one without marked bursting activity, Is demonstrated in figs. 36 
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and 37 . A common charact erist ic shou ld be noted here; the spikes from 

neuron A fel I near a spike from neuron B more often than expected 

under chance conditions. The "cross-interval histogram" generated 

by the PDP-8 computer (see appendix ) dramatlcal ly expresses the 

non-random distribution of the spikes from the two neurons (fig. 37). 

It should also be noted that, while the pattern is not symmetrical 

around points : of coincidence, neuron B often fired with very smai I 

intervals before and after neuron A. The closely correlated acti-

vity of another culture is shown in fig. 38. In this case, spikes 

tn eel I B almost exclusively foi lowed spikes In eel I A by a latency 

of around 5 to 10 msec. The cross-Interval histogram of another 

culture is given in fig. 39 , showing yet another distribution around 

the point of coincidence. For comparison~ fig. 40 shows a cross­

interval histogram similarly generated from two random pulse generators 

(two radioactive sources), with average pulse and frequencies com­

parable to the average spike frequencies found in cultured neurons. 

During the course of this Investigation, simultaneous extracellular 

recordings with two electrodes were made from 19 pairs of neurons 
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XBB 696-3546 

Fig. 35: Correlated burstin activity s imu ltaneous ly recorded with 

two extracellular microelectrodes from two neurons 

(traces I and 2, respectively) approx imate ly 50 w apart. 

Cerebellum, 25 days in vitro. A: bursts, B: beginning of a 

·burst, C: within a burst. 

89 



o.smvL 
1 sec 

o.smvL 
50ms 

XBB 696-3547 

Fig. 36: Co rrelated sp i ke activity from two neu rons (simu ltaneous ly 

record ed with two extracellular microe lectrodes) . Midbrai n, 

22 days~ v itro . 
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XBB 699-6062 

Fig. 37: Cross-interva l histogram of the record of the same cu lture 

as fig. 36. Ordinate : number of occurrences . Bin size: 2 

msec. Sam pling in te r va l: 16 min. 25 sec . Number of counts 

in train A: 1095, in train 8: 2053 . The intervals of a 

s pike in train 8 tol lowing any spike in train A are plotted 

to the right of 0 (forward recu rrence times); the i nterva ls 

of a spike in train 8 preceding any sp i ke in train A are 

p lotted to the lett of 0 (backward recurrence times). Note 

th e uneven distr i bution around co i ncidence (=zero ). 
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Fig. 38: 20- day o ld culture of cerebe llum. A: position of e lect rodes; 

B: samp le record of the spikes simu ltaneously recorded from the 

two neurons shown in A. Notice the more or less constant time 

relati onship of the spikes in the upper trace to the spikes in 

the lower trace . The d i scrim inator outputs (10 vo lt pu lses used 

for the computer ana lys i s) appear as dots be low each sp i ke; 

C: c ross-i nterva l histogram. Bin size: 5 msec.; sampl i ng 

interval: 5 min. 30 sec.; counts in train A: 509, in tra i n B: 

255 . Note the maximum point at 5 - 10 msec . to the right of 

zero, )ndi cat ing the high probabi I ity of a ~p i ke in train B 

fo l low ing a sp i ke in train A with a latency of 5 - 10 msec. 
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Fig. 39: Cross-inte rva l hi stogram of the simu ltaneous extrace llul a r 

r eco rding from two neurons in a 20- day o ld midbrain cu lture. 

Bin size: 5 msec .; samp ling interva l : 5 min.; counts in 

train A: 727, in train 8: 1765. 



XBB 699-6061 . 

Fig. 40: Cross-interva l histogram of two simultaneous, uncorrelated, 

r andom pulse trains obtained by disp laying Geiger counter 

outputs recorded from two radioactive s0urces (count rates: . 

106 and 182 counts per minute, r es pective ly). Bin size : 

5 msec.; samp ling interval: 18 min.; counts in train A: 

1914, in train B: 3279 . 

94 



.. 

(from 19 cultures) and tn 17 cases the correlatlon was clear-cut; tn 

the other 2 cases no obvious correlation existed, but detailed com­

puter analysis may stl II reveal an interaction in these latter cases. 

Various degrees of correlation between the unit spikes of 

neurons In the same microscopic field can thus be seen. A kind of 

loose correlation may exist, with one neuron firing very often near 

{shortly before or after:> a spike in the other neuron. The two 

units may be active at different frequencies, and a more or less 

l'arge number of spIkes l:n one neuron may not have counterparts in 

the other neuron (fig. 36). At other times~ a clear and more or less 

fixed time relation between the two neurons can be seen {fig. 38), 

again with the possibility of spikes missing In the record of either 

nerve cell. 

5. Discussion 

At least four different Interpretations can be given for 

the non-random lnterspike Interval distributions (bursting patterns, 

preferred Intervals, doublets, triplets) found In most cultures tested 

so far. The particular eel I may have an endogenous mechanism that, 

in some way, can give rise to the observed firing patterns; local 

fluctuations in the surrounding medium {ionic composition) may pro­

duce bursts, doublets or triplets; the eel I may be driven by one or 

s~veral inputs from other endogenously non-randomly firing neurons; or 
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It may be part of a self;..reexciting network containing excitatory and 

inhibitory pathways, with at least some cells acting as pacem~kers, 

connected In such a way as to generate the observed patterns. 

