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" ABSTRACT

A

Transection of the axon (axotomy) of a neurone promotes

| specific ‘electrophySiological changes in ‘ther—associated “
yp‘cell body - In. amphibian sympathetic neurones,, these
changes 1nclude ;(1}, increase in_ spikedlﬁidth (2) a

| A 'bdecrease in afterhyperpolarization duration, v(3) and a
'“decrease Jmin;v»afterhyperpolarization : amplitude.r _}This~;

suggests’ that spec1fic membrane properties of neuronal cell"

bodies'.are maintained by .contact of their.terminalsvwith o

peripheral targets 3 Furthermore, 'the‘-interruptionvof a -
: nerve-target connection {hmay h result in’.[a loss‘.of4
’ access1bility to trophic"faCtors produced by the target
(Czeh et uali,- 1976, Gordon, 1983, Gallego et al., 1987)
| This 1ossyvof“ trophic support “may therefdre initiate the-

Yo electrophySiological changes seen in axotomized neurones.

+

To test this p0551b11ty, the effects of. Nerve Growth :A

;chtor. (NGF), ja trophic . factor responsible for the

_A;sg\\\\;maintenance and regeneration of periphera‘Lsympathetic ahd
sensory neurones‘(Cohen et al., 1954),'were examined‘in the
paravertebral _ sympathetic' ganglia'>Of 'Rana catesbeja
using intracellular recording techniques.

't.: This 1nvest1gation addressed the following questions.

- S . -
(1) Do- neurones maintained in explant culture *(in the~'

absence of NGF)  exhibit’ electrophysiological changes -
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'“similar to those 'seen after axotomy in vivo ? (e) Does
iexogenously applied NGF “in culture 'medium' prevent the '
gielectrophysiological ' re:ponse '_to, axotomy “ and target ’
;removal?, o (3) Does »the inclusion of NGF antibodies
4(Anti-ﬁGF)' "iin | ;culture ' medium enhance‘. 'hthe"V
electrophysiological "effects" of axotomy and target
vremoval? ' (4) Does the length of the severed axon.influence
“the' electrophysiological effects 'of Vaxotomy- and target
hremoval? ‘ (5) Is there a correlation between thei
2'injury-induced electrophy51olog1cal : changes,_ ,and"'the‘h;"‘
-morphological properties of gexplants '_maintainedbi,in‘
‘rdifferent , culture conditions? ~(é)il'Is ‘_NGFi‘ presentl

'.endogenously within Rana catesbieana7 . lu,,_

'fThe following. results:we '”obtained'“(livExplantedﬁff
'sympathetic 5 ganglion, . neurones 'j- undergo foSimilar
' electrophysiological changes' to*i. axotomiaéd\\neurones 1n
vivo o. ‘ (2) NGF prevents some.of the axotomy-induced changes
"suggesting that 1t is 1nvolved 'in the maintenance of
specific action potential parameters,": espec1a11y

afterhyperpolarization duration. (3) Anti-NGF enhances the T

»H¢electrophysiologica1 changes produced by iaxotomy, Wthh

suggests:, that endogenous NGF regulates the 'electrical-'

”properties of' amphibian sympathetic neurones. ‘3 (4) The , -
-length of the severed axdn also determines the magnitude of
‘thp electrophysiological response to axotomy.,This prov1des PR

: evidence for the retrograde transport of NGF or pOSSlbly l'



'other ﬁunknown_'trophic‘,éubstances. . (5) .The magnitude of
: spike =~ width | énd _afterhypéfpblarizatibn amplitude are

., correlated with = growth - (neurite' ' production).
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I. TRANSECTION ~ OF  PERTPHERAL _ NERVE ___AXONS AND

emoizervets. - - - - .

T The"ftransection of av(nerve ‘axon is a surgical’

h»procedure referred to as axotomy. That portion of the'axon‘

ilseparated‘ from - the - cell  body degenerates (Waller, 1850)
-While ‘vthe perikaryon ~which remains attached to' the
_ proximal,_ portion lof the ‘axon, lundergoes ;é‘ serles;-of
“characteristic ."morphologlcal . changes (Hyden, “1960

 Leiberman, 1971). This reaction to axon-injury was termed

'chromatolysis' by - Marinesco-"-(1896) Later technical

adyanCes led to the discovery of metabolic (Watson, 1965, .

71972 Hendry, -1975)  and. electrophy51olog1ca1 (Kuno et al

© 1974, Purves, 1975, Kelly ‘et al., 1986 Gallego et al., [

1987)- changes, 'which accompany the structural alteratlons

-~ 4

foccuring in response ‘to axon transection.v' It has been.

i“suggested l that these ' axotomy-lnduced morphologlcal

”bbiochemical ‘and electrophy51ological changes . may be

asSdciated : with the initiation of axonal 'regeneratlon

k)

ftowards previously innervated target cells (Gordon, 1983

'oaiaon et al., 1987, Gurtu and Smlth 1988)

This study ,concentratesv'"primarily ‘upong-ithe‘

v

electrophysiological 'changes' uhichv occur as'a.conSequence: 1

r‘-fof axotomy.:



11 ELECTROPﬁstoLOGIéAL' 3 'pRoéEnTiss; oF Axoronrzﬁo’p
 PERIPHERAL NEURONES . L S
' :Analysis:fof ”the action potential (AP) parameters of
yaxotomized sensory;' sympathetic and motor neurones has
.deﬁonStrated o sone : general - trends..‘ +in the
'~electrophysiologica1 ‘changes produced by axon transection
In » thev',majority of’d cell types investigated the'f
afterhyperpolariiation.; (AHP) duration  and amplitude.,
_ﬁaéeréased;. while Splke width 1ncreased (Kuno et al., 1974;
Czeh etf'al.j' 1978 Kelly et» 1., 1956, Gallego et al.,
1587;v Gordon’ et' al 1987., Shapiro et al., 1987 and Gurtu_

and :Smith' 1988). Neverthless, certain cell types were

discovered which generated APs with increased AHP durations o

~ in response ' to axotomy (Kuno et al.,~1974, Gustafsson and"“

~ Pinter, ‘_1984) Upon comparision of the measured AP
' parametersl,and other. electrophysiological properties such
as :conduction velocity between indiVidual populations of

( axotomized neurones (example' soleus motor- neurones versesé
vmedial gastronemius ,motor neurones, Kuno et al., 1974), it'~
 _was -7. found . that ithef vaxon.t transection-induced
.}electrothsiological change§h:Which 'occurred ) reduced the
'characteristic electrophysiological differences between the
_differeng .nerve. cell populations (Kuno et 4a1 : 1974,\
Gustafsson and V?lnter, 1984( Shapiro et al., 1987) These

findings were interpreted in terms of the hypothesis that



Ty
P

he observed electrophysiological changes ‘occurring finli"

axotomized 5‘ neurones may ‘\b€‘~ representative - ‘Qf

_.adedifferentiation process in which neurones switch: from a7'3

“highly specialized state towards a common immature state
which is conducive to regeneration and the re-establishment<'
'rof contact with the denervated targetcprgan (Kuno et al.,

.°1974; Gordon, 1983 Gustatsson and Pinter, 1984, Foehring'A
et _;1., 1986, Gordon et a1.,,1987, Shapiro et al., 1987;

but see also Gurtu and Smith 1988)

'n.' ITTI. WHY DO THESE ELECTROPHYSIOLOGICAL CHANGES OCCUR

”o NS c oN?

It is possible that the’ observed electrophysiological
'response of peripheral nerves to axotomy is a reaction to
’t:cellular' damage in which the size and 1ntracellu1ar ionic'
n.dconcentrations of the neurone are changed (Gallego et al

:l1987) Neverthless, ;studieS' of sensory ganglion cells,‘

: which are unipolar neurones with a: single axon' which"f

bifurcates into la;' centrally-directed process and a -

;fiperipherally—directed process, do not display metabolic,
it-morphological or electrophysiological manifestations when
’ﬁftheir»’ centrally directed processes‘[,areJV'axotomized
iHowever, 'chromatolytic and electrophysiological changes are
.readily observed when“the peripheral processes of thesed
neurones are severed (Lieberman,_ 1969a, ; l969b, 1971; ;:

ilCzeh et al., 1977, Gellego et al.; 1_ 7) 'Therefore,tthe"‘



.absence of any changes after the transection,of thb‘pentral ,.
' processes in. sensory ganglion '\cells _ suggests; that'

lcellulardamage is not always ‘the’ ‘direct cause of theﬂ\

weffects' of peripheral axotomy Rather, the interuption of:"‘“

—

a peripheral process and the resulting loss of continuity
between the cell body and peripheral target may mediate the;'

,observed changes.

