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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
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ABSTRACT

‘“TiSsue cdlfures were prepared from ceredella and mid4brain'.n
of neonafal rats by embeddlng The explanfs in plasma clofs on cover
slips and |ncubaflng Them |n roller Tubes at 36°C wnfh a nutrient
medlum consusflng of 75% balanced salf soluflon and 25% calf serum

| Within abouT-Two Tovfhree weeks Thevcu|fures flaffened»sovfhafifhe
‘ *:nerQe.celie-evenfualIy.beeamevarranged fn-a-Twe;dihensionajdarray
surrounded'by»a.felr—like.mafrix of gliaf‘cells.and“glial and neuronal
nrecessesf Under a phase confrasf mlcroscope, The l|v1ng nerve cells.
could fhen ‘be- clearly seen and dlsfanUIShed from ofher cells (glla,i
flbroblasfs, etc. ) Some of The structural. feaTuresvof neurons,
such as lesl substance and neuroflbrtls as revealed by hnsfologncal
_meThods{'appeared quite normal. STruc*ures resembllng fermnnal
:bou+onsvwere cOMmdnly seen”afferVBOdian's‘or Holmes' aiIVer.imprege
nation of dnseefioned cultures. Myelin formed in fhe‘éulfures Usually :
after about 10 - 12 days in vitro. | ”

By posiffoning @Tcroelecfrodes ynder visual:cenfrbl near

the soma of a neuron, spontaneous exfracelddlar acfion no+enTials
were reeorded from the majority of cells feefed. Tnafifhe apikes"
originafed‘in the soma ef neurons nearesf to the electrode and nef_
from axons'or dendrites in the vicinity was proven by ehOwing:fhar ‘d

the spikes stopped whenvfhe neuron in question was,killed;r‘AT”room



O ovide

Temperafure, the average frequency of spikes was’generallyabefween .
‘50 and BOOsspikes per minute, with borsfs, doublets and triplet

splkes freqqenfly occurring.

B Tﬁe avefage spike frequenoy oouid:beareducedifo almost zero
land the durafnon of the spike could be increased by a factor of .
ovalmosf two by lower|ng The Temperafure'from 25°C to 16°C. At 36°C.
the splke frequency was up To TW|ce as hlgh and- The duraflon of +he 4
‘splke was dlsfnncfly shorTer Than at room Temperafure (25°C)
: Above abou+ 43 to 45° C the splke acT|V|Ty sfopped |rreversanyI;
The inferspike tnferval hlsTogram usua!ly showed several peaks with
rafher narrow dlsfrtbuflons, and in general did nof follow a GaUSSIan
or Ponseon dlsfrtbufron, which seems lndwcafrve ofvneuronal_cwrcu;ts
or some'ofhef non-rahdom ihfIUence. | | o

Spike frains eimUIfaheouely recorded-yffh fwo micfoeieo-

trodes %Eom_fwo neurons in the same miCroScopio fie!dvand separated
by as far aa'ZOQ L were usuafiy loosely corfelafed, i.e., some
.spikes from one:neuron were acoompahied 5y a near-coincidenfasp?ke
from *he:eecond oeuron, while fhere were . also'spikea from eaoh
neuron Thaf dld not correlafe in time with sp:kes from the second

neuron Tesfed

The average spike frequency could be increased and.fhe

discharge,pa++ern-drasfica!Iy altered by the addifion of 10 pg/ml

b
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~ strychnine to the bathing medium during electrophysical recording.

“activity..

" oviil-

Reduction of the calcium éonéenfrafionvin the bathing medium (from

2;55 mM to 1.2 mM) resulted in a Tempofa}y‘high ffequency burst of

o

Ve

splkés folidwed by a depression of fhe_spiké frequéncy.v Decreasing - .

| or Increasing the magnesium concentration caused an increase or

:décréééé}fkéspeefively, of the average fréQuéncy'df‘unif‘SQiké

Membréne_pofenfiais'of_up to -77 mv and subthreshold

signals resembling EPSP's could be recorded with intraceliular

electrodes from neuronal somas.

~ From the non-random interspike intervals, from-the high

‘degree of correlation of two simultaneously recorded spike trains,

and from the effects of sTrychniné and magnesfum,_if is~cbncjuded ‘

that the neuroné‘inffhese_fhinlyvspread culfureé form synaptically

vconnecféd neTé of inferacfing units. These thin cultures fhérefore

seem to be a favorable brebaraffonvfor the study of some problems of
mammalian'neurobIOIOQy, whére simplification of the system, control-
lable environment, visibility, and aécessibilify of individual

Itving neurons is desirable.



1. INTRODUCTION

Nervous flssﬁe.grOWn.and hth+alnéd jg_gjjgg_represen?s a
model system for'fhefsfgdy of some-of the pfoperfies bf neurons and
?heirvinféracfions unQe;‘relafiyely simple anq controllable conditions.
'Many‘invesfigafiqns‘qf cultured nervous tlssue were and are sTJ}[fcon;
cerned with demoﬁs+rqfing the integrity of its crucial éellulaf‘and or-
ganotypic parameters, such as 1Its cytological, morphological, Qlfra—
sTrucTufal, bloejecfricai,_and biochemfcal properfies. .As will be seen
. from a review of the Eélevanf literature, mbs# of the Impér+an+.s+ruc-
~ tural and functional attributes of neFve cells are indeed malnfaiﬁed in

culture; *hus‘neurbné differentiate and mature in vitro, their electri-

.cal properTies.Ceréspond well to the in vivo situation, and they seem

to retain at least some of their biochemical specificity.
A. STATEMENT OF THE PROBLEM

Osfaining succégsful culfures éf nervous fissdg-seéms To.bé.
?s much an art as a sclence. The es+ablfshmen+, imprbvemenT, and
refinement of culfure.fechniques,fbvobfain culfdfes bf'unlform dfffer;
entiation and Qevelopmenffwas prereduigifé to this study, consequentiy
much time has been spent on this aspect of the broblem. Next, a ;har—

acterization of the spontaneous biocelectric activity was neceésary be-
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fore embarking upon the mgin goaf'of fhis lnveéfigafidn,- This was flfsTo
to establ Ish that The,neuréns In +hinly;spread:culture$ have functional
synapses form[ng nets of'inferacffng units; and second, to explore some
of the properties of These.inferacfions with eXTra@ellﬁlar and intra-

cellular microelectrodes under a variety of environmental conditions.

B. DEVELOPMENT OF NERVE TISSUE CULTURE TECHNIQUES

S

1. Advantéqes énd Dlsadvahfages.of Tissue Culture

Long~term Isolation of tissues has both experimental disad-
vantages and advantages. |t Imblies a cons[dérable disrupflon of the

in vivo

—

normal environment of The‘éells, as Well as a dfsforfién of the
topographic and physioyogpcéj relationships of the tissue. If the
environment is chahged too draéflcéily, aS'foE_Lnsfanée in-esfablishéd_
subcultured éell lines, the ¢e1ls usually lose Their cﬁarac#erisfi;
morphology and function and dedifferentiate into a mére embryological
state (Harrls, 1964). Fdr'some.primary tissue éulfures, where an_af—ll
tempt is méde to allow The'célls o be InTegraTed-inTo a tissue, as is
- the éase in the cuITlQa+ion of nervous‘fissue, dédifferénfiéfion is-
usually'noT evident. Nevér+he|ess, one has to be consfan#ly on ghard

- for suéh'undesirab]e effects when dealing with cultured tissue. ~On the
-ofher.hand, IsanTion and the énsuing sjmpllficafiﬁn of the tissue in

culture under suitable conditions. allows



:éﬁiﬁconfrol ofwfhé physicéifnnd cnemicél.environnenf (nu-
._Trfenfs, Ions, hormones,'drugs,,fempera+ure, radiation,
Cetel); - ”
b)) isoIaTion from Theiconfrolling and modifylng influences
o (neural humoral, hormonal) of other Tissues in the body;
c);.coniLnuous_observailon of The cells In Their living state
| under a suitable microscope (phase conTrasT,vpo!ar|Z|ng,
TnTerference; fluoréscenT; efc.) permitting sTud§ of
morphology and cell dynamlcs |
| d) accessibiIITy of Indtvidual ceils and even parTs of cells
to exploration with microelectrodes, microbeams, and other
: micro-ins+rumen+s;vénd |
e) the possibility of.sfudying intracel lular molecular syn-
thesis and degradaf?on.wifh.fracér and other techniques.
Compared Tg Tissuevslices and other cimilar shorf-ferm Iso-
Iafion Techniques, long-term isolation in cultures often permits recov-
ery from fhe dlssecfion Trauma and from The TransienT changes occurring
in the Ttssue in its adaptation to the new environmenf. .The recovery
may not be complete, but hooefully at leésf some slowly changing con-q
, dition is reached which allows meaningful experimenfaflon.

All of these factors are of special significance.In the study
of nervods tTissue, becéuse the nervous system Is an»almosT hopelessly
complex organ consisting of various functionally and structurally dif-

.férenf cefl Types.} Simplification, coupled with the controllable envir-

#

onment, visualization, and accessibl | ity made possible by the Technique



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 I[Terafure'rslfhé Bibliography’

of the Researchbig_T155ue Cblfure.compi!ed by.Murray and Kopech (1953).
Several recent books treat modern culture methods in detail and offer
an infrbdu¢+ion TQYQQrious aspecf§ of fissue.éulfuregféseafch-(Cameron,
1950; Parker, 1961; Penso & Balducci, 1963; Harris, 1964; Merchant,

Kahn & Murphy, 1964; Paul, 1965; and Willmer, 1965). The reviews by

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

‘nervous. tissue ih-culfure,

| Early attempts af'culTuring isolated +fssue by von Reck~
’ Iinghadsen (1866), Roux (1885}, Ljunggren (1897), and many others, may.
only have»resulfed in a somewhaf:delayed death and decay of ;he tissues.
But Joliy (]9035; for Instance, wéé able fo maintain énd observe 7.
ahoeboid movement and cell divisions of IchocyTes 1g_xii£9_for about
a mon+h. In order o study the development of nerve fibers, Harrison
(1907, 1910) devefoped a technique of culturing nerve fissue from
embryonic frogs by embéddlng the explanfs In Iymph.c|o+s on coverslips:
inverTed:and sealed over‘depress[on slldes. lh this way he observed the
formation of fibers by protoplasmic outflowing from the central peri-

karya and- thus substantially contributed to the conflirmation of the

neuron doctrine of nerve development.

D



| '?‘  >1 “.Mérpho[dgtéaﬂ,§7udlgs éqnflnuedifromVIQIO to the preéenf,
\bbf ?hevmain effort wen?-IhTO'expértmenTé bh\Thé'regeneraTIve‘énd pro-

'Ilfera?tve capacitles of explanTed cells, using tissues of many ori-

:i' gtns. Unfll better methods had been developed,}fhe study of nervous

Tjssue was |imi+ed by‘THe apparent inability of the cultures to survive
for anger'Than a week or two, atter which the newly grown ffbers, |
uéually"sfarfed Tb degénerafe (Ingebrigtsen, 1913);_ Nevertheless, sig-
niflcant contributions fo mény prbblemé of néufo]égy weré made during »
'fbis,fime:.e.g., Levi aﬁd Meyer (1945) oﬁ nerVe regeneration; Weiss &

| Hiscoe ﬁ1948) éh axoplasmlcvflow} on ffbef orten+a+i§n dufing.devel—

- Opménf (summarized [n Welss, 1955); andvon.fhe existence of (non-arte=
‘factual) Niss! substance and neufofibrils‘lnv!lving neurons (reviewed .

by May and Courtey, 1966).

"~ 3. Modern Nerve Tissue CUfTure Mefhods'

Any tissue culTure meThod muéf affempf to- provide the Tlssue
;wlfh an environmenT ThaT is close to the In vlvo slTuaTlon while allow-

" ing for the simplificafion and accesslbllify demanded by The parficular :
‘experlmen1. Successful long-term cultivation of nervous tissue seems

- tTo be possib|evwi+h a number of Techniqﬁes using varlous-combinafioné

of vessels, substrates for cell attachment, and cémposifions of nquiénf
méqia. However, sevéral éri?icai requirements are comhon'fo all”

techniques:



a)‘

b)

c)

An opflhum_stié of The'explénf, usually about 1 mm3,
éméll enough to allow diffusion of-nufrlenTs and oxygen
to all parfs of the tissue, yet large enough to leave a
maximum nuﬁber of cells undamaged or with recéverable
damage (Peferson, Crain & Murray, 1965; Lumsden, 1968).
A suitable subsfrafe.for cell attachment. Since cul-

tures of nervous tissue do not adhere well to uncoated

~glass, several methods are commonfy employed to hold the

explanfs;in'place.' Embedding the tissue in a plasma clot
(chickeh;plasma cléffed with chicken embryo extract)
(Burrows, 1910) is one of the moéf convenient me*hodé°
Most neural tissues (éxcepf avian spinal.ganglia) affach
well-fo}ébyer glass coaTéd with a‘film of reconstituted
collégeh fBornéfein, 1958);' Hofding +ﬁe'e¥plan+ Undér

a strip of dialysis membrane has aiso ﬁeen successfully
emp loyed (Pémefaf, 1959); and culturing tissue on cellu;
Ioée sponges has béen reported (Cunningham & Estborn, -
1958; Cunningham, 1962). |

A nutrient medium consisting of a balahced salt solution

(BSS) supplemented with serum and possibly other natural

- fluids (human'plaCenTa! serum; various fetal, newborn, or

adult animal sera; various sera ultrafiltrates; and embryo

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

a hfgh glucose concentration (Pomerat & Costero, 1956;

Murréy, Peterson &vBungé, 1962; Orr, 1965), and buffered



)

f)

a . g)

at a pH 6f.6 8 to i f.(Lumsden,‘1968i.