Aspects of alI four mechanisms may play a role, and none can be 

excluded on the basis of analysis of single spike trains. For 

example, the bursts shown In figs. 28 and 35 may be triggered by one 

or several neurons that fire spontaneously at a low frequency (one 

per several seconds, as is often seen In cultures) and which then syn-

aptlcal ly relay their activity through possibly very complex nets to 

a cascading series of neurons to produce bursts in a fashion similar 

to the long-lasting complex potentials which can be elicited with a 

sIng I e short e I ectrl ca I 'stimu I us In th lck organ cuI tures of centra I 

nervous tissue (Crain, 1966). Alternatively, the bursts may be due 

to I ong-1 astr ng or repetItIve InhIbItory Inputs impIngIng on one or .. 

many spontaneously active neurons so as to produce relatively long 

silent periods. Similarly the common occurrence of preferred spike 

intervals (figs. 33 and 34) may result from excitatory networks, 

where a neuron can get reexclted periodically with Intervals depending 

on the site of the net, the degree of connectiVIty and the type of 

connections (excitatory or Inhibitory). Such a model has been lnves-

tigated with a computer by Farley (1965) who found that oscll latory 

patterns are generated after stimulation bf a single element in a net 

of nerve analogues with synapse-! Ike connection. On the other hand, 

these preferred Intervals may also be produced by one or many inhibitory 
/ 
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Inputs which suppress oth.erwtse spontaneously acttve cells for some 

time. 

The close correlation (more or .less simultaneous firing) of 

the Individual spikes from two neurons tn the same,mlcroscopic field 
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of a culture suggests the presence of nets of Interacting units, with 

at least some (and possibly many> nerve cells ffrfng spontaneously 

(pacemaker activity) and transmitting their activity through complex 

nets to other neurons. The units sampled with mtcroelectrodes repre­

sent two.nearby points In the postulated net, possibly receiving inputs 

from common and from Independent sources, In addition to their 

possible endogenous spontaneous activity. A great many combinations 

are therefore feasible~ varying from culture to c~lture; these result 

in a rather loose correlation with Individual units often exhibiting 

a degree of Independence, such as the lack of fixed time relation or 

the presence of spikes In one unit without a corresponding spike In 

the other. 

Various kinds of interneuronal Interactions are possibie. 

One interpretation for the observed correlation might be a non-synap­

tically mediated threshhold alteration due to the electric field from 

the firing of a nearby neuron (Terzuelo & Bullock, 1956). Thus, the 

·fact that one neuron fires an. action potential may increase the pro­

bability of a spontaneous spike in another neuron even In the ab­

sence of synaptic inputs. It seems, though, that such action would 

only work at very close distances and would need a relatively smal I 
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extracellular space to limit current snunting effects. Such an 

arrangement Is generally, not present in the cultures used in these 

experiments. Not only have the neurons (and generally all cells) be-

come spread apa~t, but the extracellular space has been expanded tre-

mendously. Isolated pockets of close neuronal contact do, of ·course, 

exist, and this type of i.nteract I on cannot be exc I uded at present. 

However, such a situation should be relatively rare and two neurons 

selected at random in a microscopic field should ordinarily not be 

so situated. Good correlation Is found, however, In the vast major-

ity of cases whenever the activity of two neurons Is recorded stmul-

taneously. 

A second posstbiJity would be the modtftcatton of a neuron's 

firing pattern ~y Ionic changes ln,the extracellular space due to the 

activity of another neuron In a way similar to the depolarization 
j. 

observed In gl ia <Orkand, Nicholls & Kuffler, 1966). Again such. 

effects are probably only working at very close distances and seem un-

I tkely, though not Impossible, under culture conditions. In the 

spinal cord, for instance, exploration with a microelectrode reveals 

that the soma of a gastroenemlus motoneuron may. be as close as 50 ll 

.to 1 00 ll to a b I cep s-sem i tend I nosu s motoneuron, and yet these two 

, neurons exhibit quite dfstlnctl~e responses to afferent volleys. 

_The dendrites of such eel Is may be as long as 1 mm, so that there Is 
, 

a large ov~rlap of the dendr:ltlc fields (Romanes, 1953). 
, ~~.~· 

.. ,A further alternative could be the existence of electrotonic 



junctions between neurons <Furshpan & Potter, 1959). In lobster 

cardiac ganglia, for fnstance, correlated burstlng activity with a 

similar rather loose correlatfon (a spike in one cell is not always 

accompanied by a spike In the second neuron) has been observed 

(Watanabe, 1958); in that case it is due to electrical connections be-

\ tween some of the ganglion eel Is. Similar lnt~rneuronal electrotonic 

junctions have not yet been observed In the mammalian nervous system, 

at least not l!l situ. Nerve tissue cultures similar to the ones 

.used in this study have recently been tested for electrotonic junc­

tions by Wa I ker and HI ! d ( 1969), who found wldespread e I ectroton I c 

coupling between gl lal cel.ls and a certain class of neurons. The 

electrotonical ly coupled neurons were morphologically indistinguish­

able from other (non-coupled) neurons, but their functional proper­

ties were quite unusual; they did not seem to be excitable, thus they 

were not spontaneously active and no action potentials could be evoked 

with applied electrical stimulus. The electrical response of these 
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eel Is was simi far to that of cultured gl lal eel Is (Hild & Tasakl, 1962; 

Hild, Takenaka & Walker, 1965). Cultured neurons with physiological 

properties similar to l!l vivo neurons (excftable membranes, etc., as 

descrfbed in the preceding pages) did not seem to be coupled electro­

ton lea I ,I y to each other or to any other ce II s. Wh i I e much work is 

needed to confirm and further Investigate this chat lenglng finding of 

Walker and Hlld, It seems, at least at present, that electrotonic 

coup I lng is not instrumental In the correlation of discharges from 
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"normal" excitable cultured neurons. 