COnsequently,'fithese,"results suggest that certain
electrical - properties of peripheral nerves are maintained

- by contact Wlth‘ their peripheral targets. The loss of‘

contact with - ‘the target may result in a loss bgj'

‘ accessibility ‘to trophic factors, produced by the target :
(Czeh et al.,_ 1978, Gallego et al , 1987), and consequent!

'rinitiation of the cell body response to axotomy

Studies‘ of the interaction between motor neurones and -

_muscle tissue in adults have provided evidence which pointsl

to the existence of one or more trophic factor(s) which may

" pe retrogradely transported through the motor axon’ from the v.‘~"

, muscle and which may be responsible for the maintenance of

ra
‘the normal electrophysiological properties of motoneurones‘

(Czeh et al.,’ 1978) Since the nature of these factors

. © ) .
'Zﬂremains unknown, studies of the trophic factor dependence-*

. . s
mof motorneuronesjycan only involve indirect methods of
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investigation. R R T

In’ contrast ‘a"good'?deal-fof ev1dence supports the"

s A

‘hypothesis that Nerve Growth - Factor (NGF) may- plai/g

:important role in the maintenance,' axonal sprouting and

[N

.regeneratior of sympathetic and sensory ganglionic neurones"

~

yy'fin the periphery (Levi-Montalcini and Angeletti, 1968)Jas

" well 'as‘ cholinergic neurones (Hefti and Weiner, 19%6) 1n;1

13

the CNS. The detection of NGF occurred unexpectedly as -a

w

: result of experiments performed 1n order to 1nvest1gate

K whether- the' volume of peripheral tissues determines the

Jdegree of development .of the 1nnervat1ng spinal motor andvi

sensory _systems (Bueker,'1948, seé also Hamburger, 1934 e

Transplantation ‘of mouse sarcoma tissue 1nto the. body walls

.of young chick embryos induced a 51gnif1cant 1ncrease in:

the-lsize of  the sensory ganglia supplying the area of the

"tumour transplants. ‘ However, it was Lev1-Mo&talc1ni and

-;Hamburger,x;in: l951/ who 'observed that - embryos bearing-

transplants- of mousev sarcomas‘"‘37 " ang 180 " not only

-Thad,-enlarged sensory ganglia, but the sympathetlc ganglla

.immediately adjacent to the tumour and also those remote“

"vifrom_' it where enlargedq (Levi-Montacinl and Hamberger,

'1951). ' They suggested that the sarcoma tissue released a

diffusibleT factor into . the c1rcu1ation that was respon51ble‘

for, the'observed effects., The most conv1ncing eVidence for

.,

[fthe existence of a diffu51ble factor was the co-cultivation-

© ——

- of sarcoma tissue thh sensory and sympathetic ganglia,l

>

,

Ty ‘ : o . . . . -~
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-'which produced an impressive outgrowth of nerve fibres from'
| the ganglionic t' axplants'; (Levi-Montalcini et" al.,j:
'1954).Induction' of fiber outgrowth from chick sensory.

_gangi}a_ is still the most commonly used bioassay for NGF or

NGF-like actiVity

s

| T N , _
Cohen ' (1960) partially purified ~ NGF from the

"submaxillary - gland of the mouse, which subsequently led to,
.the development of NGF-antibodies., : Destruction ‘of the

- peripheral sympathetic s&stem by NGF antigpdies, provided.

‘strong evidence for a‘ physiological roleiipr NGF-(Cohen,

-

'-‘1.9‘6.‘0-)‘-.. A T ST

f'sincem NGF  is an 'important growth regulator of’the

:peripheral' nervous ’system,' a - widely accepted hypothesiS'
states that NGF is ubiquitous and should be detectable in
_ most tissues (Murphy et al.,_ 1984) . This hypothesis is

‘Supported"by the fact that peripheral target organs grown

in’ cultUre secrete' proteins into the medium which react

‘ With NGF antlbodies and are active in NGF biological assays

‘(Panta21s et al;,_1977,_Lango,v1978). Furthremore, NGF has

been" detected ‘ in'"vivo " in .several peripheral targets :

j(Korsching and Thoenen, 1985) and treatment of sympathetic'“,'

'v_ganglia With colchicine or 6- hyd%oxydopamine, results in a

decrease of NGF concentration in ganglion- cell bodies and a
correspondlng 1ncrease in peripheral\\target organ NGF
COncentration;‘ Therefore, this suggests nerve cell uptake"’

of target derived NGF (Korsching and Thoenen, 1985).
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'NGFg;,is-_ retrogradely tranqurted by peripheral\

csympathetic iand‘ sensory neurones from peripheral targets
* : o

e

4

thowards the 'Cell body (Korsching and Thoenen, 1985),_ }
',This- transport process is believed to 6ccur throughout the.e

.lifetime of the nerve cell (Hendry et al., l974, Levi,et

lal},' 1930), o Inhibition “of the uptake and vsubsequent

retrograde transport of NGF . following 6-hydroxydopam1ne or

iNGF antibody treatment causes destruction of major parts

Cof _they sympathetic and/sensory nervous ”~systems in

developing or newborn animals, and produces changes similar

‘ tc&}.hose produced by axotomy in adult animals (Thoenen ,

-1968, Levi—montalcini 1978 ). Of particular interest 1s"

that the cell deatﬂ‘(in neonates) and the metabolic changes ”

in the cell body %roduced by 6-hydroxydopamine and axotomy'

can be prevented by exogenous applicatlon of NGF (Hendry et

'al.,’ 1974 Levi-Montalcini 1975),. Due to their dependence »

Evon NGF, 'sympathetic ganglia exhibit several adVantag%s for

studying. ~ the regulation " of peripheral | nerved

' electrophysiological properties by trophic factors'

'Firstly,»'the presence of NGF has been detected in several_ﬂ

' ‘in itrg preparations of sympathetically-innervated target'

-organs 1( Thoenen and Barde 1980; Murphy et al., l984\).

Secondly,‘-:the : selective uptake _and retrograde axonal
transport . of NGF has been demonstrated in paravertebralu

sympathetic _ganglia (Hendry et al., 1974, Korsching and

yThOenen) 1985 ). Thirdly, the induction of fiber outgrowth'
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from - sympathetic' ganglia vis' an effective biocassay for -

_determining the tropic actﬁ@ity and presence of NGF.

Lastly, ‘ only limited electrophysiological .studies have

¥

gpreviouLly been undertaken in order to investigate the -

dependency . of specific AP-~parameters of sympathetic

‘

ganglion neurones on NGF accessibility Consequently, the

results Obtained from‘ studies on this model system, maY"m.‘"m

proyide »_information ' which ,‘may-. help to explain the

~‘e1ectrophysiological response of peripheral nerves to axon-'

Ay
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V. RATIONALE FOR THE UTILIZATION OF BULLFROG SYMPATHETIC'

GANGLIA. ,
fhln‘TVSeveraltAécell types preViously studied the .
generalized electrothsiological response to axdtomy'

included a depression of synaptic transmission between -

}preganglionic and chromatolyzed post-ganglionic neuronesV

(Eccles et : al., 1958, Purves, 1975' Mendell et al.;~1976)

®

vTheSe'_ changes in the"electrical properties of peripheral'

rnerves' as a consequence of axotomy are thought to be due to

changes in the dendritic morphology of the postganglionic‘
= ¥$ ,

‘ neurones. 1; Postganglionic ~ dendritic morphological

v'alterations ' result in.' a subsequent detachment , of

preganglionic 'fibres,-f (Lieberman; 1971,> Matthews_]andt

.Nelson, 1975, Purves, 1975) ' Therefore, “in order to

&
e

eliminate the possibility that the injury-induced chanqes



.,

o in dendritic ‘arborization are respon51b1e for the observed‘

alterations in AP parameters, -thej effects of axotomy on.