Sufficnen+ oxygenaflon of all parfs of The flssue.
Incuba+lon at a Temperafure of 36-37°C (PeTerson &
Murray, 1960)',‘ |

Ltack of toxicity In all paffs of the culture chamber,

'espeqially the cover glasé'(PeTerson, Delfch & Murray,

1959). ;
Maintenance of strict sferilify'*hroughouf éll man{pu-

lafions.‘

Based on'fhe above requlremenfs, several methods have emerged

during The last two decades and ‘are most commonly in use today:

a)

The Maxlmow double coverslip assembly (Max!mow, 1925)
which was first used for nervous tissue by Murray &
Stout (1942), consfsfs‘of'a sma | | circulaf coverslip
which bears.fhe culture (either in avplasma clot or on
a film of coilagén) éTTaChed with a’drbp of balanced

salt solution to a larger cover glass which is sealed

with a pefrolafum—paraffin'mixfdre over a depression

" slide. The cultures are usually'incubafed in a "Iying

drop" position with a drop of rich medium (containing
high concentrations of sera, embryo extracts, and ultra-
filtrates) forming a thin film over the culture. This

technique usually yilelds a kind of organ culture many

cell |éyers thick which has retained a great deal. of

organiza+ion (Bunge, Bunge & Peterson, 1965, 1967); it



b)

[y

is well suited to allow confinuous,dr repeated obser-
vation wifﬁouf disturbance. The cultures have to be

opened fkequenfly for feeding'and washing and conse-

quently require constant attention.

Roller tubes were used by Hogue (1947), and Costero and
Pomerat (1951) added flylng-cqveréllps to carry the ex-
ptants. The use of about 2 ml of nutrient medium al tows
mgch lower conceanéTions of serum and embryo extract in
the medium and requirés a much lesé frequent feeding sche-
dule. The rolling action results fn repeated draining,
aeration, and refeedjngvpf the cultures. Under these con-

ditions, glial -and mesenchymal migration seemé to be en-

' couraged; after approxlmafeiy two weeks in culture the

c)

three-dimensional arrangemenf.of neurons has become trans- -
formed into a two-dimensional array of nerve cells embedded
in a matrix of dehdrifes, axons, glial éells, and gllal
proceéses thin enough to éllow good visualization with the
'phase contrast microscope. Such cultures represent a much
Iess'complex system than the thick Maximow chamber cultures.
Bécause of the favorable visibllity and accessibiilfy

of the néurons, and because of fhe.relafive ease of pre-
paration of the cultures, this technique has been se-

lected for the present study and will be described and
discussed In detall under "Materials and Methods".

The Rose perfdslon chambér (Rose, 1954; Rose, Pomerat,
Shindler & Trunnel, 1958) consists of two cover glasses on

eifher>élde-of an inert rubber gasket clamped between
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'qu'sd!fabfe’mefal“plafes.  Thé culfﬁre; are usually cov-
ered with a strip Qf.dfalysts membrane (tﬁ order to en-
courage spreading):(PomefaT, 1959;-6rr, 1965), but blasma
clots 6r cgllageh’coafs';an also be used; or a film of
collagén cén be cohbined wifh'a_dfalysis.membrane cover

| N | (Hendelman & Booher, 1966). FeedTng is accomplished by
| B | Tnserfing a sferile syrlnge needle Through the rubber
gasket, or permanent ports can be provided for perfusiod
for pharmadological and toxicological sTudiés during
observation (Pomera* 1962)-
: Dissocnafion of cells represenTs an enTlrer different

éppfoach.‘ InsTead of trying to preserve organofypic organization as

much as possible, cells - usually of embryonic origin -- are disso-

ciated by chemlcal and/or physical means ammedlaTe!y after explanfafion,
They can then be culTured in suspension; pIaTed on glass, collagen

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

tem offers promising opportunities for studying purely cellular as-

pects; for assessing the importance of tissue infegfify'in.cellulaf

'funcflqn, morpholbgy, and différenfiaflon; or for investigating the

potential for reaggregafion.info histotypic structures (e.g., synapses).
Only recently has this feéhnique been sucéeséfully applied To,some‘
parts o% the nervous system (St. Amand & TipTon, 1954; Nakai, 1956;
Levi-MonTalcini &'AngeleTTi,11963;_Hillman & Sheikh, 1968). Some of The.

morphological and functional characteristics found in these cells
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(Niss! 5ubs+ance, argyrophllic processes, !arge resting po+en*[alsp
and excitable membranes with normal actlon potentlais) demonstrate
apparently normal neuronal differentiation (Scott, Engelbert & Fisher,

1969).
C. STRUCTURAL CHARACTERISTICS OF CULTURED NERVOUS TISSUE

The reviews of Murray (1965) and May_and Courtey (1966) treat
this subjecf ex+ensfvély;_fhe following discussion will éénéequenflylbe
res#ri¢+ed_+o highlighting some of the aspects relevant to this particu-
lar Ihvesf[gafion._ Cultures from dlfferenf.parfs of the nervous |
system exhibit fndividual differences in Their ig.giigg_behavlor. The
patterns of development of cultured ré} énd kitten cerebellum have been
described'bvaornsTein and Murray (1958) for Maximow siide cu!fures,
and by Hild (1966) and Mamoon, Schlapfér and Tobias (1968) for roller
tube cultures. These patterns cénslsf eséenTiaIly of an outgrowth of
non-neuronal cells,‘a flattening of the cultures, and an appearance of
hyelin. Some néurongl migrafion has been reported in.culfures of sym-
péTheTic ganglia (Muffay & Sfouf; 1947’ and fetal human cerebellum
(Hogué, 1950), but It Is now generalfy agreed that neurons of the cere-
brospinal sysfem are usually quite immobile. Under favofable cqndi-

. tions clltures haye survived for up to six months without any notice-
able deTeriora?lgn.(Lumsden, 1968), and rat sympéfhe+ic ganglia, for
instance, have even been mainfalhed for up to eleven months (Coidan,

1964) .
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Culfures of nervous Tlssue confaln a varlefy of “types of

» neurons, dependlng on The origin of the explanf ln-addlf!on To-varioue

Types of glial cells and- mesenchymafous elements. - In cultures of cere~

' belium.df human fetuses, for instance, Hogue (1947) described granule

cells,fGoIgi typeill neurons, Purkinje cells, and giant dentate neurons.
Similar observations were made by Pomerat and Costero (1956) in cut-

tures of cerebeflar folia'ef newborn kiffens, and by Wolf (1964) in

cultures of cerebel lum of newborn mice, alThough it seems that cere-

bellar granule cells are dlfflculf to disfinguish from oilgodendro-
cytes except for the refenfien ofyTheir neuronal elecTrlcaI properTles

(Lumsden, 1968); Hild (1954, 19570, 1966) has examinedvroller +ube

cultures from varlous'ofher parTs of the newborn mamma!lan braln, gen-

erally f[nding at least some of the neuronal types represented as In

vivo. In cerebellum for instance, he found Purkinje cells (with sligﬁf
- morphological5al+era+ions, such as a reduction and simp!ificafion'of The‘,
dendritic tree), and large mulTipelar cells from the deep nuciei; in

~brainstem cultures, he found large multipolar neurens from the lateral -

vestibular nucleus of Deiters and unipolar neurons from the mesenceph- . .

‘alic Vth nucleus.

Among The structural characTerisTics speclffcvfo neurons are .

a) lesl subsfance b) neurof!brils, c) myeltn, and d) synaptic struc- -

*Tures. AII of These are. found in culfures in forms that are very sImi—

o Aar fo Thel in vivo counterparts, as the next section will review.
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elecfron microscope, on the other hand, revea!s clear and fypicaﬂ
synapTlc profiles in culfures of fefa! rat spinal cord (Bunge,,

:Bunge, Peterson & Murray, 1963; Bunge, Bunge & Pe?erson, 1965, 1967),
raT‘cerebellum and brain‘sfem (Callas & Hild, 1964; Lumsden, 1968),
mouse-cerebral cortex (Pappas, 1966), and chtck embryo cenTral ner-
vous system (Me!!er & Haupt, 1967). The various Types of axofdendrlfic
and axo-somatic synapfic structures wffh synaptic vesicles, mitochon-

dria, and Thicken%d presynapTic.and pos+—synap+lc membranes are

commonly found, resembling the in situ sfrucfures very closely

' The-question of whether synapses are s(mplyvcarr|ed over
during the explanting operation or whether they are formed de novo in
the cultures has affracted recent attention; de novo synthesis in
cu1+Ures would suggest The possioili+y of sTuinng-problems of
'deve|opmen+ and regenerafion, as . weII as sfudylng the mechanisms of
Iearnlng.

Cultured fetal spinal cord can !nuervare Ieolafed fragmenfs'
of skeIeTa!:muscle (placed 0.5 fo 1.0 mm apart), make functional
connecflons (Peterson & Crain, 1968; Craln; 19685, and form struc-
tures having the characteristics of nerve-muscle Junctions (James
& Tresman, 1968). Dispersed embryonic spinal cord cells plafed onto
' monolayers of muscle cells even develop structures resembling neuro-
muscular Juncftons (Shimada, Fischman & Moscona, 1969). Neuronal
synaptic profiles formed de novo in culture were demonsfrafed by

-Stefanelli, Zacchel, Caravita, Cataldi & leradi (1967) using 4-day
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f
Chftk embryo reffnal cel]s dlssoclafed by frypsln'and,reaggrega+ed-tnfo

petlefs before culfurlng for +wen+y ftve days. Slmllar experiments on

_synapse formafion in cultured pellefs of previously disaggregafed

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

Andrews & Mak, 1969). In thick cultures ef embryonic rat spinal

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

_structures closely resembling the in situ structures have been shown

to develop (Crain, Bunge, Bunge &'Pefersen, 1964; Bunge & Bunge, 1965;
Bunge, Bunge & Peferson, 1967); and simiiar observations have been

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

-consequently no dodbf that synaptic structures can and do form in

"culfure, at least under certain conditions. Electrophysiological evi-

dence for the onset of. synapflc funcTion will be revuewed below

(page 18)

4. Non-neuronal Cells : S

As in situ, +he neurons in culfure are wholly or parflally

% ———

embedded depending on +he Thlckness of the culfure, In a matrix of
gllal cellS'and their processes. The ldenflflcafion and classification
of the Yarlous types of neuroglia (oligodendroglia, fibrous and proto-

plasmic as%rocyfes)’has been the subjecf of severai recent freafises

"~ (Nakai, 1962 Nakail & Okamoto, 1963).

| CIIIaTed cells from The ependymal Iinlngs of the ventricu-
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lar system have been fepeafedly 6bsehved in clltures (Weisé, 1934;
Nakal & Okamoto, 1963; Lumsden, 1968)? The clliary beatings of these
cells has been described and documented with mo?lon'plcfures by Hild -
(1957b) <

Mesenchymatous and flbréblés*lc cells from meninges and
walls of blood vesséis, as well aé microglia (macrophéges), are al-

ways présenf 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 in

vitro and ig_éi+u biochemical activities, e.g., glucose metabolism

(Bornsfein & Hochstefn; 1962; Cechner, Geller & Fleming, 1969),
.oxygen consumpfion:(Luk'yanoVa, Shungskaya, Yenenko & bonskova, 1968),
pyrimidine meTabofism (Appel & Silberberg, 1968), and nucleié acld
and protein synfhesis (Utakoji & Hsu, 1965).

Oxidative enzyme acfivifues retain their characferisflc
temporal and spatial. patterns (Yonezawa, Bornstein, Peterson &
Murray, 1962), acetylcholinesterase activity is locallzed In neurons
(Hansson, 1966), the uptake of céfécholaminés Is restricted o sym- .
pafhéfic'nerve cells (Burdman, 1968; - England & Goldsfefn, 1969), and
choline s incorporated into peripherél nerve myelin (Hendelman &

Bunge, 1969).
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" E, ELECTROPHYSIOLOGICAL" STUDIES ON CULTURED NEURONS -

Craln, Grundfest, Mettler & Flint (1953) were the first
to study the bloelectric activity of cultured neurons by:recording ex=-

tracellular action potentials from chick embryo dorsal root ganglion,

" cell bodies aftfer eleefric stimulation of thelr neurites. This early

work was extended with intracellular microelecfrodes (Crain, 1956)

to explore membrane pofenfials, graded or Iocal response, ‘all-or-none

~action pofenflals; impulse propaga*ion along neurites, post-spike

soma refractoriness, and temporal summation of subliminal stimuli of
cultured chick embryo dorsal root ganglion cells; all these parameters

were found to correspond closely to simtlar in situ material. Hild.