This leaves the most I lkely interpretation, namely that 

neurons showing good bioelectric activity (located in fairly dense 

areas of the explant) are part of a synaptically connected network. 

This Interpretation is strengthened by the common occurrence in cul­

ture of terminal boutons (Infra vide) and synaptic structure (Lums­

den, 1968). 

The exact connections probably vary greatly from culture to 

culture but one may assume that both excitatory and Inhibitory syn­

apses are involved. In addition to multiple synaptic Inputs to the 

cultured neurons, at least some, If not most, eel Is In these cul-

,tures may be spontaneously active. Thus the spontaneous action po­

tentials may be synchronized loosely due to synaptic Inputs, or, 

alternatively, a sufficiently strong synaptic Input may cause de­

polarization below threshold for the firing of an action potential. 

Such complex interactions can easily give rise to the non-random 

firing patterns possibly of an oscll latory nature. 

100 

Simple, synaptically connected nets of neurons of other 

biological preparations often exhibit similar characteristics. Some 

experimental preparations of locust flight motor neurons, for instance, 

show loosely coordinated discharge patterns due to common synaptic 

inputs, synaptic Interactions between lnterneurons and motor neurons, 

and possibly longer term Inhibitory Interactions (Waldron & Wilson, 

1969). 



C~ MODIFICATIONS OF THE ·sPONTANEOUS BIOELECTRIC ACTIVlTY 

Nerve tissue cultures are a convenient material for the 

study of environmental effects on the eel Is and their interactions. 

In order to a) confirm the physiological origin of the potentials re­

corded; b) investigate some of their properties; c) explore some of 

the characteristics of the Interneuronal interactions; and d) ~ssess 

the feasibility of future pharmacological investigations, a series 

of experiments were performed to test the effects of environmental 

changes. 

1 • Effects of StrychnIne 

The addItIon of 1 0 1Jg/ml strychnIne to the bath tng med i urn 

Increased the frequency and altered the pattern of the spike activity. 

of single neurons In cultures. Unit spike activity of a !ow fre­

q~ency changed to a bursting pattern within less than a minute after 

the beginning of the drug Injection Into the recording chamber. The 

pattern was rather stereotyped (fig. 418), consisting of a single 

spike followed by a slow positive wave and a series of 6 - 12 spikes. 

Such spo~taneous bursts occurred at Intervals of 4 - 8 seconds (fig. 

41C). 

t 01 

The effect of strychnine on the bioelectric activity of 

thicker cultures has been described by Crain (1964c) and is essentially 

.. 
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XBB 698-5282 

Fig. 41: Effect of injection of 10 ~g/ml strychnine in balanced 

salt solution. A: control with single spikes of low 

frequency. 8 and C: after injection of strychnine. 



.. ~. 
similar. Convulsive outbursts can be recorded 1.!:!. situ from single 

units fn the cerebellar cortex after strychnine administration <Bre­

m·er & Gernandt, 1954; Brookhart, Moruzz I & SnIder, 1950). 

The action of strychnine points to the presence of inhlbt-

tory synapses, since it Is thought that strychnine selectively tnhib-

its these synapses (Bradley, Easton & Eccles, 1953). 

2. Effects of Varying the Concentration of Calcium 

Lowering the calcium concentration from 2.55 mM (normal 
~ . . 

amount of Ca in Gay's balanced salt solution) to 1.2 mM increased 

the unit spike frequency by a .factor of 3 to 5 •. A reduction to 0.5 mM 
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resulted In a large transitory increase of t~e firing r:ate, lasting 

~bout a minute! followed by a depression to a level lower than the con-:'. 

tro! value (fig. 42). A return to balanced salt solution with 2.55 mM 

Ca ++ restored the spIke frequency to more or ! ess centro I ! eve I . Ex- . 

changing the BSS with an identical solution except for the absence of 
. ++ 

Ca caused a short burst of activity of even higher frequency with 

a subsequent cessation of the spontaneous activity. The activity 

coutd'be restored by returning to the control Ca++ level within a few 

minutes., Longer periods InCa-free bathing medium were accompaniedby 

irreversible changes In the eel lular appearance and, of course, perm-

anent loss of all bioelectric activity. 

No change In spike activity was noted after an increase of 

the,calclum concentration from 2.55 mM to 3.55 mM. 
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Fig. 42: Effect of lowering the calcium concentration of the balanced 

salt solution (BSS) from 2.55 mM to 1.2 mM (midbrain 

culture, 20 days~ vitro). 
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- ++ The effect of the Ca. level on btoelectrtc activity is 

thought to be due to an instabtl tty In the membrane structure at low 

Ca levels, with a resulting increase in the,excltabfllty. Thrs has 

been extensively discussed In recent reviews (e.g., Koketsu, 1969), 

and the action on cultured neurons is entlrely'as expected. 

3.. Effects of Magnesium Concentration 

Varying the concentration of magnesium in the bathing 

' ++ medium in the presence of Ca had a much less pronounced effect 

than varying the calcium concentration alone. Reduction of the mag­

nesium concentration from its normal level (1.07 mM in Gay's BSS) to 

zero resulted in a reversible increase of the unit spike frequency, 

while an increase from 1.07 to 2.14 mM caused a reversible decrease. 

of the frequency by a factor of about 2. An addition of 6 mM of Mg++ 

led to a sharp drop of the average spike frequency (fig. 43). 
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While magnesium affects the excitabll tty of the neuronal mem-

brane, Its main action Is presumably on the synaptic transmission 

(Somjen & Kato, 1968; Desmedt, 1963). The action of magnesium Ions 

is thus entirely compatible with the prese~ce of neuronal nets In our 

cuI tures. · 
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DBL 699-5056 

' . ++ . 
Fig. 43:' Addition of 6 mM Mg to the bathing medium (BSS) (cer·e-

bellum, 14 days 1.!:!. vitro>. 
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4 ~; D tscuss ton ~- ; . 