10 -

bullfrog' (Rana catesbeiana) © paravertebrdl sympathetic

| deﬂarites, and all preganglionic fibre synaptic contacts

%
are made ° directly with the axon hillock and cell body of

post—ganglionic fibres, (Weitsen and Weight, 1977 Baluk

u1986, Gordon et al., 1987) ' Consequently, axotomy of these

‘ ganglia .were Zstudied. The“post-ganglionic 'neurones‘of;”

v. bullfrog sympathetic ganglia ~( 'BFSGt ) do not poSsess -

neurones _»should--result in electrophysiological cha%ges

than ‘changesv' in,_ dendritic morphology and synaptﬁg

bullfrog sympathetic ganglia neurones, produces a series df

) representative of the membrane response to. axotomy rather‘
- connections.-~ v.'Furthermore,: axotomy of post—ganglionic L

- select and reproducible electrophysiological changes and

-the ion channels regulating certain AP parameters have been_

previously documented (_Adams et,al,; 1982b; MacDermott andb

Ty
2,

 Weight 1982; Pennefather et al., 1985; kelly et al.,

1986, Gordonj et al., 1987; Goh and Pennefather‘ 1987;

Lancaster'andtPennef”her'l987 )

BQLLEROG S!MPATHETIC GANGLION NEURONES. ' '?:

This ~ study  tested  the hypothesis that the

‘electrophysiological changeS‘ which occur in BFSG neurones

- as fa‘ consequence of axotomy result from the loss of a

L

:”VI.f IN-VITRO ELECTROPHYSIOLOGICAL STUDIES OF EXPLANTED i

- .



i

'retrograde supply of NGF from the target In order to -

control the . immediate extracellular environment this® studyi

was performed ‘exclusively on in vit;o preparations of BFSG

'_explants (Gruol et al., 1980 ) | Since, BFSG can be readily” :

e-_maintained in explant culture innthe absence of NGF (. Gruol

Ry

et al., 1980 ), it is an . especially useful , adult neuronal"

preparation' for testing this hypothesis. Furthermore,'f

- these neurones do not’ undergo chromatolysis when axotomized

( Gordon.:et al., 1987 '). Also, absolute control of theg

_extracellular yenvironment ensured that exogenously-applied

mouse salivary gland NGF was ‘not neutralized by the

possible production of NGF antibodies as might occur ig’

vivo,;v The production of such antibodies could prevent any

.responsev‘;of. fﬁhé : sympathetic' _ganglionic neurones.

: ,Furthermore,‘ in v1tro_ preparations of BFSG resultedvin o

.

‘complete isolation from target organs. j Such removal of

_targets prevented in ‘vitro NGF synthesis by target cells

and allowed for strict control over the NGF content of the

extracellular culture medium. | S ﬁ%i‘-\

‘“

The - first ‘experiment was: to test whether neuronesr

:grow1ng ‘in ' explant culture “(in the absence ‘of NGF)

exhibited electrophysiological changes ,similar to those

sgen after axotomy in vivo.‘ The second experiment was to‘i

testv‘whether the inclusion of exogenous NGF in explant.
culture medium reverses the' electrophysiological changes

ﬁggproduced by axotomy and- target removal. If“thisvwas the

. case,-3%it _.would ,1support thes hypothesisl"that"_the

DU SN




-

P loss of ‘a retrograde _supply of NGF from the previeusly - f

';innervated target organ. :

Since certain quantitigg of endogenous NGF or NGF llke

ir_molecules | are produced by glial tissue of axotomized

peripheral nerves ( Assouline,‘ 1987,v Taniuchi 1988 D

120

axotomy-induced electrophysiological changes result from a - .

.regenerating sympathetic ganglion cells ig vitro might ‘have - -

.. access to a certain unknOWn amount of NGF or NGF- 1%?9

growth” promoting molecules. Thus thigthirdexperimeng;was

to introduce NGF antibodies ( Anti
-electrophysiolog*cal effects.'of.axotomy could be‘enhanged;
*aS‘ aﬂ result _of neutralization of endogenous _growth

.promoting molecules within the bullfrog
{

- Furthermore,. since NGF is retrogradely transported_
'.lﬁyom _the target organ toward the cell body v1a transport_-'

'vrsystems’ within ‘the aston (] Hendry et al., 1974 ; Levi et

F ) into the culture

medium  in S order ;dtot .determine ffwhether-i ,the-h.

al., 1980 ), the [} evtrical properties of explants in which .

'the BFSG remained attached wvia the- rami communicantes to a
"lsection_ 'of‘d:spinal ' nerve - containing the axotomized

sympathetic' ganglion neurones were also examined ‘if NGF

®

‘is retrogradely transported the NGF remaining within the'

axon’ . immediately g;after | axotomy may delay ‘"the”

..axotomyQinduced electrophysiological | changes,_ ~or the -

,Achanges produced would not be as dramatic as those recorded



from explanted ganglia in which the rami communicantes have

.been severed and the spinal nerve completely removed.

x W"

L
)

.LastIY} the electrophysiological changes were compared']_ﬁ“ﬁi
.w1th morphological changes to test - vwhether _any -of.theng: |

’ electrophysiclogical alteraticns ,’were'.'ccrrelated‘hﬁith;
Lgrowth- or the‘presence'cf NGF?ber'se. It was also'possihle&;

. tc"test‘ whether. the electrophysiological changes were a E

.simple Lconseqﬁence of chromatolysis or whether their time"izj_ﬁ
.conrse* was consistent with a role’ ‘in the initiation of the :

regenerative proceSS’ (Gordon- etﬂ_ al. a 1987 ').
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"I EXPERIMENIAL ANIMALg'

Adult bullfrogs (Rana Catesbeiana) of either sex were

used exclusively throughout ?his_ study..’ Animals were o

-ordered from a biological supplier (Anilab St, Foy, Quebec)
noL »
//and were stored at ‘room temperature in,a terarium habitat
L7

w1th running tap water.’; These bullfrogs wq\e fed locusts

‘(Locusta mlgratoria) and remained healthy in this habitat
o indefinately, provided they were fed at regular intervals.

II.- ELECTROPHYSIOLOGICAL PREPARATIONS,
| A}Controllpreparations o IR &

S

All”.bullfrogs were pithed and'pinnedhto'a'disSecting ‘

-’board in the supine position.' The skin and rectus abdominis”f!

'muscle were removed to expose both the thoracic andi
‘abdominal cav1ties. 3 All major internal organs were then
7removed ~;, During the eviceration, a special effort was made
.v5not ‘to damage the paravertebral Egympathetic chain or . the .
-‘aorta.' ‘ Damage to the aorta resulted in extensive bleeding:h

which decreased visibility, and vmade further dissection

:difficult > After the eviceration, the body cavity was

rinsed and. filled with Frog Ringer 8 solution ( table l),

in- order to prevent dessiCétion of the paravertebral o ‘

E e
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TABLE 1

- NGRMAL, FROG RINGER'S SOLUTION

Constituents AR __Concentration (mM

Nacl & . . . 100.0
'I‘RIS HCl (pH7.2) - . o 16.0 ’

-Glucose o ", 5.6[



. sympathetic chain during the remainder of the .

“dissection._ ;' _ , ' | : '-.;-:.;5”:,
| emoval ~of the VIIth,to xth paravertebral sympathetic
ganglia 'was . now - completed with the aid of a dissecting

‘;microscope (wild M3),’ (refer to Figs.f la and lb)

surgical forceps were used to manipulate ogly the connectivéﬁ
Atissue‘_surrounding the ganglia.~ Once the rami communicantqs{

'connecting the ganglia to their respective spinal nervesf.

were - cut  and _connective tissue partially removedy tpe

Vganglia “were - gently transferred into a 35mm‘ petri afdh

containing chilled Ringer s solution._.