. and. Tasakl (1962) recorded intracellularly from somas and dendrlites

of culfured neurbns from cerebella of neonatal rats and klffens'and

. found membrane potenfia!s of abouT 50 mv, excitable dendrific

branches and soma membranes, as well as some sponfaneous firing. In
similar cuITures,_resTlng potentials of up to 75 mv have subsequen#ly‘
neenIObTained,vand sponfaneous action potentials are.seen quite reg-
ulariy (Raj &’Lumsden, 1968). Kjee,& Hild (1967) investigated various
membrane proper*fes of cn|*uned neurons and neunoglia (membrane '
pofenflals, action potential amplitude, membrane time consTanTs,_men—
brane resisTance and capaeifance). in cultured dissociated chick
embryonic spinal gang]ion cells, Scof+, EnQelberT & Flsher (1969) were
able to record membrane potentials of 4OF55 mv and evoked action poten-

tials for upbfo five weeks in culture.



A greéf deal of work has been done with extracellular elec-
fﬁodes,vlnyesTiéa#ihg the bioe]ecfrlc activity of>Thlck oréén cuttures
obtained with The‘MaximdQ fecﬁnlque. C;mplex bloelectric potentials
with long-lasting (100 msec. up to ﬁany seconds), diphasic, osciila-
tory (7-15 ber second) ;fferdISCharges can be evoked by brief, single,
electric stimuli In older cultures of rat, chick, and human fetal
.spinal éora (Crafn & Péfefson, 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-
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gefher.wifh an attached spinal génglion, local stimulation to the gan-

glion evokes a complex Eesponse in the-spinal cord tissue (Crain &
Peferson,_1964; Crain, 1966). These complex erked potentials develop
during mafurafion ;f *hercﬁlfures from simpie spike potentials to |
more and more complex patterns (Crain, l966).> In young cultures of
fetal material explanted béfore electron microscdpic evidence for
éynép*i; structures can be found, only simple spikes can be evoked
during the first few daYs in culture; but as The;culfures mature, com-
blex activity with afferdischafges begins to appear. The onset of
this complex activity cofncideé with the appéarance of synaptic pro-
files In electron micrographs (Crain &‘Peférson,'1965, 1967;.Buﬁge,
_Bunge & Peterson, 1967).

| Functional inTerneuroha! connections déyeloﬁ even beTweeh
explants of various mammalian central nervous tissue separated by gaps

of about 1 mm. Neuritic bridges form between such explants, and



eflmulallch'ef ene'explahl dffen~ellcils complexbrespohses;ln the
efherione.‘,Some'pf.lhe characferlsflcs’of'fhese heWnyformed con~
" nections have'been examlned for lnsfence In dalred splnel cord cul-
tures (Craln & Peferson, 1965), and in cuITures of splnal cord - brain—
. stem, splnal cord - cerebellum, and cerebellum - medul la (Crain,
_1967 Crain, Peferson & Bornsfeln, 1968).

Sponfaneous bioeleclric activity In cuITures of nervous
tissue was first reporfed by Cunnlngham, Dougherly & Rylander (1960)
who explanled central . nervous tissue onto platinum electrodes for
continuous recording durlng incubation. 'Ccmelex repetitive paTTerns_
varying in time were recorded from ekplanfs of chick embryo tel-~
encephalon and adult human cerebellum (Cunn!ngham, 1961a, 1961b, 1962),
_ suggesflng the inferacflon of many cells In later microelectrode -
sludles sponfaneous Uan splkes were recorded bofh extracellularly and
lnfracellularly (Cunnlngham, 0'Lague, ROJas—Corona & Freeman, 1966)

in scme ef lhevlongfferm organoTyplc Maximow cultures of
splnelicord and cerebrum, sponTaneoue oScilla#ery pofenfiels occur
sporadlcally (Craln, 1966). |

in contrast To the above EEG- lype ac+lvl+y recorded wlfh
relaflvely large mlcroeleclrodes In thick culTures, spontaneous achen.

-pofenflels can be recorded wlfh exfracellular microelectrodes placed
-dnder‘visual control near lndlvidual nerve cell bodies in lhlply—spread

- roller tube culfuree ofvref and mouse cerebellum (Hild & Tasaki, 1962;

o Cechner & Fleming;'1967; Cechner, 1967; Lumsden, 1968). These spon-
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taneous spikes"mey occur;a? fnregUIar Infervals wifh frequencies
ranging from 15 per second to one per several seconds (Hild &
Tasaki, 1962); they have been reported to be "usually characterized
by a Gaussuan Interspike Inferval histogram," and it was found that
"units physical|y close fogefher have discharge patterns which Tov
date, appear to be uncorrelafed" (Cechner & Fleming, 1967). Later,
however, Cechner (1967) sometimes found bursts of activity, and
‘Lumsden (1968) reported bursting spontaneous acTivify (groups of 5-6
spikes at about 2 second infervels) in Purkinjevcells of rat cene-

bet fum.
F. EVIDENCE FOR THE PRESENCE OF FUNCTIONAL SYNAPSES‘IN CULTURES

In thick long-term organ culfures obtained bQ the Maximon:
technlique, thereis, by'now,.overwhelming'evidence for the presence,
and even de novo formation, of functional synapses In cuitures. To
summarize the preceding review briefly, it has been_mos? elegantly
_shown that |
| a) complex bioelectric activity deve\ops during.mafura-
tion of the Tfssueflg_yligg_wiTh the Transforma*ion'from>
simple eyoked responses to complex evoked potentials
coinciding wjfh the morphological developnenf of syn;
abfic sTrucTUres,'and

b) functional Interneuronal connections form between separated

explants of various parts of the nervous system.
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In *hlnly flatfened cul#ures obfained wtfh fhe roller tube

»'*fechn(que, on ‘the ofher hand The +tssue has undergone considerabiy

_‘more reducfion and sImleflcaTion and fhe survival of synapses has been

quesfioned (Hlld, 1966). In elecfrophysiological experiments wi+h
infracelluiar microelecfrodes, Hild & Tasaki (1962) found no evi-
dence fbr funcflénél synapses, and their résulfé Indicate qulite
clearly that they were déaling'WIfh'funcfionally ISolafed cells.

Since they were lnTeresfed in the bioelec#riéal properties of single.

~cells and Theirvdendrifes, they probably chose neurons in exfreme!yv

thin areas of their cultures, where the cellular processes are'cleérly

visible under fne phaSe cqntrasf microscope. However, electron
microScépiC evidencé of sYnépTic_sfrucfurés Wés found in similar
cultures (Callas & HIld, 1964; Lumsdén; 1968),‘bu+ thelr functionality
nemainéd-in question (nild,:1956). | |

Cechner (1967) presented some data possibly suggestive of

_synapfic Interactions in his cultures. Klee & Hild (1967) peripher-

a!ly mentioned the occurrence of "minlafure—EPSPfs" but apparently
did not a+Temp+ To investigate Them furTher And final!y, Lumsden

(1968) Inferred primitive "nerve neT" properfles from the long la-

‘tencies between stimulus and evoked response in simllar thinly-spread

roller tube cultures.
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G. CONCLUSIONS

The prece&?ng'}évlew of the |ITeraTuré’ampfy aémonsfrafes
that nérvous tissue cultured under suitable conditons reTaiﬁs most of
ifs_orgénofypic sTrucTufe_and funcfibn. | |

| - As haé been boinféd out, the MaxImow double coversiip Tech-
nique favors the maintenanée of a maximum of sTrucTurél and func-
fiénal inTégriTy,.inéiuding de novo myelin and synapse formation, in
fhick long-term organ}cul+ures. While suéh_cul+ufés are valuable

test objecfs for a va;iefy of physiblogical, bloéhemical; and pharma—'

cological experlhenfs refating fé nervous system development and
differen*la*lon, thelr thickness (100-300 u), which seems imperative
for optimal develépménf, renders Them opaque 1o phase contrast

(Wolf, 1964; Crain & Pe%erson, 1964; Bunge, Bungé.& Peterson, 19655;

and the use of bright fiefd illumination (Pefekson, Crain & Mﬁrray;

- 1965) does 5o+ seem to allow sharp visualization of the contours of
perikarfa and cel lular processes (dendrifes, efc.) within the ex-
plant. The surface of_THe explahT becoMes covéred with a neuropil
consisting of neuritic and neuro-glial processes. Consequen+|y,‘ii
is vefy,difficﬁif to place microelecfrodes accufafely near individual

- neurons, and mos¥ electrophysiological experiments have been cérkied
out with large extracellular electrodes recording ffom.allafge num-

ber of cells simultaneously.

At the other ekfreme, the cultivation of dissociated cells
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frbm ¥he ﬁervops #ys#em ;hedé {lghfvbn_+hé Cellulaf'aspeé+$,of ner-
'vousthssue function. ‘But éven_qﬁdér,fﬁese conditions, éome organo-
”fypic inferacfiohs (e.g., synapéeé~and'neuromdsc0Iar Jjunctions) can
:voccuf, demonstrating Theiendbgeno@s cellulér potential in this regard.
‘“*The‘ﬁfcper"fdﬁc*Téﬁ—éT‘Tﬁégé;sTruéTures has, howévér, not yet been
' demonstrated. | |
.F!nally,vThe_rbller tube fechhlque, which févors a rapid
flattening of the éuifure into a'fwo-dimensiohal layer of herve cells
embedded in a matrix of glial cells and their processes, allows |
gdod visibility . of individual néuroﬁs and thelr prpcésses and
accurate placement of extracellular or In+race!lujar microelectrodes.
In spre of the Transformafion of the +issue from a cubical to.a mem-i
branefrjkevflaT arrangement, with considerable distortion of The |
original topography, most of the sign!ficanf organotypic sf}ucfu?eé
(myelin and synapses) can sTIlI_bé found, andvfhe.funcffonal aSpecTs
(membrane potentials, aéTlon poTenTiais, etc.) seem to be_we|l— |
preserved. Howeyér, fhé normal architecture of The ekplanfed
fissue is largely destroyed and fhe lnfégraTiVe mechanisms of the
TTssdévsegmenf are-fhefefore alfefed cqhsiderably;
In ordef to use rol!er-fube-cul*ures as simplified models
 of the nervous sysfem,ifhe'properfiés of these cultures ﬁéve to be
éxamlnéd iﬁ great defai! so‘fhaf-a baseline for experimentation éan
.bé esTainéhed.' fhe present study [s an a+fempf to contribute fo

this baseline information by making an inquiry into the characteristics



of spontaneous bioelectric activity and the properties of synaptic

interactions in these cultures.

i

24 .



25

11. MATERIALS AND METHODS
A. TISSUE CULTURE TECHNIQUES

Culfures of nervous flssue are alway§ primary expjanTs and
- They are Therefore considerably more demanding than fhe establ ished
cell lines usually found’ invavTissue culture Iaborafory. Media,_
glassware, and insTrumen*s demand specla! attention wifh'régard TQ
sterility, pufify; and absence ofIToxicITy. The culturing techniques
represeﬁf modifiéafiohs of é méfhéd of_prepéring plaéma clot culTurés_'
on "flying coverslipé" in ro!lerl+ubes, briginally deVeloped by |
Costero and Pomeraf (1951) and adapfed to the present. ma+er1al by
Hild and Tasaki (1962)

The.nerve_fissuevCU!Tuke laboratory heré was.esfabllshed
.by Mr. Abde!—MegTd Mamoon. He Iaidbfhe foundation and ﬁeveloped the
initial skills which were necessary to make this project a success.
The culture méfhods.finally adapted are The.reéulf of subsequent
fmproveméhfs suggested primarily'by Mr. Mamoon and tested and developea
Jointly by Mr. Mamoén and the author,. ‘Mosf morphological observa-
Tfons on cultured neurons;repoETed,in this dissertation were arrivedl

at in conjunction with Mr. Mamoon.
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1. Blological Material "

‘Cultures wereipreparedifrom the cerebellum and midbrain
(corpora quadrigemina) of three to five day old rafs-(spraguesogwléy,
Simonsen albinos). Strict sterile conditions were obsefved through-
out the explanting procedure.. The rats were decapitated, the roof

of the cranium was removed, and the entire midbrain and cerebel lum
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was cut out with iridectomy scissors and placed in a drop of balanced '

. salt solution (BSS). Without delay, both cerebel lum and midbrain
- were cut with triangular knives made from stainless steel razor

blades into pieces of approximately 1 - 2 mm3; the cerebellum was

cut sagitally into 6 - 8 pleces, the midbrain Into 10 - 15 pieces.
The cuf'exp[anfs were then transferred to a new drop of BSS, where
they were allowed to stay for about Twen%y minutes. Two to three
pieces each were then placed In a drob'gf heparinized éhlckeh plasma
(Hyland Labora+orlés # 65-080 or Baltimore Biologlcal Laboratories -
# 70-025G) on a 12x56 mm #1 Gold Seal coverslip and clotted with a
drop of chicken embryo extract (Bal#imore Bio!ogjcal Laborafor}es' s
# 70—0276). After the clot had solidlfﬁed, the EOverslips were lﬁ—
serted into Falcon Plasfié culture +ube§ (Falcon Plastic # 3026) to

each of which 2 ml of culturing medium was added.