These experiments demonstrate the feasibility of using cui-

t~res for further studies of the actions of various erivtronmental 

factors (tran~mitter substances) drugs, lonrc composition) on indlv-

idual nerve eel Is in the absence of such complicating factors as the 

blood brain barrier and other control mechanisms. Experiments such 

as lowering the conc~ntration Qf an ion are difficult to carry out in 

situ. Estimates of the effective concentrations of ions and drugs in 

contact with individual eel Is are hard to make~·~ due to a 

variety of compartments (of unknown size and composition)~ diffusion 

barriers, andselectlve and active transport mechanisms. !onto-

phoretic application of various chemical substances has been success-

fully used to study their effect on Individual neurons in the Intact 

animal, but It remains very difficult to accurately know the final 

concentration of the test substance applied (Salmolraghi & Stefanls~ 

1967). Nerve tissue cultures may be !deal to supplement pharmaco-

logical studies on intact animals~ In addition, a more detailed study 

of the "reversibility" following alteration In the environment <tem­

perature, chemicals, etc.) may give some clues to the adaptive capa-

bilities of neurons. ' . 

In the Interpretation of the experiments with calcium and 

magnesium, the data analysis was limited to the average spike fre­

quency. In future experiments~ a more deta.lled analysis of the dis-
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Fig. 44: Group of I i v i ng neurons (p hase contrast) from ce rebellum , 

19 days~ v itro , show ing pos i tion of intracel lular micro­

e lect rode . Inset : i ntrace ll u la r reco rd from one neuron 

(arrow) show ing membrane potential of -77 mV and sub­

threshold signa ls (presumabl y EPSP's). 

11 0 



111 

real modtftcattons, etcn have yet. been- done. Stmllar stgnals 

have, however, been mentioned by Klee and Hi ld ( 1967), .but wt:thout any 

further comments. 



.. 
IV. CONCLUSION AND OUTLOOK 

The value of simple nervous systems for the study of some 

of the fundamental problems of neurobiology (integrative mechanisms, 

p lastlc tty, learn! ng, memory, etc.} has been. pot nted out repeated I y 

( Bu I lock, 1966; Burns~ 1968; Gi acob in i ~ 1969). Phy I ogenetica II y 

sim~le organisms (e.g.~ annelids~ molluscs, arthropods, etc.) have 

yielded a wealth of knowledge, especial !y since many of these lower 

animals have conveniently segmented nervous systems, often with 

I a rge nerve ce I Is. However, It is not yet c_l ear whether these· 

relatively simple preparations wil I contribute to the elucidation 

of such problems as neuronal plasticity since their behaviour Is 

usually rather stereotyped and unadaptive. One of the ultimate aims 

of man's quest for knowledge is to explore his own mind and con-

sequently the study of the nervous system of higher animals (and in 

·particular, mammals) has an inherent appeal. The cultivation of 

nervous tissue of mammal ian origin Is an attempt to combine the 

advantages of simple nervous systems With the complexities of 

higher animals and to achieve simplifications of and accessibility 

to an otherwise hopelessly complex organ. Serious disadvantages and 
' 

problems, however, sti I I pla~ue the preparation: the cultures are 

stilI very complicated and their non-uniformity (each culture is 

different} and somewhat disorganized growth represent major drawbacks. 

In addition, the neurons are usually relatively smal I compared to many 
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invertebrate preparations and very labtle to electrode .tmpalement. 

Thts investigation has shown that even after transformation 

of the explant from a three-dimensional block of tissue fnto a mem­

brane-It ke structure~ some synaptic interactions between the neurons 

in culture persist. Whether these synapses have simply survived the 

··explanting operation or whether they have grown de novo during the 

development of the culture remains to be shown. Future investigations 

should also examine the functional properties of such cultured syn­

apses especially in regard to their similarity with the corresponding 

~situ structures. This can be done by pursuing the intracellular 

studies or by further, more detailed analyses of extracellular re­

cordings, both In conjunction with environmental changes. 

The cultures lend t~emselves quite naturally to the inves­

tigation of the development of lntercel lular interactions~ such as 

formation of synapses~ under control led environmental conditions. 
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This might bear upon the problems of neuronal specificity and plastici­

ty, and more generally upon the problems of learning and memory. For 

example, long-term stimulation (electrically and/or chemically) during 

the development o"f the cultures might lead to changes In their re­

sponse to electrical stimulation, changes in their gross morphology 

or ultrastructure, or changes in their synthetic activities (RNA, pro­

tein, etc.). Even short-term, acute electrical stimulation might 

Induce detect?ble changes In their bioelectric response to stimulation, 

or In ·their biochemical synthetic activities. 
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V. SUMMARY 

1. Explants from the cerebellum and mtdbratn of newborn rats were · 

~ultured in plasma clots on flying coverslfps fn ~oller tubes. 

2.. Neurons differentiated and matured in cultures and they seemed 

to maintain a normal morphological appearance. After 2 to 3 weeks In 

culture~ the nerve·cel I bodies became largely arranged in a flat 

array embedded between g I Ia I ce lis and neurona I and g I ia I processes. 