Excess connective tissue was removed from the ganglia

:’under 40x's magnification. Ganglia were then bathed in. 'l%

collagenase (type __lA;’ Sigma) . for .20 minutes. . The

‘collagenase was then removed and the ganglia pinned firmly

with fine" stainﬁhss steel insect pins (Minuten Pins, Fine

Science Tools) " to transparent silicone rubber (Sylgard Dow

,Corning Corp.) at the  base of the 35mm petri dish by the

remaining connective tissue._ The preparation was bathed in -

2
\

recording

Il

- B.Preparation of cultured neurones

l.Preparation of explant cultures:

-

standard culture medium and .was now ready for intracellular
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The preparation of BFSG explants utilized in this
-.study was . a modification of the method developed by Gruol

.'éifét x al.,, (1931) e The entire dissection -and culture

procedure was performed within the confines of a Laminar

flow hood (Pure-aire) and asdﬁ%ic techiniques were used in

order to prevent contamination of explant cultures.

Adult bullfrogs were pithed and pinned to a dissecting_

‘ boafﬁ 9. gram/lOOml iodine was applied to the ventral

portion of the body 'and the skin and rectus abdominus

muscle . were removed The animal was then carefully“ '

,evicerated“ so as to expose the paravertebral sympathetic_

- nerve chains;\ . The thoracic and abdominal cavities weren..

;rinsedv with sterile Frog Ringer s solution. : Follow1ng_g

R

this, the VIIth to Xth paravertebral sympathetic ganglia‘

?ﬁ%re removed under a dissecting microscope ( Figs. ‘la and

bgg and placed in a Ringer! s-collagenase (lmg/ml) (type lA

fsigma) solution, which was sterilized by filtration through fg

0.2 micrometer Millex-GV filtration units (Millipore Corp.) -

&

and shaken _occassionally o The* capgylar raterial and-

\

-_connective tissue surn&ynding the ganglia were dissected"~‘

B away and each individual ganglion was cut into 4 pieces.:
o . | ‘

35mm tissue culture dishes (Nunc, Denmark) were coated

with 0. 2@ml gelatin (Knox, Canada) and left to: dry for 30

:min,_ Fibrinogen (4mg/ml) (SigmaTigas;dissolved in complete

ey . . . PN a
» . : ) v ) : ) o
L T

&
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culture = medium containing ‘no fetal bovine - serum (FBS)

~ This fibrinogen "solution was sterilized by filtration

throughhla O-Zmicrometer millex%GV filter‘unit Two to fourv

- drops of: fibrinogen - solution was placed in each 35mm

“:gelatin-coated tissue culture dish so as to form a smooth

film on the gelatin.

21

‘One piece of ganglion was placed within theifihrinogen |

~solution in' each 'Culture dish using aseptic precautions.

-éﬁfi

.E?rombin. (Sigma 1 drop, 2.75 mg/ml) was then added to ‘the

dish‘ after filtration through a 02 micrometer millex~GV-

-

-

,'(Harrison,” 1907,‘ Carrel~ '1912)' Once the ganglia were

stabilized on the bottom ‘of the petri -dish by the clot,

v

'»completev culture medium’ plus FBS‘_was then added,to each-

dish.

'%*feeﬁhe,.culture medium in which the ‘BFSG were maintained

'Were changed once per week and cultures were-maintained'

for durations up to one month. v

filtration unit.v The thrombin reacted'with the fibrinogerre=

in the dish to form aﬂ'fibrin' clot over the ganglia, ™

2.  Preparations of explant cultures with.attached - .

spinal nerves

Experimental l‘preparations for }this, etudyrginVolyed

ol
a

B Y'Y
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explant cultures of BFSG in which the VIIth to Xth ganglia

: _remained attached via rami communicantes ‘to the VIIth to

" Xth spinal . nerves which contained the  severed

post-ganglionic axons (plate 1). The:method for preparStjon

22

of this‘ type of explant was similar to ithat usednfor .

preparingl’ganglion'5explants except that , the'dissection

zconnective t ‘sue- surrounding each of the VIIth to Xth
iganglia_jand s nal nerves was dissected away. Spinal nerves
:were theni’cut as far caudally and rostrally as p0551b1e,
L(Fig.' 2). ' Each ganglion together with its corresponding
7;gpingivbnerve was then removed from the animal and placed in

vfchilled sterile frog Ringer's solution.w During removal of

th ganglion and, attached spinalﬁgnerve from'the animal,
) . ’

special care was taken to avoid

: communicans xhiCh iattach the spinal nerve to the ganglion,
as, this can damage the ,delicate— post-ganglionic axons.
.'Also,“giganglia"fuere " not ',cut into pieces for these

experiments. . For the. preparation of these exp&ants, it was

"tretching the ramusb

.procedureffwas' slightly modified In this dissection, the: -

' necessary toh attach “the spinal nerve to the base of the .

fSpinalw-nerve{ito; float freely 1n the culture medium, which
could' prevent adherence of the ganglion to the . base of the

dish ‘and therefore make intragellular recording difficult.fﬁf

" dish with a fibrin clot. Failure to do thls allowed the
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_ -The medium utilized in this study is a modification of

'the» medium developed by McMahan and Kuffler (1971) Gruol

.‘et al.,(1981), have dqunstrated the effectiveness of this

medium foa the maintanence of explant cultures of BFSG for

' extended periods .of time.
o ) . woegln e e ‘ :

) s

'iA; eparation o standard culture medium

Liebovitz' L-15 medium (Gibco)aitable 2) was diluted

\

‘to 80%, as this is the concentration of medium suitable for
"amphibian cell cultures.ﬁ The L-15 medium was supplemented
with lmM Caclz,” 10mM glucose,vloo U/ml penic1llin, 100 mg
ml streptomycin and 0.8 mM glutamine. Culture medium was
prepared in 500ml quantities, using deionised water. The

pH of -the medium was adjusted to pH 7.2 by the addition of

24

- Hepes’ acid or NaOH as required. ' This solut&on . was

sterilized by filtration through 0 2 um Nalgene filtration

, units (Nalge Co). \”.

The complete culture medium consisted of 93% of the

‘above medium plus 0. 3% methylcellulose and 7% fetal bov1ne'

”'.serum (FBS) (Gruol _et al 1981) , The dry methycellulose
D—was. first autoclaved (120° c for 35min) in lOOml glass

' 5culture bottles (Gibco), pfior to the addition of 75m1 of

.sterile medium to. each bottle containing the- sterile o

methylcellulose. The methylc]

dissolved in the_'
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TABLE 2\
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© L-15 (Leibovitz) MEDIUM. -

Constituents
Inorganic. salts

FALS

ey KCl

A
.m\t
)

AU _ R
KHpPQ

SR
Mo, v

~ {Nacl

Other components

D(+)*Ga1actos§.’

Phenol Red -

< Sodium pyruvate

a

| ébncengrat;on (mM) -

5.5
10.0 mg/ml

5.0 .



‘Anino acids

. L-Alanine
L-Arginine

L-Asparagine

L-Glycine ’ 3’ 

L-cys;eine
L-glutamine
L-Histidine

L-Isoleucine

| fﬁ—Methionine
I;L%Phénylalénine'

lftLSinqef |
,L-Thrééﬂine

‘ D—Tprtophan
L-TYrdsine

L-valine =~

Fie: ]
=,
T

.26 E



- Vitamins ; ‘Y;A'
L-Ca pant9then#te
‘ChOIine chiofi&e.
Folic acid .
_iéfnositol o
Niqefipamide'

Pyridoxiné ﬁéL,

Ribdflavin-s-phospha?e' 

sodium SRR

Thiamine-mbnophogphate

N\

e



' culture medium only after 72 hours of'continuous shaking at

4°¢c. The culture medium was then stored at 4° c in the

© 100ml glass bottles._ . . 'Q%

-Bfgzgpgrgtign'gg s;gggazg culture medium plus NGF
. v ‘ ‘ — o L - . o

Explants which received NGF treatment were maintained

7

;».'

in- standard culture medium plus» NGF (50ng/ml) 100

| microgram samples of  mouse salivary gland 2. 5s NGF was

'-obtained from Dr. R. Murphy (Dept of Anat. and Cellepiol.,

University of ‘Alberta. ) ‘ Therefore, dilutions were"

- performed in order to obtain the desired NGF - concentration'

Y

in the standard culture medium.