" Gey's ba!éhced salt solQTiOn'(Miéroblologica! Associates

'# 10-505), enriéhed with glucose to a flnal concentration of 5.5

' mg/ml,’was,used during explanting and during most electrophysiologi-

cal experiments. Several nutrient media compositions were used,

but the best cultures so far have béén‘obfained with a medium con-

'sis*lng'of»75% GeY‘s balanced salt solution and 25% heat inactivated

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

glUcose_concenTraTion'Incréased to approximately 5.5 mg/ml. No anti-

biotics were used in the media. !n most cultures, the medium was
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exchanged weekly, but some cultures were fed after seven days and bi- 1

weekly thereafter.
3. lncubation

The cultures were incubated in'roiler_drums at 36.5°C t°

.0.5°C in a Rollertherm Incubator (New Brunswick Scientific Co.). The
drums confafning.The culture tubes were tilted about 4-5°, with.
‘respect to the horizontal axis, in order to confine +he medium to

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

the cultures with a'well—mixed and aerated nu?rienfvmédium. Since

Falcon Plastic culture tubes are permeable to COZ’ the atmosphere in

- the incubator was kept at approximately 4-5% 002 In humid air to
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Insure control pf.fhe bicarbonate buffered médium at a pH of be-
fﬁeeh 6.9 and 7.1. |
| Most culfures'weré'uséd fof'experfmenfs a%fer:15 - 30 days
| ,lg_xligg.' Byrfhaf time they had_fhinned enough.forvclear phase contrast
Visua!izafion of nefve cell bodises, myelfnaféd axéns, and some den-

drites.

_4. Comments about the Nerve Tissue Culture Technique

To obfain sa%leacfory cultures, meticulous atfénflon'has
to be given to the defails'of Thé culfdring methods. . Priorvfo'use in
experiments, the cu!Turesywere examined with a Zeiss phasé contrast
microsCobe, usually after 15 .- 30 days lg_xiigg; they were judged
"satisfactory'" if they conformed.+o the following criteria:

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

serQaTion of cellular detail; -

b) Iaék of necrotic afeés, Iif?le decay and cellular

debris; |

<) refafively small poputation of macrophages;

d) presence of neurons.wifh cenfrélly located round

’nuc!ei (figs. 5 to 15; and 18);.

é) abundant myelin (figs. 16 and 17) in an apbarenfly

healthy state. | |

While it Is not possible specifically to pinpoint all the

-l



E vféc}ors fhaf'cqnfrlbufé¢ﬂtp.the ffﬁai'success'affer fnltiai>fa!!ures
o  ;+6 obféfn satisfa¢+oryvcylfdfes,_somé dfv1he mos#vlﬁpérténf.eiémenfs
.wére: -.: o o S v
a) Glasswarebr
Allfma+erléls“u§ed that come in contact with the cul-
Tureé or Thevmedla; esﬁeéial!y the coverslips, should
be free'of.Toxic ihgrediénfs (Peterson, Deitch & Mur-
' réy, 1959). A coﬁQTan+ source of trouble are traces
 of detergent left 6n the glass:from the washing pro-
 cedure. Our cultures improved markedly when we shifted
from glass test tubes to sterile dispbsable Falcon
Plasfiq culture *ubés. The reason for this improvement
was not iﬁvesfigafed in defail; but it could have been
- due }o traces of detergents or other toxic materials on
the gurfaces of our glassware, which disappeared with
, the shift to the disposable fubes. An additional
advanfage of the plastic culture Tubespis that the
' coverslips.bearlng The.culfures do not slip in plastic
tubes and consequenfly receive a much more unfform ex-
posure to media and air, whereas they slide-in the glass
roljer tTubes during the folling action. All glaésware
(petri dishes and sterile coverslips for holding the
, e;planfs during the explanting operaTibn, pfpeTTes for

feeding, etc.), with the excépfion of the coverslips,



b)

c)
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was_subsgqﬁenfly replacéd wlfh‘Falcon'PIasfic material.
The Covers}ips were bolled invgeveral changes éf 3X
distilled water, immersed In redistilied 95% alcohol for
several daYs; air dried one b§ oné over a hot plate,

and heat sTerilized; |

Instruments used for explanting.

Exblanfihg instruments (scissors, Iridectomy scﬁssors,
fo?ceps) should be scrupulously clean. They weré |
usda||y cleaned wiThvan ultrasonic éleaner and‘boiled in-
dléfilled water,

Explants

 Animals aged 3 - S.days were used for starting material,

d)

anq no attempt was made to Invesffgafenfhe effect of
the age of the animal oh the cultures. The need for
an épfimum size of the explanTlhas beén repeatediy
pointed out (e.g., Peterson, Crain & Murray, 1965;
Lumsden,‘1968). A.major facfor in obtaining good cul-

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

plants without Teérlng or shearing. For this reason,

new knives made out of stainless steel razor blades were

always used in each explanting session, and care was

- taken not to damage the delicate tips of the knives.

Plasma clot.

Chicken plasma and chicken embryo extract (CEE) from
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‘vakIOUS supp!lers, including material we prepared our-

- e)

seIVes,'wére.téSTed; Large differences between the

“various brands were found, but lyophllized chicken plas-

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

- with fortified lyophilized CEE from Baltimore Biolog-

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

results so far.

Nutrient media.

: Ddrtng the early phases of this investigation the

nuTﬁiénf medlum used was slmlfar o the one favored by
Hild and Tasak! (1962), namely 45% Gey's BSS, 50%

heat Inactivated (56°C for 30 min) calf serum from
Hyland Laboratories (cat. # 65-200), and 5% CEE, with
the glucose conTenT increaséd fé 600 mg/100 mi .

Great variations exist béfween diffefénf batches of‘
calf serum, e?en from The'same suppller; 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 effecfs of high serum con-
centrations in nutrient media have been reported
(Olmsfgd 1967). |

Omission of chicken embryo exfracf from this orcglnal
formulation dld not seem to have a dele*erious effect;

in fact, a slight improvement in the overall appearance
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of:fhe cultures was noTed; Affurfher ame!loration
was achleved.by Ioﬁerlng the serum cbncé%frafion to 25%

in BSS, wﬁereas a still fUrfﬁer reducfion to 15% |
_resulfed:in a worsening of the overal!l appearance of
+he cultures.

Experimentation with different media [such»asvsub—
stituting basal medium Eagle (Microblolégica! Asso-
clates (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 amiho acid
mixture (MBA # 13-602)] has resulted so far in no
apparent improvement of our cultures. :Fuffher ox- l

perimentation along these lines is planned.

B. HLSTOLOGICAL METHODS

‘Representative cultures were s*ained'as whole mounts with

Nissl stalns (cresy! violet, toluldine blue, Einarson's gailocyanin-

chromafum, thionine and methylene blue-azure blue), with silver

stains (Bodlan's protargo! and HoImes! sllver.impregnafion), and

 with Sudan btack B and tuxol Fast blue for myelin sheaths. Standard

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

Culllng, 1963)., The Bodian protargol method (Bodian, 1936) has been

repeatediy used on whble mount nerve tissue cultures (Murray &

L]



i Sfouf, j947} Lﬁmsdeh,v1951; Hlﬁd,4]957c,-i966)‘fo déﬁohs?r§fe myel in-
‘ated and unmyelinafed axons. For?Holmés' silQer'jmpregnaflon iHolmes,
1947), Thé‘proceduré"of Wolf.(1§64) has been folﬁéwed, and myelin was
sTainéd with Sudan black Bvaécordfng to The‘methd ineh bybPefersoh

& Murray (1955). After egamfhaffon.of the tiving culture Qlfh phase

. contrast optics, a desired érea was often pho+dgraphed and a circle
inscribed on the coverslipYWifh a diamond mafker mounted on the micro-
scope. In this fééhion, identification of the same neuron or group

of neurons after fixatlion and:staining was greatly facilitated.

C. ELECTROPHYéIOLOGICAL METHODS

1. Mecﬁanlcal and Optical Arrangements

 A mddified Béusch‘and'Lomb phase éonfrasf hféroScopéfwlfﬁ
a flixed stagéiénd a 40X Zeliss objective with a 1/4 waQelengTh phase
blafe was used to vlewifhe cﬁlfures durlng;elecfrophyslologicaf ax- .
perfmenfs. ‘The micrbséope and three micromanipulators (one Brink-

mann and two Narishige model MD-4) werefaffaéhed +0 a heavy base 4
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plate (loaded with approximately 100 Ibs. of lead bricks) which rested

., on shock-absorbent material (ordinary packing maferial) on a two-

inch laminated plywood table top. Asbestos vibration pads éeparafed_'

the table ftop from the sturdy frame of the table, which was in turn

isolated from the floor by shock mounts (Barry Hi—Damp);’ in order
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to eliminate electrical interference, the whole setup was surrounded
by a’wellfgroundéd electrostatic shield (constructed of copper mesh)
which served as a common grouhd for all electronic equipment.

The coverslip bearing the culture was mounted, culture

down, on a bridge similar to the one used by Hild; Chang & Tasaki

(1958) and Hild & Tasaki (1962), which allowed the pos!floning of
microelectrodes under.v15ua!'con+ro! through the open sides (fig. 1).
. The baThIng soluflbn.(apﬁroximafé!y 0.65 ml -- usually Gey's balanced

- salt solution enriched with glucose, orimodificaffons thereof) was

held in The~chambef.by surfaée tension and was exchanged frequently in
order To avoid pH changes and accumulation of waste broducfs, and to ‘
pfoVide freshiy éeraTed mediUm; Ports for perfusion and exchange

of The‘bafhing-sojufion were provided through the bridge mounts. A
manual-gyr[nge mep consisflhg of two pairs of back-to-back 10 ml
p(asTic syringes al lowed Thg exchange of the béThing solution during
electrophysiological expérimenfs. Although most experiments were
carried out at room Temperature, the prebarafion could be warmed by
a Thermocouple—confrglled shielded heater coi! mounted qround the
mfcroséppe condenser, or cooled by flowing cooling liquid fhroygh é
loop of copﬁer fubiné under the chamber; and the perfusate could be

prewarmed or precooled before entering the recording chamber .
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b
MICROSCOPE
LENS

 PERFUSION OUT

GLASS COVER SLIP
- ) ‘

CULTURE

\
— PERFUSION |
: IN

" GLASS BASE PLATE
GROUND |

DBL 694-4639

Fig.'ff  Microscope stage for electrophysiological experiments. The
chambervcohsisfs of a glass base plafé onto which two
'Tefﬁon:blocks héve been glued wiThfbée;s wax. The coverslip -
bearing the culture forms the roof of THé chamber. The
chamber is fi!led with balanced salt solution (or modifi-

‘cations thereof) held by surface tension.



36

2. Recording of Extracellular Potentials (Fig. 2)

Glassbmicroplbe}fes with Tlps'of 4 - 6 u were manufactured
on a horizontal electrode puller (John Keefe Assoc., Cambridge,
Mass;),from Kimax éapiljary tubes (0.D. 0.7 Yo 1z0.mh)iand filled

with 0.9% NaCl simply by immersing the tips In saline and then filling
the shafts with a ‘fine syringe needle. Spch elechédes have a resls~
tance of approxlméfely 10 megohms, 'de recordihg microelecfrodeé
could be placed into the culture simulfaneousfy. A platinum wire

- inserted into the shaft of'each microe!ecf?ode was éonnecfed to é

fow noisé a.c.-coupled FET (field effect Transisfor) preémpllf}er'
(Appl!ed Cybernetics model 4UAH)_moun+ed very ciose to the micro-
electrodes. This preamplifier has a fredﬁenty response of .3 Hz to

1QO kHz, and input lmpedence of 500 megohms, and a peak—fo-peak noise
(measured) of 30 ﬁQ at full bandwidth and‘wi+h ground§d !ﬁpuf.' A

- coil of platinum wire In the bathing solution sérved‘as the indifferent
velecfrode. The oufpd*s of the preamplifiers were hooked to a four-
trace storage oécllloscopé (Tektronix model 564) and each, in parallel,
to . two Tekfronix 122 amplifiérs; the output bf the first one was fed
directly lnTO one channel of an 8-channel tape recorder (Precision
lnsfrumenfﬁ model P1-6208), while the output of the second one went

to a dnscggmlnafor and a pulse generator. The pulses were a) exam-
ined on TH; oscilioscope to make sure ThaT'The dfscriminafof level

was set torrectly (i.e., that each pulse corresponded to an exffa—
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'?Frg. 2:  Experimental arréngemedf.fof recording extracel lular poten-

tials from éulfured neurons.
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cellular spike), b) recorded on the tape recorder for later computer
analyses of the interval distribution and_cofrelaflon, and ¢) fed
into a rate meter (Nuclear Chicago model 1620) with a chart recorder |

to plot automatically the avérage spike frequency.