Many of the axons became myelinated and silver Impregnations often 

revealed terminal boutons. 

I 

3. Spontaneous bioelectric spike activity was recorded tn the maJor:-
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ity of the cultures from single neurons by placing extracellular ml- , 

c'roelectrodes near the neuronal soma. It was shown by ki I ling the cell 

nearest to the electrode tip that the spikes originated in living 

neurons whose somas were immediately adjacent to the tip of the alec-

trode. 

4. The patterns of unit spike activtty Included bursts wtth irregular 

si·ient p,erlods of sometimes several seconds, doublet and triplet 

spike patterns with Intervals asshort as 4- 5 msec·., and at times 

regular firings. At room temperature, the average frequency ranged 

from a few spikes per minute to up to 100 spikes per second In some 



of the bursts. 50- 300-sptkes per minute was the most common. In 

general, the intersptke Interval histogram showed vartattons tn 

. the distribution of intervals that was much more complex than a 

.simple Gaussian or Poisson distribution. 
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5. Reductng the temperature from 25°C to 16°C decreased the average 

spike frequency to almost zero and lengthened the duration of the spikes, 

while raising the temperature to 36°C Increased the average spike fre­

quency by a factor of up to 2 and shortened the duration of the 

spikes. Spike activity stopped at temperatures higher than 43 - 45°C. 

6. Spikes simultaneously recorded with two mlcroelectrodes from 

two ~eurons in the same microscopic field and separated by as far as 

200 lJ showed varying degrees of correlation with each other, I.e., 

spikes from one neuron were accompanied within a small time Interval· 

by spikes from the other neuron more often than expected on the basis 

of chance. 

7. 10 lJg/ml strychnine increased the average spike frequency and 

·changed the discharge pattern of single neurons in culture In a way 

similar to the changes seen l!:!. situ. 

8. Lowering the calcium concent~ation tn the bathing medium resul­

ted in a transient htgh frequency burst followed by a decrease of 

the average spike frequency. Irreversible damage was caused by 
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removal of al! calcium from the bathing medium for longer than a few 

minutes. 

9.: Decreas l ng or i ncreas 1 ng the m.agne~ 1 urn concentration resu I ted 1 n · 

an increasing or decreasing average frequency of unit spike activity, 

respectively. 

10. Membrane potentials ·of up to -77 mv and subthreshold signals 

resembling EPSP's were recorded with ultrafine intracellular micro-
., 
1 electrodes from the somas of cultured neurons. 

II. From the non-random inte·rsplke intervals, from the close 

. ' correlation of simultaneous spike trains from two neurons, as 

w~ll as .trom the action of strychnine and magnesium, it Is concluded· 

that the neurons in these thin cultures of rat cerebellum and 

midbrain are synaptically connected to form complex nets of inter-

acting units. They rep resent a much sImp .I i f i ed, i so I a ted neu ra I net 

accessible to visual observation and electrode exploration under 

control table environmental conditions. This· work demonstrates that· 

this preparation may be suitable for the correlative study of function 

and structure in the mammalian central nervous system which might 

possibly lead to a better understanding of neuronal ·development, 

plasticity, and themechanisms of learning and memory. 
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V I • APPEND I X 

Computer Program for Analyses of Spike Trains 

Two channels of an a-channel tape recorder were used to 

record the 10-volt square pulses that were produced by two 

discriminator- pulse generators for each neuronal spike (see fig. 2). 

The two simultaneous pulse trains were later analyzed with a general 

purpose computer (Digital Equipment Corp. PDP-8/1) to construct time 

interval histograms and.cross-interval histograms as defined in fig. 

4. The tomputer ~imu!taneously generated four histograms and displayed 

them in the. four quadrants of the.oscil loscope screen: a) the lnter­

yals of train A (from neuron A), A1, A2, efc. (designated histogram 

AA>; b) the interval,s of train 8 (from neuron 8), 81, etc. (designated 

hi stog'ram 88); c) the first-order backward recurrence times between 

a' spike in train A. and the next previous spike In train 8 <V_ 1> 

(designated histogram 8A); and d) .. the first-order forward recurrence 

times between a spike In train A and the.next following spike in train 

8 <V 1) (designated histogram A8) (see fig. 4). Each histogram could 

consist of a maximum of 512 by 512 points (10008 by 10008>. 

The cycle time (40 psec.) for displaying one point of the 

display rout.ine was used as a unit of time for the measurement of time 

inte~vajs. Th~ baste display consisted of two horizontal I lnes made up 

o,f 1024 points each (baselines for spectra AA, 88, and 8A, A8, respectively). 

'· 
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The bin size could be selected by choosing an appropriate. divisor to 

convert the number. of d,lsplay point cycles to the desired bin duration. 

Each occurrence of a spike (= a pulse from the discriminator 

Interface) caused the display routine to be interrupted and the 

computer program to be transferred from the display routine to the 

main program with a subsequent resumption of the display routine. 

The overal I logic diagram and the flow diagrams for both the display 

routine and the main interrupt program are given below. 

Figs. 31~34 are examples of interspike Interval histograms 

<AA or 88), figs. 37-40 are cross-interval histograms (BA and AB). 



... · 

·OVERALL LOGIC DIAGRAM 

t TIME BASE GENERA TOR :~-------....., 

Spectrum AA Spectrum BB 
. ! 