‘,“ g The available NGF was not isolated under sterilef

_conditions ‘and therefore if it was - placed in sterile

'culture medium, contamination of the culture medium would

'occur.- Further, NGF has long been ‘known to adhere to glass

_instruments," pipettes and paper (LeVi—Montalcini et al,

‘g1968 ) so special precautions must be taken in order to

zmensure_ .that'l NGF is  not '105t during NGF solutiOn

.medium,v thus givingi'lomls'of culture medium having an NGF

sterilization' proceduresfﬂ - In 'order to obtain standard'

culture medium ‘with a NGF concentration of 50ng/ml 100ug:

of NGF was first dissolved “in lOml of standard culture

concentration' of 10ug/m1., 10m1 of. sterile FBS was now

28

o



 filtered through a 0.2 micrometer millexeGV filter unit'

,(millipore corp) in order to saturate both the syringe and

!

‘filtration unit . with FBS. ’ Following this, the- IOug/ml NGF

- solution ~was | filtered through the FBS-treat'
\unit;“”into a sterile 20ml "beaker previously coated With‘

Cmsi

v ' : . ' ; ’,-’J

The sterile 10ug/ml NGF solution was subsequently

divided into lml aliquots, which were frozen at -22° C as’

stock fsolutions. One 1 ml aliquot was then added to 199 ml

‘vof

standard medium resulting in an NGF concentration of .

50ng/ml. . Standard culture medium containing 50ng/ml NGF

stock solution was stored at 4% C and . used as required._

CJPreparationdof standard culture mediym + anti-NGF.

response to umousehfsalivary"gland 2.5s'NGF in}ection; was

"Anti-NGF (affinity-isolated = sheep ‘lgc; produced” in

29

n”ﬁiilttetion'

 obtained from Dr. ‘R.  Murphy (Dept. of Anatomy'and Cell

Biology, .funiveﬁ;;ty' ‘of Alberta ). This‘ anti-NGFd'was

available in a ‘concentfation of 10 ug/ml in NaHCO3

O

: buffer; Av tissue culture concentration of 0 5 ug/ml was

| required so subsequent dilu

ons in standard culture medium

 were performed.. Du to bsth the isolation of anti-NGF

under ~non- sterile condi ions

th‘ef g

nd to the adhesive nature of

protein, 'ant -NG * sterilized ° via a procedure ‘




identical’ to - that .- used for the sterilization'of NGF. 0.5
..uc/ml stock solutions .were' stored at -22° C and used as
required. ;' Phenol Red indicator in the culture medium
indicated that the addition‘ of the NaHCO, buffer ‘to the
culture medium, did not signﬁficantly alter theApH.f' : N

»

V. CUBATION OF BULLFROG SYMPATHETIC _GANGLIA _EXPLANT

- Ekplants were - placed ‘in QSmm culture dishes uhich‘
contained 2. Y ml of medium, which varied in comp051tlon~ N
depending on the experimental‘ conditlon. belng studied |
i Culture media were chanded once per week The_explants
were incubated in moist glass chambers, aboue a‘dilute_

5

copper sulfate solution (0 1M) at 22° C..

_ S _ - “..
V.  INTRACELLUIAR RECORDING TECHNIQUES
A;Becording‘Chamber;u
In all experiments, 35 mm petri ‘dishes contalning BFSG f‘
explants or acutely isolated BFSG » functionedr_as: thé

'Arecording baths.

permane'tly
(01ympu vCK T yo) held the petri dishes firml?iin position .

above the objective lens of the microscope.! The microsdbpe '
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used in these investigations rested upon a heavy cast iron
_platform v In turn, the platform was supported by 8 tenni\\\

" balls which served® to limit mechanical vibration. "The

petri ' dish recording Qath was illuminated from above the
. -~

_ microscope stage by as volt D.C. incandescent bulb (Osram,

Germany){ ‘A copper stand which suppor%fd ‘an Ag/AgCl ground

. - »
‘electrode (Transidyne instruments) was attached to the‘”

transparent plastic 'collar.‘ The entire volume of the
recording chamber was approximately 5ml and both acute and
explanted preparations were - bathed' in standard culture

| medium ‘during - intracellular recording. " The entire;’

P

g
recording apparatus, ‘was shielded in a grounded Faraday‘u

zt" )
cage. .. The. recording~arrangement is illustrated in Figure

A

3.

- BLstimulationvochullfrOQ.svmpathetic;ganclion neurones.

-

‘['Standard current clamp 'microelectrode techniques were

used to study neurones fin both explant cultures and in
acutely—isolated ganglion preparations. Action potentials
';were v produced following the, 'injection‘ of brief;
depolarizing pulses' of current) through the recording.
';electrode . or vby” paSSing- hyperpolarizing current;. thus
~initiating an. anodal break spike jat_ the offsetvof the

hyperpolarization._ _v'11 " i;



c. Int‘ :Qg' gll 1 ular Reco rding Electrodes. ‘ ‘Q ‘6_

Microbipettes were made from glass capillary tubing

AN

(WPI 18120F6 O D 1. 2mm) which was cut into 10 cm sectio s

and pulled ~on " a horizontal Fredrick Haer Ultraf'

Mid;opipette Puller. | The optical switch scale,‘ glass'

- preheat primary pull pull-delay.and'coil<temperature of

‘the micropipette puller are meisured in arbitrary units,
which - were determined via trial and error follow1ng

investigation _of microelectrode properties. These settings
: 5

were often changed throughout this study in order to obtain

.micropipettes with tip- resistances ranging between 50 and'

”“150 M. Q. . Micropipettes With the est tips (resulting

.in minimal - penetratio and the lowest reSistance

'(suitable for current passage) optimized intracellular_

.recordingiﬁ“f

o Since the' WPI glass contained'a fine'glass fibre to

facillitate electrode filling, micropipettes were Simply
filled by injection of 3M KCl into the base of the. tubing

'Micropipettes Were then suspended, with the tips immersed

in distilled water ‘to prevent drying and crystalization of

32

qthe filling solution. Micropipettes completely filled to .

the tips only after 45 to 60 mins.
:"\" ' ; v oo Lo

_'?Sr intracellular'Nrecording, ‘the micropipette was

W
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FIGURE 3 : Diagram of Recording Chamber
use® for Intracellular Experiments.
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firmly attached to a’ Narishige MO-103M three dimensional

hydraulic"micromanipulator, and a chloride-coated Silver

‘wire was inserted into the KCl- filled micropipette.i The

chloride-coated silver wire was directly connected to the

recording system -described in Fig. 4. The 3M KCl-filled_‘

micropipette "therefore serves as ai salt bridge which-

. conveys electrical information between neurones and the

recordingftapparatgs. ;‘Th 'silver _w1re was ' coated with
' . . . L 4 !

chloride using a D.C power source. = & silver wire was

- connected - to the anode of the' D.C. powerzsource while
another silver wire wasv'connected 'to the cathode. Both

wires were then immersed in dilute HCl ‘and the power source

switched on for 35 sec. . 'This procedure resﬂlts in the

silver wire attached to the anode being" uniformly covered

‘with a thin, grey-brown chlor1ce coating

A silver chloride wire . was used w1thin the

_ﬁicropipette S0 as. to obtain a stable half—cell potential

- that would not- drift during an experiment and would not be

altered by the passage of. small currents. These conditions

can only be met by a reverSible electrode; Thus in a

chloride coated 511ver electrode the rever51ble reaction 1s

Ag + €. AgCl + e The function of the Silver

chldridew is tovoprovide' a‘ stock of Cl ions should the

,reaction proceed to the left (Purves 1981)



FIGURE 4 : Block Dlagram of the Electronlc Apparatus used for
Intracellular Recording. : , -
LEGEND | |
(l) AXOPROBE I MULTIPURPOSE MICROELECTRODE AMPLIFIER.
- (2) DIGITIMER ISOLATED STIMULATORS MODEL DS2
(3) TEKTRONIX 2330 DIGITAL STORAGE OSCILLOSCOPE
k(4) TEKTRONIX 5111A "STORAGE OSCILLOSCOPE
(5y GOULD 2400S PEN RECORDER 0«a
"i) D.C. amplifier PR
ii) waveform storage ampllfler
(6) 'DIGITIMER D4030 ——
(T) TRIGGERED BY, DIGITIMER D4030.

R ) ] . . \ . 5 . .
(t) TRIGGERED BY ISOLATED STIMULATOR-CALIBRATOR
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VR D}Cell‘penet;ation.