3. Intracellular Recordings (Fig. 3)

Hypehfine'micropipeftes'(o.l;t6 0.5 u tip diamefér) weré
drawn from well—cleaﬁed Kimax capillary tubes and filled with 3M KCI
by immersing the tips into freshly filtered (0.22 u Millipore) KCI
solution and filling the shafts with distilled water. They were
then teft in a verTical.posf+ion (tips down dipped into 3M KCI)
6vernighf under a heat lamp which caqsed'fhe bubble in the tip to
move up into the shank or shoulder.: The'nex+.day, the distilled
water could be exchanged with 3M KC! with a finé syringe needle, and
If the bubble stifl persisted it could'usually be removed with a fire-
etched tungsten wire (O'Lague, 1969). Microelectrodes manufactured in
- this fashion usually have a resistance of 40 - 80 megohms. The
electrodes were then used within 2 fo 3 dayé.

| The micropipettes were coupled with polyethylene tubing,
filled with a gel of 2% agar in saline, to a reservoir of saline con-
taining a large chlorided -silver wire; this was In turn connected to
a d.c.-couplied high input impedance, negative capacitance preémplifier'

(Winston Electronic Co., model $-857; Transidyne General Corp., model
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E!g;53v“ExperlmenTal arrangement for inTraceIIUIér recorﬁlngs-from

cultured neurons.
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MPA-2; or a hémemade FEf input ampllfier); The preamplifier output

was fed in pafa{lel to a storage osci | loscope (Tektronix model 564),

a chart recorder (Mosely model 680), and an FM channel of Tﬁe tape
.recorder. The Indifferent electrode consisted of an Ag-AgCl wire
stuck into a saline pool above a saline-agar gel in a gléss Tube'maklng
conTac+ with the béfhing solution in the experimental chamber. Be-v
fore and after each experiment, a calibration pulse from a Grass
stimulator (model S4G) was used to measure the. total amplificéfion of

the recording system.

4. Analysis of Elecfrophyéiological Data

Some -of fhe.sp!ke trains recorded wffh ;x+racel|ular‘eIeCe
trodes were analyz;d’WITh a'genefa! purpése cohpuTer (PDP 8/1). The
interspike intervals could be measured and.displayed as a time jnfer—
val hisfogram; For records that involved two channels (two separate
m!cfoelecfrodes recording from two nedrons), a flirst-order “cross-
interval histogram® could also be displayed (Perkel, Gerstein & Moore,
1967). The diagram in Fig. 4 defines the intervais that were measured
and displayed.

+ The complete program with flow diagrams s included as an

Appendix .
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Defin!*ldh of Intervals used for computer analyses of spike
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times, respecfively; of any oné spike in train A with

respect to the hearesf‘spikes In train B (Perkel, Gerstein

& Moore, 1967).



1. RESULTS AND D!SCUSSION
A. MORPHOLOGICAL CHARACTERISTICS OF CULTURED NERVOUS T!SSUE

Within 24 hours after explantation, mesenchyma! cells
derived from the meninges and blood vessels, glial cells, and possibly
neufifgs started emerging from the explant. The tissue flattened as
macrophages engul fed deSris and és noﬁ-ﬁeuronal cells.migrafed peri-
pherally wlfh nerQe cells generafly staying behind. Flattening was
sufficient for transillumination for phase contrast microscopy start-
ing about the twelfth day In vitro, and by the third Qeek, most pak+s
of the culture were usually thin enough for cohslderable'cellgﬂar
detail to become Visible; In most areas, fhe nerve cell bodies became
arrénged in a fwo—dlmenslonal‘layer embedded between giial cells
and an extensive network of glial and neuronallprocesses. Hild
(1957a, 1966), Cechner (1967), and Lumsden (1968) have described.+he
morphological devélopmenf of cerebellar cultures that are very simifar

"to the ones used in this study.

1. ldentification of Neurons in Culture

Some of the neurons in Ilving cultures observed under phase
contrast couid be Idenfifiéd by their large size compared to the

other cells present, by their phase-dark cytoplasm (appearing dark
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.under the phase contrast microscope), and by Thelr'phase-ﬂlghf large
rounded or oval nuclel with a distinct dark nucleolus. Neurons

were usually found in gfoUps or nests (figs. 5 and 6), and often in
rows (figs. 7 and 8), within the confines of the origiﬁal exp lant.
Dendrites were often visible in areas of lower cellular density and
could sometimes be followed for some distance from the perikarion
(fig. 9). The tentative identification of cells as neurons in phase
contrast can be confirmed by staining the culture as whole mounts
with Niss! stains (cresy! violet, toluidine blue, thionine, Einar-
son's gal locyanin-chromaium, azure blue) (figs. 6 and 7) or by silver
impregnation (Bodian or Holmes) (figs. 10 and 18). Some cells resem-
bled neurons in phase contrast but failed to s#ain with either silver
or basic stains. With some experience, and repeated comparison of
stained whole mounts with photographs of the same areas taken with
phase contrast, a high degree of confidence in the proper identifi-
cation of many neurons can be acquired.

Aithough no attempt was made to rigorously classify neurons
according to their histological and morphological types as seen In
situ, neurons resembling, and probably derived from, Purkinje cells
could be seen in almost every cerebellar culture. Their character-
istics include a) location in rows, or groups, usually toward the peri-

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

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

(fig. 11); and c) a dendritic tree, usually to one side of the cell



Flg. 5%

XBB 698-4960

Group of living neurons (Purkinje cells?) from cultured
cerebel lum of newborn rat. 21| days in vitro. Phase
conftrast. Note the distinct dark nucleoli and the lighter

rounded nuclei.
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Fig. 6

XBB 698-5287

Group of nerve cells embedded befween glial cells. [9-day
old cerebel lar culture. A: phase contrast; B: the same
area affer staining as whole mount with cresyl violet
(Stains Niss| substance in neuronal cytoplasm, as well as

glial nuclei).

45
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Fig. 7:

XBB 698-4952

Row of neurons. (Purkinje cells?) surrounded by glial cells
in 17-day old cerebel lar culture. Stained as whole mount
with toluidine blue (Basophilic stain, stains primarily
nucleic acids, such as contained in Niss| substance,

nucleoli and nuclei).



Fig. 8:

Row of living neurons (Purkinje cells?) from

culture. 26 days in vifro. Phase confrast.

XBB 698-4950

cerebel lar
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Fig. 9:

Living neuron with three long dendrites.

brain culture. Phase contrast.

XBB 698-4948

2|-day old mid-
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Figs

10:

XBB 698-5294

3

Nerve cel| from a deep nucleus of a cultured cerebel |um.
20 days in vitro. ma: myelinated axon; a: axon; d: den-

drite. A: living, phase contrast; B: Bodian.

49



Flg.

XBB 698-4951

Living neurons (presumably Purkinje cells) from 26-day old
culture of cerebellum. Note characteristic dendritic free
under (d), pear-shaped cell bodies and large rounded

nuclei. Phase contfrast. Same cultfure as fig. 8.
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body, but in a generally much reduced form compared to the In vivo

morphology (figs. 11 and 12). The culture environment may have in-
duced structural alterations, but some of the features of the Purkinje
cells could still be distinctly recognized (Addison, 1911; Dadoune,
1966). In central areas of the cerebellar cultures, large multi-
- polar cells, often surrounded by myelinated axons, and presumably
“derived from the deep nuclei of the cerebellum, were reguiarly found
(fig. 10). The other neuronal cell types of the cerebellum (basket
cells, stellate cells, granule cells) could not be identified with
certainty.

In cultures of midbrain no attempt was made to classify
the neurons, but representative cells are shown in.figs. 9, 13, 14

and 15.
2. Axons

Unmyel inated axons usua!ly could not be discerned in a
iiving culture during phase contrast observation. Myelinated axons,
on the other hand, were quite distinct; the myelin sheath appeared as
dark double lines under phase contrast and birefringent in polarized
light (figs. 16 and 17). Staining with Sudan black B or Luxol Fast
blue confirmed the presence of myelin {fig. 16c}). Myelin usually
appeared aftfer about twelve days in culture.

Both Bodian's and Holmes' silver impregnations are well-



Fligs

[

XBB 698-4953

Bodian stained culture of cerebellum. |l days in vitro.

Note dendritic tree (d) and axon (a) emerging from soma.
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Fig.

XBB 698-4956

/
Living multipolar neuron from midbrain culture of 36 days
in vitro. Note four dendrites (d) and several myelinated

axons (m). Phase contrast.
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XBB 698-4959

Bodian stained neuron from a |7-day old midbrain culture.
Note several dendrites emerging from the soma, some of them
branching. Dark lines criss-crossing are silver impreg-

nated axons.
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|5

Living neuron from 2l-day old midbrain culture.

contrast.

XBB 698-4949

Phase
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Figs

|6

XBB 698-4958

Myel inated axon in a 55-day old culture of midbrain.
a) phase contrast, b) same axon in polarized light, and

c) same axon after staining with Sudan black B.

56



Flgs

| 7:

XBB 698-4955

Myelinated axons of a midbrain culture, 33 days in vifro.

Phase contrast.

94
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suited for demonstrating nerve cells and their processes, especialiy
axons, since neurofibrils (extending throughout the entire length of
‘neurons) are usually deeply stained. The nuclei and nucleoii of all
cells are also stained, beautifully revealing 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 affter silver impreg-
nation. In some areas of the cultures, the axons formed a fe!t-like
network similar to the neuropil (figs. 17 and 18). Axons were common-
ly observed to bifurcate repeatedly, and the meandering and seeming!ly
erratic path of an axon can often be followed for a great distance.
Axons almost never ventured into cell free areas of the clot, nor

into outgrowth areas covered primariiy with mesenchymal elements.

This is in marked contrast to spinai cord cultures, in which axons push
peripheraily info the meningeal outgrowth (Peterson, Crain & Murray,
1965). Quite often, axons wound around neuronal cell bodies, possibly

making contact with the somas (fig. 18).

3. Terminai Boutons

Structures resembling termina! boutons could often be seen
after Bodlan or Holmes silver Impregnation, appearing sometimes as
dark bails of about | p diameter, sometimes as ring-shaped ter-
minals, and sometimes as club-like endings (figs.'18, 19 and 20).

Occasionally such a bouton-like ending was seen in a Bodian stained



Figs

18

XBB 699-5974

Group of cerebellar neurons (Purkinje cells?), 20-day old
culture. Top: Living, phase contrast. Bofttom: Same area
after fixation and staining with Holmes' silver impregnation.
Note the rather dense axonal network (dark lines) with many
terminals surrounding the neurons. The cytoplasm is stained
only very lightly but nuclei of nerve cells (large, rounded)

and glia (small, oval) are densely stained.
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XBB 698-5281

Cerebel lar neurons with several axons and presumed fterminal

boutons (arrows). 34 days in vitro. Bodian. Oil immer-

sion.
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Fig. 20:

Cerebel lar neurons

boutons (arrows).

vitros Bothom:

XBB 698-5284

with ring-shaped and club-like ferminal
Bodian. Oil immersion. Top: 2| days

|6 days in vitro.

6l
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culture not associated with any visible neurons, but i+ is of course
not known whether contact was made with some unstained dendritic
branch. Such branches may reach some hundreds of micra from the cel!l
body and, especially in denser areas, may not be discernible even
after Bodian staining. Cell bodies that were dense!y 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 siiver 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), Hild (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 functiona! studies are still lacking and a cautious
interpretation is warranted (Hild, 1966). However, in view of the
electrophysiological data presented below, they could possibly be

identical with functional synapses.

4. Discussion

In general the morphological observations reported here fully
agree with the ones published by Hild (1966). The flat, membrane-Iike
nature of the cultures used in this study is apparent from an inspec-
tion of the stained whole mount (non-sectioned) preparations (figs. 6,

7, 10, 12, 14, 18, 19 and 20). At an age of between about 13 and 25
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days in vitro, glial nuclei are often seen o overlap, but neurona!

cell 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 cultfures. Neurites (axons and dendrites) and gliial 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 roller tube cultures is thus radically
different from the thick organ cultures obtained with the Maximow
double coverslip technique. The accessibility both for phase contrast
visualization and for microelectrode placement is a major advantage,
even if it has to be bought with additional distortion of the organo-
typic structure. This advantage is especially valuable if one is in-
terested in the function at the cellular level (e.g., Hild & Tasaki,
1962), or in the Interactions of a relatively small number of cells.

No experiments have yet been performed to determine the
reason for the distinctly more pronounced thinning of rolier tube
cultures compared to Maximow cultures. |In fact such experiments may
be impossible to carry out since the various aspects of the fluid
motion (aeration, waste product removal, efc.) 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 COZ’ and many more. Even the gravity
compensation of the rolling 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 cells, and

to the macrophagic removal of debris from cells injured during the
lexplanfing surgery or from cells degenerating during the adaptation fo
the culture environment, thinning may be enhanced due to the rolling
action of the tubes by washing away many cells that would have remained

part of the tissue in an undisfturbed system.

B. SPONTANEOUS BIOELECTRIC ACTIVITY

1. Extracellular Recordings from Individual Neurons

By positioning the tip of a microelectrode under visual
control within a few micra of the soma of a neuron (fig. 21), spon-
taneous extracellular action potentials were recorded from a majority
of the nerve cells tested. Spontaneous activity was found in cul-
tures of 13 to 34 days in vitro; younger cultures were usually still
too 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 vifro is
- consequently not to be considered an upper limit for the detection of

spontaneous bioelectric activity. With respect to a remote electrode,



Eligs 21

Typical arrangement of

trodes in a cerebellar

XBB 699-6065

tThe extracellular recording elec-

culture (17 days in vitro).
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the spikes were sometimes negative (fig. 22a), most often biphasic
negative-positive (fig. 22b), or triphasic with a small 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 in vivo recordings from

cerebel lar Purkinje cells (Eccles, Llinas & Sasaki, 1966); it corres-
ponded wel! to the theoretically calculated potential distribution

due fo an action pofgnfial of a spherical cell body with dendrites in
a conducting medium.(RaIl, 1962). Triphasic extracellular action po-

tentials are commonly seen in vivo (e.g., Fatt, i957);,fhe initial

positive deflection is due to a remote depolarization, and the large
negative potential is due to the depolarization of the soma mem-

brane near the electrode, with the inflection reflecting the ilower
threshhold for excitation in the initial segment (axon hillock), and

the delayed depolarization of the soma (Fuortes, Frank & Becker, 1957).
The rarer positive-negative spikes (fig. 22e), were characterized by

a much larger amplitude (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 & Phillips, 1956). These



Flgs 22%
Examples of extracellular

action potentials.

a) Midbrain, 27 days in vitro

oLV,
b) cerebellum, 20 DIV,
c) cerebellum, 25 DIV,
d) midbrain, 27 DIV,
e) midbrain, 22 DIV.
In this and all following osc-
i | loscope records, positivity
is indicated by an upward
deflection. a, b & d . are

multiple trace photographs.