I j 

Spectrum BA Spectrum AB 

· · Display on oscilloscope screen 

'---...,-f HIstogram AB 
(Starting address = 4001 ) ~ 

8 

.._____. Hi s tog ram BA 
(Starting address= 37778>~ 

~ Histogram BB 
(Star~ing address = 2000~) 

.. 
".I 

._Histogram AA 
(Starting address = 10008> 

PULSES FROM 
TAPE RECORDER 
(2 channels) 

DISCRIMINATOR 
INTERFACE 
(2 channels) 

INTERRUPT ; ........ :.--..,..--~ 

TIME INTERVAL 
MEASUREMENT 

121 



Set all variables to zero · 

Load X into X-coordinate 
buffer 

Load Y Into Y-coordlnate 
buffer 
Y = 512 (base I lne) + 
content of address (1000 + 
X) (= number of counts In that bin) 

Dis~lay points specified by 
X and Y coordinate buffers 

Set X = 

yes 

·Set X = 0 

no 

Increment cycle 
counter by one 

Load X into X-coordinate 
...---------1 buffer ..... l-----. 

Load Y into Y-coordinate 
buffer 
Y ~ content of address (3000 + 
X) <= number of counts in that bin) 

Display.points specified by 
X and Y coordinate buffers 

Set X = 

Increment cycle 
counter by one 

no 
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MAIN INTERRUPT PROGRAM 
., 

Save contents of accumulator ,' 

Count A 

A 

Bin number = INTV = 
Counter setting 
divided by divisor 

no 

yes 

Set BA = AB = INTV 

Set 
.._.'--X BA:= INTV 

Set BA = 
BA + INTV 

Count as OVER 

Save "Channel A has 
caused last interrupt" 

and II nk 

Add one to address 
1000 + INTV 
(Spectrum AA) 

INTV + BA 

x---

no 

Add one to address 
3777 - INTV 
(S ectrum BA) 

INTV + BA 

z 

~==t page t-1-.,...,.-
B 

B 

Add one to address 
3777 - INTV 
(Spectrum BA) 

no 

Add one to address 
1000 + I NTV 
(Spectrum AA) 

Return to 
display routin 

(resume where 
interrupted 



·' 

MAIN INTERRUPT PROGRAM· (cont'd.) 

Bin number= INTV = 
------~~ Count B 1------o--~ Counter settIng 

L-._;... __ _, divided by dIvisor 

Set BA - AB = INTV 

Add one to address 
4001 + INTV 
(Spectrum AB) 

Add one to address 
2000 + INTV 
(Spectrum BB) 
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Set INTV = INTV + BA Set I NTV = INTV + AB 
Set AB = 
INTV+ AB 

as OVER 

;, . ' 

Save "Channel B has 
caused last interrupt" 

yes 

Add one to address 
2000 + INTV 
<Spectrum BB) 

no 

Add one to address 
4001 + INTV 
<Spectrum AB> 

INTV + AB 

Return to 
display routine 

.__ __________ _..,1 (resume where 
interrupted) 

.-
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Computer Program 

DXL = 6053 
DYS = 6~) 67 
i\'J()JL .- 7 1!21 
DVI .- 7 /~iJ 7 
r'lQA - 75r:l 1 
ADOi:JN -· 61 ()2 

BDO\H0 := 6534 
DASf = 6HJ 1 
Dl:1SF' = 6531 

:l' r:F·J 0 0 
0000 \1(J!::J (~ 000C:} 
0001 5.402 .Jiv\P I 2 

. i:l:l02 0600 t\JTRUP T 

>!:0(~110 

(iJ (.') 1 (J 0000 INDEX, !) fj f(i {i) 

*0 10(!) 
i;1 1 :ar~J 0000 AC, t2J 
g 1 Ll1 1J·?J00 L !1'i K, 0 
0 Hl2 0CJ(;J;1 II'JTV,O 
n 1Vl 3 000 /j · T Ii'l 10, L! 

'1 1 [lj ll () 00 (iJ Tl~'l2r7J,0 

CJ 1 fJ 5 (J 0 !J Cl LP.ST,iJ 
0 1 (j 6 CJ '!1 C:'J 0 li'JT \1 (\(\" 0 
C) HJ7 ()C)<:)r~ HJT\113[3, 0 · 
·~J l 1 ~;; ·JDi;1;;J Ii'J T 1.} L\ 8 , 0 
() 1 1 l uooo I 1\J I iJ !:3 !\ , f2l 
\/) 1 12 DO'~l'1 ~:;,;, ') 

r;J 1 1 3 ·n:::JOD Al·3 .. J 
i';J 1 l 4 3777 ::;.p ~'\ d/1:::) .. 3777 
D 1 1 5 Lj:"1D 1 .SP ~U\B:iJ, /J~J0 1 
(~ 1 1 6 ~~oou .SeKl:3,~l, 2000 
(l 1 l 7 r f:J (-j r:J .':iF' r< A r;J " 1 (j~J!~ 
'l 1 ::>.c) 1 f;JOO !<ANGA:. 1 t:'~ ,;J r1 
r;j 1:::>. 1 :lOt:) G) STO:·~,r,) 

'l 1 ') 1;') 
( .. ,_ tJrlOtl 0\IEi"\::~" rj 

1 1 '?.3 ;J 1~) IJ (1 0\JE!~l :.0 
:) 1 :?.1! : ·~i !~} f:'J j'~ 1~\C!,lT?:.f'l 

t) 1 ·?5 .~:j ~-::; ~;) :7j /\Ct'l T 1 .. n 
rJ 1 ?. () /} () ~~J t) i.~CNT:-: .. vl 
:) l ~:J 7 '·J :() !:j (i) DCi'l T 1 , t'l 
) 1 3~) :;ivi'.'J 1 ><·;) :> :~j <:j 'J 1 