,,
o :

x3 L

:  “l.offset potemtial.d (. v .
N . . ” :,‘-‘ »v >. | o ) ) :;! s ;

A microelectrode was moved‘ into position above the

‘ Q

,recording &hamber containing the BFSG neurones and into the'

l‘

l”field of 4View of the- microscope (magnification° 150 x)

The microelectrode 'was then lowered until it was submerged
. .,: n(‘

inz the culture medium’bathing the ganglonic neuron@s. An'

:;

doffset potential * which is composed of the liquid junction
potential and the tip potential was then recorded The -

) magnitude of the liquid junction potential is determined by

the_,nature and/ concentratlon of the electrolyte solution
Yoy

used to firl the_micropipette. The diffusion coefficients

y
.of: the~;feleCtrolytesf may differ,v and due to the ’ :_ 21
concentrationi gradientvithat ex1sts on either side of the o
.micropipettefh La : slight‘ charge _ separation‘ may occur
'resulting ih 1; potential difference. } K+ and Cl have
-s1milar diffu51on coefficients. _and carry a unit charge
therefore the tendancy towards change separation is reduced

‘ ‘(Purves 1981) Conseguently,°3M KCl is often used for salt i

| <br1dges in electrophy51ological stUdies, due to a. reduction_ E
:of the liquid junction potential and the high concentration
gdecreases the resistance to current flow. ' ‘

.

 The tip vpotentialr'is “dependentt oni,the vphysicall



properties of the microelectrode itself and originates at

"_the interface between ‘the glass of ‘the microelectrode and

the, electrolyte solution. A charge separation occurs due

to the microelectrode glass acquiring a .layer of fixed

. 38

‘,'negative charge when in contact with water,_'Which is

balanced by av'layer of positive charge in the adjancent

: internal solution. Therefore a\potentialidifferenceuexistsj»'

across the microelectrode tip The total offset potential

was compensated for using the D. C. offset control in the -

microelectrode amplifier (Axoprobe-l)

It is important to 'note that even though the offsetr
"‘potential has been electrically compensated for, during

cell' penetrationS‘ the electrode tip may break thus ' further~

'altering_- the tip potential ~ This change in offset

'potential cannot be corrected once cell penetration has

occured.’ Therefore | the’ D C. offset value prior to cell

Zpenetration - is left »unchanged during, intracellular

'recording . Consequently, measurements of absol&fe membrane'

potential are subject to a certain degree of error.

| . s -
z.galgncing'microelectrodeVresistance; |
In this. study,’a”single microelectrode~Simultaneously

einjected current and measured' membrane potential. A

;problem in this kind of system, is “that the voltage drop



FICURE 5 : CIRCUIT DIAGRAM DISPLAYING THE COMPONENTS
OF THE TOTAL VOLTAGEDROP OBSERVED BY THE PREAMPLIFIER.

L
'_ l L <—Current Source
A [ | Sig In
CEq g rMicr.Qele'cirode ’

--ﬁ'f ILJ L ’,A, ' "_, — ® E Sig Out -
b Cell membrane represented by

= 1 | an RC circuit in order to account

e -T- rformembrane capacnanceand

Sl resistance
Q/_a‘%ﬁ.v.[,_ - . K
o ;
B /

(Purves, 1981')

-

THE'TOTALISIGNAL E SEEN BY THE. PEEAMPLIFIER'CONSISTS'OF

THE VOLTAGE DROP E2 ACROSS THE CELL AND THE VOLTAGE DROP
E1 ACROSS THE ELECTRODE.

ONLY. THE MEASUREMENT ‘E2 IS DESIRED



AND VOLTAGE RECORDING.

~ MODERN CIRCUIT BASED ON THE WHEATSTONE BRIDGE CIRCUIT.
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© gecross ‘? electrode (IRME) a

f."'“f:the cel 'Qhe examination of membrane

in: a%embranew;potential“

42

the voltage drop across.

observed by the" amplifier is t}f sum of the voltage drop ‘

e

Qarane M‘ig i ‘? ). I

)y

eiectrical \k:ropef?%f’ L, ] ix;xterest lies %he changes

e d
eYPkéd;{~. passage of current.
N S

,h?he voltage drop 'across the micf‘,lectrode (IRME) is of

- no of biological significance and therefore must be removed

from the output xgltage of the amplifier. This qlS

" accomplished using circuit de51gns based on the Wheatstone

bridge circuit (Fig 6a ®and- b) ‘in  which a ‘variable
g . q ! y

resistor 1is adjusted using a résistance compensation or

«

bridge .control on the amplifier (Axoprobe -1). Adjustment

of the bridge control effectively _reduces the potential

vdifference across the bridge circuit to: zero, and therefore
"subssquent current . injections__no longer produce a voltage

drop‘across the electrode;],'

iTherefore,;gbefore impalement of .a ganglion cell was

i . . g
attempted- - the ° resistance of the microelectrode was'

resistance. Thus, current injection produced no voltage
response. Since the microelectrode resistance may change as
a result ~of cell penetration, due to breakage of the'

‘microelectrode “tip, the resistance 'of the electrode was‘

) pbalanced using the resistance compensation control on the

fooprobe-l, which also gives a readout ,of electrodev

~‘only roughly balanced prior to cell 1mpa1ement , Accurateli

v
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3 : = : T o N
balancing_was only attempted after*cell penetration.

"

‘ bnce cell ‘penetration,'was"accomplished, and vthe_.

. electrode tip was firmly sealed within the cell‘membraneg\

'accuratel 1ba1anding of the -electrode resistance was
.attempted utilizing the method of Engel et al. ( 1972 ).

The principle of this method is to adjust the resistance
;compensation (bridge balance) = until a point is reached at

which the charging of the membrane capacitance at the onset

d/pf the injected current pulse is initiated. smoothly from

the resting membrane potential (RMP) 34 o
The unwanted voltage drop across the microelectrode
(IRyg) is ~easily identifiable when the oscilloscope is

switched to a high sweep speed (Tektronix 5111A) and the

negative capacitance control on. the amplifier adjusted for

»
-

LN

_maximal frequency 'response. The voltage drop across the_

_ microelectrode has a characteristic abrupt onset coincident

‘with the current pulse. This is distinguishable from the

£l

membrane VOltage response whichdlags in time in response tc

current injection due- to the capacitative properties of the

‘

membrane. . : /

Lastly, ‘the stray capacitance' cf the input circui=

must b2 neutralized using the capacitance neutralization

e |
control of - the axoprobe- amplifier. , This stray



. : p. : anhxi4.v'
‘capacitance, if _notA accounted for may distort the true

"membrane Uuoltage response.,to injected Acurrent; . The

- negative capacitance control was set so that a 100mV 20ms -

b
R

calibratdonag;pulse appeared completely .square> on the

oscilloscope screen. .

Once the microelectrode was positioned .within the
field of view of the | inverted 'miCroscope by the

micromanipulator, the microelectrode Was focused upon and

loWered towards’ the cells of the preparation within the

recording,,chamber. '~ The inverted microScope allowed the

"individualv cells of the ganglion to be distinguished at 150

. s
X' magnification. ) Therefore, thg microelectrode was

continually kept in focus and lowered towards a particularv‘

cell. Hyperpolarizing ’current pulses ( 0 02 nA, -800 ms

duration) were passed through the microelectrode every 3.5°

8 and ‘the bridge balance control adjusted ”sof that no -

potential“drop - occured across the electrode. "When;%he

microelectrode made;'contact with: the cell surface7 the
 alteration in the effective microelectrode reSistance
caused . the bridge to become unbalanced and a potential

cﬂbnge .could be recorded_in'response'to the»current pulse.

i
.

s

With"thei mi%roelectrode,ﬁgow;in contact withvthe cell .