XBB 699-5975
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positive-negative spikes resembled the extracellular potentials seen
by Woodward, Hoffer & Lapham (1969) in the Purkinje cell layer of rat
cerebel lum, and both Crain (1956) and Hild & Tasaki (1962) have repor-
ted both negative-positive and positive-negative extracellular unit
spikes recorded from cultured neurons. 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 sTrucfure. These large positive or positive-negative spikes
were not encountered often enough in this investigation to permit con-
clusive experimentation as to the relationship of the electrode posi-
tion to the polarity of the extracellular potential. More experiments
are planned since the visibility of the nerve cells and the record-
ing electrode tip under culture conditions seem ideal for the inves-
tigation of this problem. Upon approaching in situ motoneurons with
extracel lular microelectrodes, the spikes, in response to antidromic
" stimulation, change from a triphasic positive-negative-positive shape
(simitar to fig. 22c) to a positive-negative giant extracellular spike
(Nelson & Frank, 1964). Similarly, the negative extracellular spikes
from pyramidal cells in the cat cortex change to larger positive-neg-
ative potentials, depending on the position of the electrode (Rosen-
thal, Woodbury & Patton, 1966).

Because of the dense network of axons that is seen to wind
around some cell bodies after silver impregnation (fig. 18), a large

extracel lular microelectrode (4 - 6 u tip diameter) may pick up small
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potentials from maﬁy cells; one can usually not be sure that the po-
tentials recorded are really from the cell 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 amplitudes (fig. 23), and at times quite complex
potentials were seen, probably resulting in part from activity in a
"miniature neuropi!" (fig. 18) near the cell body whose bioelectric

activity was sought (fig. 24).

2. The Physiological Origin of Extracellular Spikes

Even though the shape, duration, and amplitude of the above-
idescribed spikes corresponded closely to the well-documented spikes
reported in the literature, several experiments were carried out to
determine whether they were indeed identical to neuronal action po-
tentiais. '

a) Effect of the distance of the electrode from the cell
membrane. When the extracellular microelectrode was with-
drawn from the immediate vicinity of the neuron soma,
the amplitude of the spike decreased rapidly with in-
creasing distance. Fig. 25 shows an exémple of such an
experiment. Beyond a certain distance (more than 10 to
15 p with electrode just sitting in balanced salt solu-

tion), no signals have ever been detected, nor have any



Fig. 23:

XBB 698-4946

Extracel lular spikes from two different cells recorded
with a single electfrode. a) Cerebellum (Purkinje cells?),

23 days in vitro (DIV), b) midbrain, 27 DIV.
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Fig. 24:

XBB 698-4943

Complex potentials recorded with a single extracellular
electrode. Midbrain, a) 27 DIV, b) another culture,

midbrain, 26 DIV.
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Fig. 25:

XBB 698-4947

Extracel lular recording from cerebel lum culture, 16 DIV.
a) electrode very close to cell membrane, b) electrode

removed 5 - 8 ﬁ-

%



b)

12

signals ever been found by placing the electrode onto
presumed glial or mesenchymal cells.

lrﬁeversible injury to neurons during recording.

In order to assess the origin of the extracellular
spikes, the cell body near the recording electrode was
damaged by puncturing it with a second (ultrafine)
electrode from the opposite side. In every case the
large extraceliular action potentials (as shown in fig.
22) disappeared foilowing the entry of the damage-in-

flicting electrode tip, at times immediately, at other

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

The injured cell body could then be seen to disinte-
grate (it turned rapidly granular and phase-light) and
seemed subsequently to disappear. Occaslonally, .

smal ler irregular and complex potentials, at times
bareiy 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 cells. On the other
hand, large spikes have so far never been found, except
when the electrode is very close to a neuronal cell body.
Thus it can be assumed with reasonable certainty that
the large spikes seen in most records are actually from
the cell body near the electrode tip and not from any

other small undetectable neurite.
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c) Effect of +empera+qre oﬁ 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
faéfor 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,
until at approximately 43 - 45°C all bioelectric acti-
vity stopped suddenly and irreversibly. Extracellular
action potentials had a distinctly shorter duration at
3£°C than at room temperature; the QIO for the spike
duration between 25°C and 36°C was about 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 cul-
tured neurons. More experiments are planned, especially
with respect to the reversibility of the observed phe-
nomena.

The effect of temperature on the action potential du-
ration is well-known for oThef preparations (Schoepfle
& Erlanger, 1941; Hodgkin & Katz, 1949; Schoffeniels,

1958), and has also been noted in intracellular record-



Fig. 26:

XBB 698-4945

Extracel lular spikes from a |5-day old cerebellar culture.
a) at 25°C, b) at 36°C recorded from the same neuron (same
electrode position). Notice the shorter duration of the

spike at 36°C.

5



19°C

16°C

Fig. 27:

XBB 698-5285

Extracel lular action potentials recorded from the same nerve
cell while lowering the temperature from 24°C to 16°C and

then raising it again to 24.5°C. Cerebellum. 14 days in

vitro. Notice the change in duration of the extracellular

action potential.
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ings of neurons in tissue culture (Hild & Tasaki, 1962).
d) Effects of strychnine, calcium, and magnesium concentra-

tion in the bathing solution.

The marked effect of strychnine on the spike pattern,

and the sensitivity of the average spike frequency to

changes in the concentration of calcium and magnesium

in the external medium, well attest to the physiologica!

nature of the observed spikes. This subject will be

treated in section Iil, D.

3. Patterns of Spontaneous Bioelectric Activity

After placing the culture under the microscope and posi-
+Ibning the electrodes successfully, activity could be recorded un-
diminished and presumably from the same unit, for up fo five hours or
ionger at room temperature in balanced salt sofution. Good activity
coﬁld usually be found in nests of neurons (presumably Purkinje
cellis) of cerebellar cultures, as shown In figs. 5 and 6, and from
neurons in denser areas of midbrain and cergbellar cultures profusely
surrounded by myelinated axons (figs. 13 and 14). In neurons located
in very thin areas of the explant, where the density of cells and
cel|ular’processes is low, spontaneous spikes have, so far, been
detected only‘infrequenfly by the extracellular recording method. It

appears that spontaneous activity may require a critical cellular

77
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density or, alternatively, it is possible that a high cell density is
essential for the maintenance of functional synapses that mediate the
bioelectric activity. The relationship between cellular density
(neuron-glia interaction?) and spontaneous electrical activity war-
rants further study. .

The average splike frequency at room temperature 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 oftfen 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 usual ly somewhat smaller in amplitude than the first one
(fig. 30). Fig. 31 shows an excerpt of the record and the interspike
interval histogram of a culture with a doublet firing pa*jern. 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
interval histogram of another culture showed a sharp peak at a small
inferval, and a broad secondary peak at a much larger interval (fig.

32). Two other examples of non-random interval distributions are



Fig. 28:

/

Bursting spike activity from a 17-day old midbrain culture.

XBB 699-5973

6L



Fig. 29:

,5!" { |

XBB 698-5283

Fairly regular extracellular action potentials from

Purkinje cells (?) of |6-day old cerebellar culture.
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Fig. 303

XBB 698-5286

Examples of doublet and triplet spikes of decreasing
amplitude. A: cerebellum, 14 days in vitro. B: [8-day

old cerebellar culture.
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Fig. 3l

a) Excerpts
spikes. b)
occurrences
inferval: 5

Cerebel lum,

XBB 698-5293

from original record showing single and double

Intferspike interval histogram. Number of

versus time. Bin size: 5 msec. Sampling

min. Number of counts plotted: 957.

30 days in vitro.
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Fig. 32:
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XBB 699-6067

Interspike interval histogram of a 22-day old midbrain
culture., Ordinate: number of occurrences. Bin size:

2 msec., N = 2053. Sampling interval: |6 min. 25 sec.



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 tail of long intervals; in the latter, short in-
tervals are conspicuously 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 cell types in these cultures, but also the somewhat
unorganized and distorted growth and maturation of the cultures. In
situ architecture, topographic relations, and anatomical connections
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 in vivo activity

are repeatedly found. The bursting activity, for instance, has been
found in intact and decerebrate cat cerebel lum (Brookhart, Moruzi

& Snider, 1950; Granit & Phillips, 1956), in InTacTAraT cerebel lar
cortex (Woodward, Hoffer & Lapham, 1969), and in isolated cat cere-
bellar folia (Snider, Teramoto & Ban, 1967). Depending on the state
~ of development, the cerebellar Purkinje cells 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



Fig. 33:

XBB 699-6064

Intferspike interval histogram of a midbrain culture, 20
days in vitro. Ordinate: number of occurrences. Bin size:
5 msec. N = 1765 counts. Sampling interval: 5 min.

Note peaks at about 10 and 70 msec.
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Fig. 34:
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XBB 699-6063

Interspike interval histogram of 20-day old cerebellar

culture. Bin size: 5 msec. N = 509. Sampling interval:

5 min. 30 sec.

Note absence of short intervals and three peaks.
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larger electrodes (Craln, 1966) may be a manifestation similar to the
bursting activity reported here. The rhythmic activity of the organ
cultures of Cunningham (1962) may have similar origins.

So far no differences with respect to average frequency or
interval distribution could be detected between cerebel lum and mid-
brain, nor could any differences be found as a function of age of the
culture. Such differences may well exist, but they may be difficult
to find due to the heterogeneity of the culfures. As work progresses
on this system, it may become possible to study the development of

bioelectric activity from specific cultured cell types.

4. Simulitaneous Extracellular Recording from Two Neurons

When unit activity was simultaneously recorded with two
extracellular microelectrodes from two randomly selected neurons,  the
somas of which were 20 u to 200 u apart (fig. 21), their spike activities
were very often correlated. Such correlation was found in almost
all cases where both cells showed any activity at all.

The probability of accidentally recording simultaneously
with two electrodes from two different points on the same cell (the
cell body and some distant neurite that happens to run near the
second céll body) is extremely low. Since the action potential could
be abolished by damaging the cell body (described above), there was

no doubt that the electrodes recorded from two different cells.
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Fig. 35 shows the correlated bursting activity of two near-
by neurons. The bursts started and ended almost simultaneously, 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
and 37. A common characteristic should be noted here; the spikes from
neuron A fell near a spike from neuron B more often than expected
under chance céndi*ions. The "cross-interval histogram" generated
by the PDP-8 computer (see appendix ) dramatically 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 small
intervals before and after neuron A. The closely correlated acti-
vity of another culture is shown in fig. 38. |In this case, spikes
in cell B almost exclusively followed spikes in cell 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 coincidenqe. For comparison, fig. 40 shows a cross-
inferval 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 culfured neurons.
During the course of this investigation, simultaneous extracellular

recordings with two electrodes were made from 19 pairs of neurons



XBB 696-3546

Fig. 35: Correlated burstin activity simultaneously recorded with
Two extracel lular microelectrodes from two neurons
(traces | and 2, respectively) approximately 50 u apart.
Cerebel lum, 25 days in vitfro. A: bursts, B: beginning of a

"burst, C: within a burst.
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XBB 696-3547

Fig. 36: Correlated spike activity from ftwo neurons (simultaneously
recorded with two extracellular microelectrodes). Midbrain,

22 days in vifro.
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Fig. 37:

XBB 699-6062

Cross-interval histogram of the record of the same culfure
as fig. 36. Ordinate: number of occurrences. Bin size: 2
msec. Sampling interval: 16 min. 25 sec. Number of counts
in tfrain A: 1095, in train B: 2053. The intervals of a
spike in frain B following any spike in train A are plotted
to the right of O (forward recurrence times); the intervals
of a spike-in fTrain B preceding any spike in train A are
plotted to the left of O (backward recurrence times). Note

The uneven distribution around coincidence (= zero).

9l



Fig. 38:
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XBB 699-6066

20-day old culture of cerebellum. A: position of electrodes;
B: sample record of the spikes simulTaneously recorded from the
Two neurons shown in A. Notice tThe more or less constant time
relationship of the spikes in the upper trace to the spikes in
the lower trace. The discriminator outputs (10 volt pulses used
for the computer analysis) appear as dots below each spike;

C: cross-interval histogram. Bin size: 5 msec.; sampling
interval: 5 min. 30 sec.; counts in frain A: 509, in train B:
255. Note the maximum point at 5 - 10 msec. to the right of
zero, indicating the high probability of a spike in train B

following a spike in frain A with a latency of 5 - |0 msec.