:"Jj 1 31 ()Cjf.:J 1 1 i\l C X , :,7! •/l !;1 1 
:') l ~3? 1 !/) !;) !l y /1•), 1 ~:J U) !:) 

r;) l ;n n ·n7 r 1\i i'l r~;< ,;1 ~ 777 
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,11 3 L! 0ti.i!J ~~ T,H--1 1.t0 
0135 0000 Tii''12,\iJ 
0136 0 trJ~) t•1ESAGI,MESAGE 
0 137 i)/!6/l UDPRT!, UDPR1'JT. 
!71 1 /.iifJ -'f(!)Gj(J Si'l-\A I, .SPKA 
1) 1 L! 1 70) 55 SPKr:li, SPKB 
"1 1 1!?. 7(136 :3r)f<A3I, SPKAB 
8 1 113 7t:ll 6 SP 1-\ SA I .o .3P KFsA 
0 1 /ill ()()C) !!J l~l~SE:T,- 2;;F'l() 
r:j ll! 5 •l ()) (1 i,j Ci'\JTr<,f1c)f-)0 
0 111 (} .)O!l') )\, li)(J :-j ~1 
0 1 47 (ij ,;)~1 CJ' 0 UT.S\•JT, t) 
~} 1 c· ,., 

•. 1.) 7 LJ(:Vi F'O Ui·;H,- L!fi0 

'"" 
1 51 · 'i"JvJ(,J LJ FOUl\, 0 'J}~i L! J 

; -
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*~~:~[-) 

~ 
() ~~0·0 7 30~J CLf), CLL 
:Zl ;~o 1 6CJ LJ2 TCF 
~) ~1.02 Lt3 6 ~) J1VlS CLU-\R 
:] 2 1J3 31 ~~ 5 DCA ~~CN T 1. 
0 2'(J /.j :-.:l1 2 4 TlC.6. (\CN T~2 
i.iJ ;~r'JS 31:~ 7 DCA E:Ct\!Tl 

1. 0 '2:'3 6 3126 DC.6., SCNT2 
·}207 31 3/.J DC f.\ T I I"! 1 
::; 2 lt:J :31 35 DCA T Ir'i2 
(""j 21 1 3lil 5 DCA Lt·\ST 
') 21 2 ~) 11':) 6 fJCi~ I;·~ T \1 r.\.t'-\ 
:j i~ 1 ., ,, 31 \·;; 7 DCA I 1\l T V!3l3 
(I) 21 /j 31 10 DCA INTVAB 
G ;::! 15 ~.n 1 1 DCA U,JT\1;3f.\, 
(ij 21 6 31 1 " ,) ·. f)Cf.\ l~\ I::: 
[il :?. 1 7 ;n 12 DCA 13!.\ 
liJ:2;~o 3123 !)(:/~. OVE:Rl 

j· 

·~ ~?. ::.~ 1 312:~· DCi\ 0\IE~R2 ..! 

'::1822 31 /.f'l DCA 0 UT ,'-)~·JT 
!J2:-?.3 6El:~ (\ [)lj \·)1\j 

1)221! t;J53/l 13 ll0 1:!N 
0 :?25 6001 I Oi\1 

;· r1226 1 1 3,3 .DIS;:> ~'\0., 'f(l,[l li\IDEXC:J 
0227 3!) l';J DCA IN DEY 
D 23'J 1 1 /.fLj TI\D. f<E:SET 
;) :::3 1 311~ s DC<~ CNTR 
0 ;:;3:?. l 1 30 TAD XCJ 
::; :~33 31 Lt6 DCA ~'( 

() 23/l 1 1 Lt6 DI SPA~ TAD ,v,, 

I ~J j-:~.3 5 605·3 D/,L 
'\ 

:) 236 1 1 31 TAD INCX 
9237 .3 1 Lt6 OCt.'~ 

,.,.. 

" 
. :~j 2L!·J 1 l.j} (l TAD I I t\1 DEX 
') 2 .Ill 1 1 3:~ Tf.\D YAJ 
U;>.N~ 6 7.i (-, 7 t\Y::: 

'·' • •• J 

.':::' ;~ .q 3 ·t? ~~H CL!\ 
~~ ~-~ .!j L: :~ 1 L!S I Sl~ Ct\1 Tf-~ 
f~J 2.45 7 /j 1 ~:i S!<P 
Ci~~/j() :.J;~ '.:) /i ,h-1P D I .SP R:;J 
'.j :~117 21 ~~ Lt LS? T Ii"' 1 
J ::.: ~:):) 7 /!} :J ~) i~l' 

!l~~Sl 2 1 3'' .) I.') z. T ll"l2 
·.J ~~ ~;·~ 7 ·}·)() :\lOP 
-t •'") C' ') 
} "'·• .. ) ·J ·:):~.3 /j ,JI"IP DISPA 

.-.... l" I 
D :~ :J •·l 1 1 l!lj DISF'DO~ ·!'~\D t; ':::.SET 
') 2:.5:.5 :.3! L'JS !)C;'\ c;,,J'f.-:!. 
'J?.::Jr) 1 l 3:1 ' . T~\D )\ 1_') 

-. I') ~~"I :31 /.j(-, UC'\ 
._, 

Jr . .• J, {\ 

J :.:G J 1 1 1!6 .[,I..':);' 1:3.; T/\!) >' ·' 
I) 8 61 1)) :.>:.3 iL<L 
.:) ~(,•: 1 1 J I l·"d) I '.\IC >~ 
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·J~:: 1)3 31 46 
;0 2 6/J 1 It 1 [) 

I• ')26~) (,l~) 6 7 
~'1266 7:?.•)(,) 
·) ~~ 6'/ 7 'J ') ·'J 
jj 2 '{ •.) 7iJOIJ 
tJ 2'/ 1 7(1() 'J 
') :~ -, ;1 •j 1 IJS '-· 
iJ ~; ., 3 7 lj 1f) 

t) 2 '71: 53'-J~~ 
D27~'i :~ 1 ,.~ /t 

v•·: 

1) ~? 7 6 7 ··'ll u 
!)2'17 21 3 ~) 
03YJ 7rJ,J0 
n :3'31 ~)2 60 
lj '),'.1·? 