'4' A

surface, the "buzz" button on the axoprobe—l multipurpose

_microelectrode amplifier was depressed briefly. fDepression

of 'the "buzz" button causes the amplifier to oscillateh

thisf'oscillation‘ causes the electrode ‘tip at - the cell
surface.v‘to undergo’ vibration ‘which increases the
probability',that the electrode_.will‘penet)ate and'impale
‘the cell. | 3 | ‘ S |

If 'impalement wasisuccessful, the-electrode was often

moved slightly further into or .out of the cell in'order to

estabilish a - good - seal between the cell membrane and the

 electrode. Cells producing APs with spike heights greater

than 70 mV .wére regarded as having -been‘ successfully’

impaled "and ~ therefore  suitable. . for obtaining '

j‘eleqtrophysiological_data;

.v‘;zyﬁn .Data Display and_Storage.
¥ . L .

A permangﬁt record of all 'amplified ’signalsj was

obtained,~ﬁhrough the use of a Gould 24005 Pen Recorder

equipped w1th a D.C. preamplifier and two waveform storage

'modules, (Fig. 4).’ The three channels of" the pren recorder
.displayed a current. trace and high and low gain voltage

traces;1‘ The high gain voltage trace was utilized to record

all membrane responses while the current trace provided aw

record of the current injected at any onelltime.i The'

. P
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KHZ . &

o

nominal frequency response of the ‘waveform storage module

was i D.C. ‘to 10 KHz, with a maximum sampling rate of 100

AE;Genera%ion of Action potentials
. . _ -

- i

~Since BFSG neurones are silent.ﬂin the absence of

.presynaptic input ~all APs recorded from acute or cultured

preparations were evoked as a consequenc% of direct

'_.intracellular stimulation.p ‘ Direct stimulatﬁbn 'ofwtheSe

neurones was acheived by passing ‘a brief depolarizlngf

"current pulse through the recording electrode, shortly‘

v

&fte

4§successfu1 impalement had occured. ' Also, anodal'

"T=APs were produced as a result of pa551ng a

,hyperpolarizing current command.

In’*this investigation, the alteration of specific AP

paraméters ewas'3 of  primary interest. : Therefore,

‘ measurements, of fthe following parameters were made, (a)f'

' spike height from resting membrane potential. (RMP) to the

-peak of" the APfﬁ (b) spike duration, measured at 50% of

spike height (csﬁspike height from. the inflection p01nt of

‘the AP to the peakﬂ”of the AP, (d) AHP'duratlon measured

_ --from;-the lonset of the hyperpolarization to the point of’



."FIGURE 7 : MEASUREMENT OF ACTION POTENTAIL PARAMETERS.
a) SPIKE HEIGHT (base) . - :
b) SPIKE DURATION -
c) AHP DUA'I‘ION AT '100% RE'POLARIZATION '
d) 'AHP DURATION AT 75% REPOLARIZATION

. e) _SPIKE HEIGHT (1nflectlon point )

. f) AHP AMPLITUDE
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‘fther'construction‘of a‘current—voltage curve. This involVede

‘magnitude. through va balanced electrode. "With each ﬁ&:

—

. BRI ) ; ' .
. - .ﬂ v A" “ - ' 4 9
. . R S I
Lo . . /

!"Q f' "
N : ) . i
recovery to the RMP, (e) AHP duraﬁﬁ@%'measured qt 75% of

AHP repolarization using the point of linear intersection

.w1th the trace. as it Teturns to fMP (f) AHP amplitude

E er PR R
measured from RMP to the peak of ‘the AHP (Fig 7A and B ) v ﬁﬁ

l|%

*é

-':[:

The measurementii of ' AHP duration“ t

amplitude was . made in order £o obtain a more. reprbducible-

\

"estimate of AHP duration, because this measurement is less

/ s

subject to error than a measure of AHP duration at 100%

repolarization. | fJ_ Although AHP duration at i 100%

'”repolarization is more subject to error, this bias would be

balanced out due to the large sample sizes»obtained.

'G.Current—Voltage Curves.i ;c5~ ’ - . - '

The vinput resisthnce " of each cell was determined by_

' .

the injection wa6, 800- lOOOms current pulses of increasing

.progre551vely larger current injection, the correspOnding

/\ \‘,)_l

.voltage response was recorded A current - voltage graph A ..

1

was then sanéquently plotted in which the voltage responsea
to current injection was the dependent variable. (y*axis) |
The‘ input resistance of the »cell ‘was - then calculated by

‘determining the 81ope A(v dE/dI ) of the linear portion of

. R

the curve .-in the hyperpolarizing direction.'



‘H.Rheobase Measurement -

Rheobase 1is thHeshold current required

to Jjust discharge an AP.(““ordon et al., 1987 ),.and this
vmeasurement, can be used »to approximate(;nerve iil
’excitability. Successive depolarizing current injections
j of increasing intensity were used ‘to determine the rheobase

value of each—successfully impaled BFSG neurone..

The value of \\heobase could be calculated by Simply

noting the minimum current value required ta produce an AP

which was displayed by the Axoprobe-l microelectrode

amplifier._r: Rheobasel-’could also be determined from -

e

permanent records obtained on the Gould 2400s pen

'vprecorder., The minimum current requ1red to produce an AP

‘was measured relafive to a current calibration pulse.

*

' VI. ELECTRON MICROSCOPY.
| o | .

The morphological characteristics of BFSG neurone cell
bodies_ <were . examined " in both .'acute : and cultured

preparations, using a Philips EM. 410 Electron Microscope.‘
e ¥

.

Acutely k excised BFSG and BFSG maintained in

standard culture medium for lz‘wdays were fixed’ with .



glutaraldehyde »(2.5%, -15 - min.) .- Ganglia were then
dehydrated‘ with's ethanol  (98%, 15 min.), ‘and propylene

@,

diox1de (15 ‘gin ) =2After - fixing and dehydration, each

4

ganglion %?s Eggedded in epon for- sectioning A Reichert

51

> . '
Ultracut E (diamond knife) was used for sectioning the

\

epon-imbeddéd ganglia into 80 nanometer sections. Once
‘cut, the individual sections‘ werev stained “with urany1~

acetate and 1lead citrate and placed on- copper-grid discs.

These discs were examined~ under the Philips 410 using a

- field strength of 60 Kv, at‘magnifications ranging from
1300 x's to’2800-x's, : o ; ‘ .

VII.  PHOTOGRAPHY

o I EEEE S -
. A Leitz. phase ,%ontrast inverted microscope with

attachable camera and filmycassette, was used in order tb
“obtain a photographic ‘recordP of the effects of changing

: culture conditions on the vmorphology of explanted~

-For all‘ photomicrographs '400 ASA Ektochrome colour

v t

£film ,was used " and all film was’ developed commercially :

& R

7. Low power photomicrpgraphs displaYing the explanted ganglia o

£
and extending neurites were teken at’ a magnification of lOO

v . q“

'vQIX's, 'while higher power photomitrographs of neurites were

' taken at a magnification of 400 x s,

¥



VIII.  STATISTICS.-

A

52

In. this study, the two statistical tests utlllzed were.'

‘the uqa'ired - Student's t-test and the Duncan's multlple-

- range test. ".The unpaired Student's t-test was used to

2

determine if a statistically\signlflcant dlfference (i.e.

P< 0.05 ) existed between the means of two distinct sample

fgrdd?h%;d% unequal sample size.’ The Duncan s multiple range

.€ st¥ WQé employed when. multiple comparisons were required

between ‘the means of several groups of unequal sample
size.- This test _enabled one to determlne whlch pairs of

groups were significantly dlfferent fromﬂhach other.

d All' results are. expressed as a mean (x) + standard

error (é.E;). In thls study, the symbol Qn) represents the

.t‘

number 'ofu .cells ’present - in a partlcular control” or -

All statistics ‘are based on sample




Results
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1. __THE ~_ ELECTRO 0 GICA CHANGES ~_OBSERVED _IN

[RV]
4
%
¢
©

. . . E L O\ B T TPV P
'y 3 A A
B ‘ 5 {,~,. ‘ &

‘The 13 1 g post axotomy electfophy%goﬂog;pai ghanges_:'w
‘which occur’ in bullfrog sympathetic_ ganglia QBFSG) hawe"j

-

:been extensively studied by Gordon ot - al (1986)& The major;’k

. Q v
changesv in thé membrane properties of these neuro e

,maximized after approximately 14 days post axotom

lchanges ' included ‘an obviou%% decrease".\;in~}

e

‘ e
. Coa S
poly e

P

L

“u¥3ncrease in both spike duration and rheobase,

v

If BFSG. neurones f’maintainedffind”cultureA'undergof"
electrophysiological "changes | similar5;ito the';dn v1v0~
condition,- this' may suggest that cultured neurones respond

via the same cellular mechanisms to axon 1njury and 1oss of'

-continuity with their de51gnated targets.