Figs 39:

XBB 699-6068

Cross-interval histogram of the simultaneous extracel lular
recording from two neurons in a 20-day old midbrain culture.
Bin size: 5 msec.; sampling interval: 5 min.; counts in

Train A: 727, in Train B: [765.
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Fig. 40:
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XBB 699-6061 .

Cross-interval histogram of two simultaneous, uncorrelated,
random pulse trains obtained by displaying Geiger counter
outputs recorded from two radiocactive seurces (count rates:.
|06 and 182 counts per minute, respectively). Bin size:

5 msec.; sampling interval: 18 min.; counts in train A:

1914, in train B: 3279.
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(frem 19.culfukes) and In 17 cases the correlafton was_cﬂearfcuf; in
fhe’OTher 2 cases .no obvious corfefaf[en existed, buf defailed com=
| puter enalysis may sTlli’reveaI-aﬁ inferacfidn_In these latter cases.
VarfousAdegrees ef'correla+ion between the unit épikes of
neurons In the same microscople.fieid can thus be seen. A kind of
leese cofre!aTion may ekisT, with one neuron firing very offen near
(ehorfly before or after) a spike in the other neuron. The two
uhife may be acfive at different frequencies, and a more or less
- farge number of spikes In one'neuron may not have counterparts in
the other neuroﬁ (fig. 36); At efher times, a clear and more or less
".fixed time relation beTQeen the two neurons can be seen (fig. 38),
agein with the poseibilify of spikes missing In the record of either

nerve cell.
5, Discussion

At least foqr different Interpretations can'Be given for

. tThe non-random intersplke interval dlSTrlbuTIQns (bursting patterns,

‘; preferred intervals, doublets, triplets) found in most cultures TesTed'
so far. The parficular cell may have an endogenous mechanism that,

in some way, can’ give rise to The observed firing patterns; local

| flucfuafions in the surroundlng med ium (ionlc composition) may pro-
duce bursts, doublets or triplets; the cell may be driven by one or

several inputs from other endogenously non-randomly firing neurons; or
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vlf may be partiéf a self-reexciting ne+@ork containing excitatory and
|nhibifory pafhways, wITh at Ieas* some cells acting as pacemakers,
connected In such a way as To generate the observed patterns.

Aspects of all four mechanisms may play a role, and none can be
~ excluded on the basis of analys!é éf single spike trains. For
example, the bursts shown in figs. 28 and 35 may be Triggered byione
or sevefal neurons that flre spontaneously at a tow ffequency (one

per several secondg, as is often seen in cultures) and which +then syn-
"apfically reléy their activity through possibly very complex nets fo

a cascading series of neurons fo produce Bursfs in a fashion similar
to the long-lasting complex potentials which can be elicited wifh a
singlé short elec+ricaI;sTimulu5'in Thiék’dkgan cultures of central
nervous tissue (Crain, 1966). AITernaTively,"fhe bursts may be due

to long-lasting or repetitive inhfﬁifory Inputs impfnglng oh one or
many spontaneously acffve neurons so as to bréduce refa+ively long .
'siieanperfods. Similarly the common occurrence of preferred spike
intervals (figs. 33 and 34) may }esulf from excitatory networks,
‘ where a_heuron ¢an get reexéiTed pérlodica]ly with intervals dependldg' -
on the size of the net, the degree of connectivity and The_fype of
.connecfions (excitatory or inhibitory). Such a modei has been inves-
Tigafed(wifh a computer by Farley (1965) who found that osciilatory
| paf*erng are generated after stimuiation of 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 whtéh_supﬁress o+ﬁéers¢ sbonfaneous!y ac+IVe ceils for some
time. o |
The close éorreiaflon (éére or'Jéés-simulfaneous firing) of
'_The individual spikes from two neurons in:fhe same microscopic field
>-‘of a cQITQEe.sugge$+s the presencé of nets of interacting units, with
'“af least some (and posSIbEy'many)»nerVe'celss'fIrlng spontaneously
(pécemakér actlivity) and Transmifflng'fhéir activity through complex
.nefsffo ofhér‘néurons. The units sampied with microelectrodes repre-
zsenT two nearby points in the postulated net, possibly recéivlng inputs
from common and from Independenflsources, In addfTIéh to their
poééiblé en&ggenous-spon#aneous activity. A great many comblnafions
afé therefore feasible, varying from culture to c&lfufe; these result
vin a rafher.loése correlafion with Individual units often exhibiting
a degree of indepehdehce, such as the laék of fixed time relation or
the presence of spikes In one unif without a corresponding spike In
the other. | | |
Various kinds of Interneuronal interactlions are possibfe.

One interpretation for the observed correlation might be a.non—synap—
tically medfafed threshhold alteration due to the electric flef& from
the firing of a nearby neuron (Terzuelo & Bullock, 1956). Thus, the’
 facT that one neuron fires an.action po+enfia|imay increase the pro- -
:babi|t+y of a spontaneous spike in another neurbn.even In the ab~
. sence of synaptic inputs. I+ seems, though, that such action would

only work at very close distances and would need a relatively small
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exfraceliu]ar spéce 1o Ilmif.cufren+vshuﬁ+fng effec+s,v Such an
arrangement Is generallyfnof_preseqf In the culfures used in these
experiments. Not only have the neurons (and generally all cells) be-.
come spread apart, but Thé exfraqellular space has been expanded tre-
mendously. Isolated poékefs of close neuronal contact do, of course,

-exist, and this type of interaction cannot be exciuded at present. .

 However, such a situation should be relatively rare and two neurons

selected at random in-a microscopic field should ordinarily not be

o) sffuafed;' Good corfelafion is found,_hcwever, in the vast major-
ity of cases wheneyer the activity of Two.heuroné is recorded simul-
Taneousfy. |

| A second pdéslbllify would be the modificatlion of a neuron's
fiffng pattern @y lonic changes jnthe.exfracellular space due to the
activity of énq%her neuron in a way simliar'fo_fhe depotarizaflon
observed in glijé (Orkand, Nicholls & Kuffler, 1966). Again such . -
effects are probably onlx working at Qery close distances ahd seem un-
ikely, though not impossible, under culture conditions. In the

spinal cord, for instance, exploration with a microelectrode reveals

that the soma of a gastroenemius motoneuron may. be as close as 50 u

~to 100 u to a biceps—éemi+endlnosus motoneuron, and yet these two

3

neurons exhibit quite distinctive responses to afferent volleys.
_Thé dendrités of such cells may be as long as 1 mm, so that there is
a large oy%r!ap of the dendritic flelds (Romanes, 1953).

ﬁiA further alternative could be the existence of electrotonic
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juhcfloné beTWeen-neufoﬁéf(Furshpan &'Poffér, 1959), In lobster
cafdiaé génglié; for instance, correlated bqrsTIng écfivify wifﬁ a
gimilar rather Ioose'cofrelafibn (a spike In bne cell is not always
accompanied by a spike in the sécond neuron) hésbbeen observed
(Watanabe, 1958); in that caée it is due to elécfrfcal connections be-
+ween_éome of the ganglion cells. Slmi[af Interneuronal elec#rofonic
juncfionS'havé.noT yet been observed in The.mammallan nervous' system,

~at least not in situ. Nerve tissue cultures simitar to the ones

‘used in.fhls study haQe recently been tested for electrotonic junc-
Ifions by Wa]kér and Hild (1969),‘who found Qidespread electrotonic
~ coupling be+weén gllal éells-and a certain class of neurons. The
'EelecTrofonically coupled neurons were morphologically indistinguish-

- able from other (non—coupled5 neurons, but their functional proper-
~ties were quite unusual; they did not seem to be éxcifable, thus They
were not sponfaneously active and no action potentials could be evoked

with applied electrical stimulus. The electrical response of these
cells was similar to that of cultured glial cells (Hild & Tasaki, 1962;
" Hild, Takenaka & Walker, 1965). Cultured neurons wifh phyéiotogical

properties similar to in vivo neurons (excitable membranes, etfc., as

described in the preceding pages) did not seem to be coupled electro-
fonlcaf}y to each other or to any other cells. While much'wofk is

needed fto confirm and further investigate this challenging finding of
Walker and Hild, fT éeems, at least at present, Thaf electrotonic |

coupling is not instrumental in the correlation of discharges from.
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"normal" excitable cultured neurons.

This leaves The.mos+ likely InTerpré+af]on, namely that
neurons showing good'bioélecfric activity (located in falrly dense
areas of the explant) are part of a synaptically connected network.
Thté.lnTerpreTa#ién‘Is strengthened by the common occurrenée incul=-
ture of terminal bog+ons (infra vide) and synaptic structure (Lums;
den, 1968). | |

The exact connections probably vary greatly frdm culfuré to
culture but one may assume that both excitatory and ihhibi*ory syn-
apses are involved. In addition to mulTTple synaptic Inputs to the
cultured neurons, at jeasf some; if‘nof_mosf, cells In these cﬁl— ;
ifures may be sponfaneously active., Thus the spontaneous actlion po—‘
*enfialé may be'synchrénized Ioosély dué to synapTFC-Inpufs, or,
alternatively, a sufficiently sfréng synaﬁf!c input may cause de—l
pdlariZanon bélow threshold for fhe fifing of an actlon potential.
Such'complex interactions can easlily give risé to the non-random
firing patterns possibly of an oscflla+ory nafufé. |

Simple, synaptically connected nets of neurons of other
biological preparations often exhibit similar characferfsflcs; Some
experimental preparations of locust f11ght motor neurohs,'for Instance,
show loosely coordinated discharge patterns due to comﬁon synapfic'
inprs,.synapTic interactions befween'infefneurons and motor neurons,
and possibly longer term inhibitory Inferacflons (Waldron & Wilson,

.1969).



C. MODIFICATIONS OF THE SPONTANEOUS BIOELECTRIC ACTIVITY

.Nefve ffssue culfufes afe a convéﬁienf maferiél for the

- sfudy of'envtronmenfal.gffecfs on the éells and their Inféfac*lons.
Iﬁ ordef'fo a) éonflrm +he,phys!oiogical origin of the poTenTIaIs're¥
corded; b) fﬁvesfiga*e some of their properties; c) explore some of
The éharacferisfics’of fhe !nferhéuronal in+erac+ions§-and d).gssess

the feasibility of fufure bharmacologicél investigations, a series

- Qf experiments were performed to test fhe effects of environmental

changes.

1. EffécTs of'STrychnlne

The addition of IOfﬁg/ml snychhiné~+o‘+he bathtng med fum -

increased the frequency and alfered The paTTern of +he splke acflvi+y'

of singie neurons in cu|+ures, Un!f splke acfivify of a low fre-

'qqency changed to a bursting paTTern within less than a minute after

the beginning of the drug injection into the recording chamber. The .

paffern was raTher.sTereofyped (flg 41B), consisting of a single
spike followed by a slow posiflve wave and a serles of 6 - 12 splkes
Such spontaneous bursfs occurred af intervals of 4 - 8 seconds (fig.
41C). |

The effect of strychnine on the biocelectric activity of

101

thicker cuffurés has been described by Craln (1964c) and is essentially
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XBB 698-5282

Fig. 41: Effect of injection of 10 ug/ml strychnine in balanced
“salt solution. A: control with single spikes of low

frequency. B and C: aftfer injection of strychnine.
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in situ from single.

—

similar. Convuisive outbursts can be recorded

uhifé,(n'fhe cérébé!lar'coéfex'aftér.sffychnine adminlstration (Bre—'v
,mér & Gernahdf, f954; Brookhar+,‘Moruzéf & Sﬁidér, 1950); |

| The action of sfrychniﬁe,poinfs Tb the presence of fnhibi-
tory éyhapses; since 1t Is thought +ha+:s+rychnine seléc+tvely inhib-

its fhese synapses (Bradley,‘EasTon &vEches, 1953).

2. Effects of Varying the Concentration of Calcium

Lowering the calclium concentration from 2.55 mM (normal
amount of catt in Gey's balanced salt solufioh) to 1.2 mM Increased

fhe unit spike frequency by a'fa¢Tor of* 3 to 5. A reduction to 0.5mM -

i

resulted in a IafgéE+ransITory Increase of the firing rafe,vlasfing
viabouf a minute, followed by a deﬁregslon to a éevel.lower than the con-.
fkos value (fig. 42). A return Toibalanced_salf solution with 2755-va,-
'_Ca%+ resfored the spike frequency to more of less control level. Ex- L
chahgfhg the BSS with an Identical solution excepf for the absencevpf“
Caf+ caused a,shor+ burst of activity of even higher frequency wifh
é.subsequénf cessation of +he spontaneous activity. The activity
codld'be fesfored by refgrning to the control Ca++ level within a few

' @inufesﬂ Longer periods in Ca-free bathing medium were accompaﬁiéd.by'
Irreversible changes in Theicellu!ar abpearance and, of course, perm=-
anent loss of all bioelectric activity. .