V.Jc ... 7 LtU L: 
0 30 3 77DO 
\] 3'JLJ 5:.:~26 

J :3CJ 5 GCJ:i.J~~ 

'3 3;:1 6 1 120 
IJ 3•.J "{ 61) ~:~ 

0 31.J '/2!) (.] 
') ;3 1 1 1 1 5'J 
~j 31 2 31 L;5 

0 31 3 6CJ 6 7 
0 31 /r 1 1 51 
(:..1 31 5 21 ,:!5 

0 31 6 531 3 
Cl 31 7 70::~:)1J 

(.:) 3t.)(," ,_.) 1 1 L!7 
(] 321 77 10 
LJ I")()·) v.: .. c_ 5226 
'j 323 /636 
0 ;L?.L! L!5<~3 

'.1 3~~ 5 J 31 7 
f) 326 251 6 
(<) 327 2 4/Ji) 
;J 33':) :j lilt) 
0 331 7 5<~!j 
[/) 3 .'3 ~~ ~ 
u :3;3 3 ·~!537 

'}33/.J ·:) l :2 4 
0 335 L!:)36 
0 :336 /J~)Ll3 

;~ 337 03 1 7 
u 3 q:~j ~2 51 6 
J 3/!l 2 ,;'!1!''1 
0 :342 •!i ~?, Lj·;_} 
,;) JI.J3 7 5 LJ•~) 
!;i :.~ /j .~, ::j ·:; i.J ~·j 

\ 
~J :v1~) /; ~5 ~j 7 

I .;l :31!6 l·j 1 ;~ (l 
'l :3 /1 '/ ,{, s ~) (J 

.. 

END.~~ 

¢rfJ¢¢ 

DCA X 
TAD I INDEX 
DYS 
CLA 
r,JOe 
t'JClJ::l 
NOP 
ISZ Ct'l lR · 
SKe 
j(•ir:> E.\Jb 
I.SZ THiil 
.<:J,i\P 
I .St~ T IiVj2 
Noe 

. J,vie DI SPB 
os·r~ 
.5l"i ,C) CLA 
,_i,"i I;) pI SP AVJ 
IOF 
li\1) ~~f-\N (if\ 
DI<L 
CLA 
T/\D FOURH 
DCt\ CNTR 
DYS 
Tl\0 FOUF< 
I.S ?: Ci'lTi"< 
J,V)p o-3 
CLD. 
TAO OUTS\•JT 
:SPA CU\ 
j;")p DI SPA:1 
Jl'1.S 
4543 
~l.31 7 
2 516 . 
244(:) 

ICH LF 
IC 0 
/U N 
IT • 
ltJ.. S?AC2 
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iJl l.j('J 

7 5 '-!(j I= • (-~·PACt) 

0000 END 
Jl'!S I UOPf\TI 
,(\Ci~T2 

J1"'l$ I lVJESAGI 
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0317 IC 0 
2 51 6 I U •'J 
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.Q5LJ3 
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' : DCA OUTS~·JT 
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.. 
*600 

t:J 600 310.0 NTtWI:)T ~. I)CA AC 
~~ 601 700/J RAL 
0 6(,12 310 l OC.A LINK 
.0Mj3 fd01 OASF' 
;:; 61) Lj 7 Ljl(j S~<P 

0 60 5 5212 J;vjp A 
(j 6!'1 6 6 531 OS .SF 
() 6{01 7 Lj} Cj SKP 
0 61(1 5252 Ji'•')jJ B 
~j 61 1 7 /J(~J 2 HL T 

(l 612 6102 A, AD0\,!1\1 
l;) 613 2125 I.SZ ACNTl 
0611-t '7 Ltl (:) SKP 
'o 61 5 21 '2LJ ISZ ACNT2 
0 () 16 Lt322 JjvJS DIV 
() 61 7 7710 .SPA CLA 
(7162!l 5743 Ji'lP I OVERAI 
1) 6:"J.1 1 1(05 TAD U\ST 
Cj 6:~2 7710 .SP ,"\ CLA 
J ()23 5236 Jivjp A'"-
!) 6~4 1 102 TAD I t'-l TV 
D 6~? 5 31 1 1 DCA IN TV!:~ A 
J 6:26 LJ51J3 J!''lS I .SPKBAI 
l'l 627 1 102 TAD Ii\jTV 
(;j (, 3t~j 1 1 1 3 T/\D AB 
n 631 310 6 DCA INTVAA 
G 632 .Jt5 /j;J Jt"1S I SPKAI 
·2) 633 1 102 TAD I t\l TV 
i;J 6:31.; 31 1 :2 DCA I::St~ 

::J 635 52 ·'-17 J,,;p OUTA 
[:j 636 1 102 AA, TAD I t\l TV 
(ij 637. :3 UJ6 DCA IN TIJAA 
0 6I.JIJ ,/15/J") J,v),S I SPKi\ I 
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