_No change in spike aéTivITvaas noted after an fncrease of';

fheicalcfum concentration from 2.55 mM to 3.55 mM,

R
'
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Fig. 42:

Time —

DBL 694-4638

Effect of lowering the calcium cbncehfrafion of the balanced
salt solution (BSS) from 2.55 mM fo 1.2 mM (midbrain

culture, 20 days in vitro).
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) The effecf of the Ca - o Ievel on btoelecfr&c acfivify Is
Thoughf fo be due to an Insfabtll?y in fhe membrane sfrucfure at low
Ca Ievels, wl+h a resulfing Increase in fhe%excitabtli+y. ThIs has

. been exfehsfvely discussed In recent revleWS'(e.g}, Koketsu, 1969),

and the action on cultured neurons ts'enfirely“as expecfed.

3. Effects of Magnesium Concentration

Varying The concenfraTion of magnestum in +he bathing -
'medium in the presence of ca*t had a much less pronounced effect

+han varying the calcium concenfrationvalcne. Reduc*ion of the mag- .
nesfum concentration from iTs'normal level (1. 07 mM in Gey's BSS) to -
zerc resulted in a reQersthle increase ef the unif spike frequency,
;vwhile an increase from 1.07 to 2.14 mM caused a reversible decrease,,h
;of *he.frequency by a'fac?or of abohf 2. An‘addlfion of 6 mM of Mg++‘

-hled to a sharp drop of +he average spike frequency (fig. 43).

While magneslum affects the excifabilify of the neuronai mem—";

brane, Its main action is presumably on the synapfic Transmnsslon
(Somjen & Kafo,_1968;»Desmed+, 1963). The action of magnesium ions
'isrfhus enfirely,compaflb!e with the presehCe of-neuronalbnefs In our

- cultures.
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‘DBL 699-5056

Fig. 43:" Addition of 6 mM Mg** fo the bathing medium (BSS) (cere-

'be_l fum, 14 d‘a‘ys in vitro).
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4. Discussion

These experlmenfs demonsTraTe +hé-féasibtli+y of using cu!-.
+ures for furfher sTudIes of the. acflons of various environmenTal
'facfors (Transmc+Ter subsTances, drugs, ionlc composlflon) on lndIv-s
Idual nerve ce!ls in The absence of such complicafing factors as the
blood_brain barrier and other control mechanisms. Experimen*s such
as iowerfng the concentration of an ion are difficult to carry out In
§ijg, Estimates of the effeé?iveﬂconcenfrafibné éf fons and drugs in
contact with individual cells are hard to make lg;gigg_due to a
vér[eTy of compartments (of. unknown SIzé_and cOmposiTlon), diffusion
barriefs, ahd‘sélec#lve and,aéTivg transport mechénlsms.‘ lonto~
phoretic appiicafion of’varlous cﬁemlcai substances  has been success-
- fully used to study thelr effect 6n individua! neurons In.+he InfaCf
anjmalg‘buf it remains very-difflcul? o éccurafely know'fhe final‘
concenfra%!ﬁn of The test substance applled'(Salmolraghi & Sfefanis,
1967). Nerve t1ssue culfures may be ldeal to supplement pharmaco- '
logical studies on infact animaﬂs. n add!fion, a more detajled sTudy
'of‘fhe;"reversibiIITY"»folﬁowlhg alteration In the envuronmenf (tem-
peréfure, chemicaié, etc.) may give some clues to the adapfive cépa—
‘ biiifies'of neurons. |

In the interpretation of the experlﬁen*s with calcium and -
‘magnesfum, THe data analysis was limlfed'To The average spiké fre~-

quency. In future experiments, a more detalled analysis of the dis-



Fig. 44:

XBB 696-3548

Group of living neurons (phase contrast) from cerebellum,
|9 days in vitro, showing posinon of infracellular micro-
electrode. Inset: intracellular record from one neuron
(arrow) showing membrane potential of =77 mV and sub-

threshold signals (presumably EPSP's).
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" lcal modifications, etc:) have yet.been done. -Similar signais
have,.however,fbeen'men+iohed by Klee and Hld (1967),»bu+,withou+'any

furTher comments.
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IV. CONCLUSION AND OUTLOOK

i

The value of simpie nervous systems fpfAThe study of some )
of fhe fﬁndamenfal problems of neurobiology (tnfegraflve hechanisms,
p[asTiciTy, learning, memory, efc.) has been.polhféd out repeafedly
(éullock, 1966; Burns, 1968; Giacobini, 1969). Phylogenetically
simple organisms (e.g., annelids,‘mol|us¢s, arfhropods,-efc.) have
yiélded é wealth of knowledge; especially since many of these lower
animals haVé convenienfly‘segmenféd nervous sysTemé, often with

large nerve cells. However, it is not yet clear whether these:
relatively simple preparations wii! contribute to the elucidafioa

of such problems as neuronal plasficlfy since Theirvbehaviour is

usually rather sféreo+yped and unadaptive. - One of.?he ultimate aims

of man's quest for knowledge is to explore his own mind and con- -

1sequen+ly the study of the nervoué system of higher animals (and in
‘parTicuiar,-mamma]s) has an inherent appeal. The cultivation of

‘nervous Tissue of mammalian origin is an a+Tempf to combine the

advantages of simple nervous systems with the complexities of

- higher animals and to achieve simplifications of and accessibility

to an-ofherwise hopelessly complex organ. Serious disadvantages and
problems, however,jsfil! plague The_ﬁreparafion: the cultures are -
still very complicated and their non—uniformify (each culture is
different) and somewhat disorganized growth represent majof drawbacks.,

In addition, the neurons are usually relatively small compared fo many
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iﬁverTebrafé:pfeparaftoAé-énd'very Iab[!é fo elecfrode fmpalemen#.

| _ Thl§ investigation has éhown +ha+ eVen'afTer transformation
of fhé expian+=from_a +hf9e—dimenéionai btock of tissue into a mem- .
| braﬁe;lfke structure, some synaptic InferacTions between the neurons
in culture persist. Whether these synapses have simply survived the
”explah?ing operafion_of whether They‘héve grown de novo during the
dévélopménf of the culture remains to be shown. Future investigations
should also examiné the funcfionai properties of such cultured syn-
apses especially'in regafd to Théir similarity with the corresponding

in siTu‘sTrucTures, ‘This can be done by-pursdlng the intracellular

sfudies'or‘by further, moré deTaiIedbanalysés of extracellular re-
cgrdings, both in coﬁjunc*lon with envirbnmen%a! changeé° |

The cul%ures iend fhemse|v§s quite naturally to the inves-
tigation of fhe deveiéﬁmenf of infercellulér interactions, such aé
formation of synapses, under controlled environmental conditions.
This might bear upon the préb!ems of neurona!l specificity and plastici-
ty, and more geﬁerally upon the probiems of learning and memory. For
example, long-term stimulation (electrically and/brvchemica|ly) during
The development of the cQITures mighf'lead to changes in their re-
sponse fo elecfricalbs+imuia+ion, changes in their gross mdrphology>
or ultrastructure, or changes in their synthetic activities (RNA, pro-
tetin, etc.). Even short-term, acute elecfricélAsTlmuiafion mfghf
Induce defec+§ble changes In their biocelectric reéponsé to stimulation,

or in'thelr biochemical synthetic activities.
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V. _SUMMARY

1. Explants from the cerebellum and midbratn of newborn rats were

cultured in plasma clots on flying covers!ips in ko!jer tubes.

23 Neurons‘dlfferenftafed and matured In cul?ures‘and they seemed

.fb'maEnTain a normal morphological appearance. After 2 to 3 weeks In

. culture, the nerVé;ceII bodieé became largely arranged in a flat

array\ehbedded befween gltal cells and neurona! and gliallprocesses.
Many of the -axons became myefinafedvand silvér Impregnations offén
reQéaIed Termlnél bou’rons° -

3. Spqn+aneous‘bloelecfrlc splke activity was recorded In the maJoQ—
i}y;of the cultures from single neurons by placlng extrace!lular mi-
Groefectrodeé near the neuronal soma. |t was shown b& killling the cell
nearesf.fo the élecfrdde tTip that the spikeé origlhafed in living .
neurons whose somas were immediately adjécenf to the tip of the elec-

trode. -

4. The patterns of unlt splke activity included bursts with irregular
sifent periods of sometimes several seconds, doublet and triptet

splke patterns with intervals as short as 4 - 5 msec., and at times

regular firings. At room temperature, the avérage frequency ranged

- from a few spikes per minute +to up to 100 spikes per second in some



offfhe'bUrSTS. 50 - 300 spikes pér mlnufe'was the most common. In
_general fhe Infersplke interval hlsfogram showed varlatlions in
_the dlsfrlbuflon of infervals that was much more complex than a .

.slmple Gausslan or Polsson dlsfribu*ton.

5. Reducing the temperature from 25°C to 16°C decreased the average
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spike frequency to almost zero and lengthened the duration of the spikes,

while raising the Témperafure to 36°C Increased the average splke fre-

'quency by a factor of up to 2 and shortened the duration of the

spikes, Spike aéfivlfy sfopped'a* temperatures Higher than 43 - 45°C.

6. Spikes slmQITaneous!y recorded with two microelectrodes from

Two geUrons in the same microscopic field ahd separated by as faf as
200 u showed varying degrees of éorrelafion with each other, i.e.,
spikes from one neuron were accompanied within é small time inTervaI;
by spikes from the other neuron more often than expected on the basis

of chance.

7. 10 Qg/ml strychnine increased the average splike frequency and’

‘changed the discharge pattern of single neurons in culture in a way

similar to the changes seen in situ. - A

8. Lowering the calcium concen?kafion {n the bathing medium resul-

3

ted in a transient high frequency burst followed by a decrease of

" the average spike frequency. lrreversible damage was caused by



. - e

s
;eﬁova! of all calcium from the baTH{ng medium for longer. than a few

minutes.

- 9.1 Decreasing or increasing the magneélum concen?réTioh resulted in
an‘increaslng or decreasing average frequency of unit 3pike activity,

 respectively.

10. Membrane potentials of up.+o 77 mv and subthreshold signals
resembling EPSP's were recorded with uITrafinevInTracellular micro-

electrodes from the somas of cultured neurons.

ff,‘ From +hevnon-random infefspike infervals; from the close
cqrféiaffoh of simulfaneous spikei+r5ins from.fwé'neurons; as

wgll.as from the action of strychnine and magnesium, it is concluded’
’Tha%.fhe neurons In these thin culfures of rat cerebellum and
midbrain are synaptically connected to form complex nets of inter-
.acTing uﬁifs. _Théy.rebreSehT a much simplified,jfsolafed ﬁeural net
aééessfble to visual observation and electrode-exploration under
controllable environmental conditions. 'This'work demonsffafes ThéT 
this prepafa#ion may belsuifable for the correlative study of function
and structure in the mammalian central nervous system whichAmighT
possibly lead to a better undérsfahding of neuronal -development,

plasticity, and the mechanisms of learning and memory.
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Vi. - APPENDIX

Computer Program for Analyses of Spike Tralns'

Two channels of an 8-channel Tape recorder were used to
record the lO—vol+ square pulses that were produced by~ - two
.dlscrlmlnafor - pulse generators for each neuronal spuke.(see flg; 2).
The fwo simullaneous pulse Tralns were Ialer analyzed with a general

purpose’ compufer (Dlglfal Equipment Corp PDP-8/1) lo consfrucT time

‘~_ lnTerval'hlsTograms and cross-interval hlsTograms as defined in fig.

4. 'The.cOmprer slmullaneously generafed four histograms and dlsplayed
them in the. four quadrants of-lhe'oscllloscooe screen: a) the inter-
_vals of-lrain A (from neuron A), AIp AZ' efcl_ldeslgnafed histogram
AA); b) the inTervals of train B (fromlneuron,B), 81,'e+cf (deslgnafed
- hls+ogram BB); c) the flrsl-order backward recurrence times between
a splke in train A and the next prevnous splke ln train B (V l)b o
(designated husfogram BA); and d) the first-order forward_recnrrence y
“times between a splke in train A and the.next following splke in traln

Bi(V ) (designafed hislogram AB) (see fig. 4). Each hisfogram codld

‘consusf of a maximum of 512 by 512 points (lOOO8 by 1000,).

8
. The cycle time (40 usec.) for dESplaylng ohe ponnT of fhe
display roullne was used as a unit of time for the measurement of time

intervals. The basic display consisted of two horlzonlal I Ines made up

of 1024 polnfsdeach (baselines for'specfra AA, BB, and BA, AB, respectively).
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-

The bln size could be selected by'chooé!ng an’abprqprla?e;divisor to
convert the number of djsplay pofn+ cycles to the deéired‘bin durafion.
Each éccurrénce of a splke (=va pulse from The-discrihinafor

interface) caused the display routine to be inferrupfed and the
computer program to be transferred frdm the display routine to the
’maiﬁ program wifh a subsequent resumption of the display routine.
The overall logic diagram and the flow diagrams for both the display
routine and the main inferrupf program aré given be!éw;

| Figs. 31f34.are examples of InférSéikezinTerval hlsfog?amS'

(AA or BB), figs. 37-40 are cross-interval hisfograms (BA and AB),
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DISPLAY and TIMING ROUTINE

/ISe* all variables to zero |
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MAIN INTERRUPT PROGRAM
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‘ and link =~

i
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Count A Interrupt see
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! N Y
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MAIN INTERRUPT PROGRAM (cont'd.)

Bin number =
Counter setting
divided by divisor

INTV =

INTV > 512

previous interrup
caused by channel

Add one to address
4001 + [INTV
(Spectrum AB)
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{

T
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