-

Therefore, axotomized BFSG neurones  were: mpintained as

'explants'bin ‘standard’ culture medium ‘1n' the absence of
target"organs. for experimental duratiops of. 1 to 30 days, .

7’and‘,w*the ) time course 'of - the - changes in‘ their .

'electrophysiological properties examined

_s',o SE VED AFTER‘AXOT‘MY_IN VIVO

,afterhyperpolarization (AHP) amplitude and duration, and an5f



A.Electrophysiological. "chgracte;igtigg of gghfﬁg]
neurones. . o ‘

F—

Two neuronalicell types are present in BFSG, these are

B -. cells and C - cells. These cells can be distinguished -

both physiologically, in terms of the antidromic conduction

velocity of their axons and morphologically on the basis of

A

their cell size, (Nishi»et-al;; 1965; Dodd and’Horn, 1983

r

). IR S _

_Shapiro et al. (1987) have studied ‘the effect of

55"

axotomy bonl the electrophysiological properties of c cells

in BFSG neurones and found that in these ceIls, as in

B-cells, AHP' amplitude and duration were reduced and'spike

duration was increased. Since both B and C cells respond

51milarly to axotomy, no deliberate selection was made with

respect to cell s1ze or conduction velocity in this study;

" Since"it »is difficult to -obtain high guality,'long term

elecgrophy51ological _recordings' from‘cfcells; it is likely

that : the" majority  of 'cells studied in the present

: 'experiments were in fact B-cells.

"Control' reCOrds 'were obtained from acute preparations

of BFSG. f‘ All cqgtrol records were obtained within an 8 h:

period agﬁfr removal of the ganglia from the animals. APs

('. generated by these_ neurones were measured with respect to
several parameters (refer to methods, Fig' 7), which servedvf‘;
(,as;},a. standarﬁ to which llh experimental groups were'

e compared “.The values for the acute preparations are shown*

in table 3. u.g-‘i,{‘,;»*;" ,"f?:;[» «



,'AHP Amplitude.,

‘ Rest;ng'Membrane.Potéﬁéig;;i.-

"> _TABLE 3'

J

| CHRACTERISTICS 'OF CONTROL ‘NEURONES:

R

'*fAHP Duratlon (100%) Repolarlzatlon._}k

' AHP Duration (75%) Repolarlzatlon'”dl

e jo

RheobaSe- R R G P
> IR oy

Spike,puration. B vL?A

;Splke Amplitude (Base)

/Splke Amplltude (Inflection p01nt )

“ Input Re31stance '. fF.'f;

©'n>60°.cells

o“.:

Wi
g&-'

-7

r
A

'283;5 j/?'ll.s ns
l78;8£/- 10.8 ms
17 7 +/= 0.39 mV
165 +/- 0. 01 nA
+02 /— 0. 06 msv

78.11 +/ O 99mV

65, 17+/~ lv07mV

95, 65 M4/ 10 23M5r e

NS

;43 8 +/— 0.78 v



culture duratijon on 'ithg

57

racteristics of _explanted BFSG

 APS" were recorded. from explanted BFSG in standard

culture medium after culture durations of 1-2 days, 5-6

‘days, 8 -10 days, 12-l4 days,.16e18 days, 20-22 days, 24-26

“vdaYS, and 28-30 days. Data from each ofgthese time periods.

fweref'pooledl and are expressed as l.sidays, 5.5 days, 9

days, 13 days, 17 @ days, 21 days, 25 days, and 29 days

-_respectively on the graphs'presented in Figs ’9 to 17, ' Thed

- ug’j of Duncan's mulhiple range test showed that several of

~the AP parameters measured differed significantly between.

I

;“the.'individual age .groups and -also in comparision- to

control cells, while other parametersfremained_unchanged.

éomeﬁytypical original.data'rééords-are'illustrated in Fig.

VJ'85 rThe changes observed however,‘bare a strong resemblance

| ;to those seen after in vivo axotomy (Gordon et al. , 1987).

lf'ffects on AHP Parameters: | s‘v//

i. AHP duration _at  100% repolarization: A marked decrease

1n AHP duration at 100% repolarization occured after 1~-2

" dayS 1n—vitro V(Figs. 8A and ' 9) This initial decrease'was

too rapid to' be examined in detail The AHP contided'to'

gdeCrease 1n. duration ,as 'the'-time in culture increased
3 ’reaChing a minimum value of AHP duration after 28-30 days

'in culture (Fig. 9)



" FIGURE 8A 3
EFFECTS OF CHANGING CULTURE CONDITIONS ON AHP DURATION AND -
AMPLITUDE o 5 | -

FIGURE. 8B :
EFFECTS OF CHANGING CULTURE CONDITIONS ON SPIKE DURATION
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. FOR FIGURES 9 TO 17:

'EACH' SQUARE REPRESENTS A MEAN VALUE FOR A

PARTICULAR PA%AMETER MEASURED OVER A GIVEN TIME,‘

PERIOD S
o ’ﬁ
 EXAMPLE: = GROUP 2 REFERS HTO'THE'TIME PERIOD 1-2
:j'DAY.S". : ’ o o B ' o N
* DENOTES WHICH TWO GROUPS DIFFER. SIGNIFICANTLY

FROM EACH OTHER (p<=0, 05)

3

60



Milliseconds

| vFig'.9 -.Afterhyper_polari»zation Duration 100%

(symbols represent n>30 cells) -

‘-’{\'F

G‘roup S
968754231

9.
6
8
¥, Q7
S 5%
G 4%
S 2% kK .
3% %k k%
_ 1 % % 5% % %k %k %k %k
o m] o
“ D&‘ Q in
DJ

- B .-‘-A" N I
T 1 T T 17

'8 12 16 20 24 28 |
Days in Culture - (* Denotes P<0.05) -



B

h : : _ . , SV

'62'4

.552"gg:gtidn at 7§§ repolarization. The changes in AHP

'iduration measured at 75% of repolarization were similar to
EY

ythe ‘electrophysiological changes in AHP duraticn measured

fat 100%, ,which. cccured GVer‘the 1-3Q'day culture period (-

' fig. 1b‘);

Aﬂg mplitude. . AHP amplitude decreased exponentially

v,

fover thé)first 10 days in culture ( T=7.8 days ). Thiilyf

LS

’period was followedb by, a period in which ‘AHP amplitude

: tended g recover slightly After 17 days in culture,

amplitude then proceeded to decrease, reaching a minimum-

_value after 28 30 days in vitro (Figs. 8A and 11)

\

dr

?SQEffect‘bn Spike Duration: ) 3"“'.> . .

¢

Spike‘zduration measured at. 50% of the spike amplitude,‘

(Fig. 7)ip eased as a dfunction of time in culture. Sp.‘Lke ,‘

'duration _(width) increas!d linearLy and rapidly over the

first 6 days in vitrg but appeared to reach a plateaulﬂ

between 8 20 days. ."The spike width then contuined to .

increase gradualiy and. still .appeared to Ye increas1ng

. after 28 to 30 days ;n Vitro (Fig.-8B and 12)
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1

-

3.Effect.on:rheobase;
, ! ,
There were significant changes‘in rheobase'as the time

in culture increaSed. , Rheobase reached a peak value of

0.45 nA after approx1mately 8 -10 days I-\anarproceeded to

66 .

recover back to the initial value of 0 18 nAmps after 28- 30

. 4

the mean rheobase value of cells. 28-30 days old (Flg l3).

b J

4.Effect5ion otherﬁyarametersf

o

fRestinq memhrane' potentlal JRMP) Overluthe ‘30".day

i LTl
. -

’variation ;in' RMR;_talthough a_ s;gnlflcant‘ decreaselmmas

d

_apparent'rafter,ll;z‘ldaYS “andf,after 29 dafshin culture (

Fig: - '24):

Inbht res1stance _:'- Input resistanCe'(R~n)'falls'tova

' minimum value _after l241¢ “days' in* culture and a maxXimum

value ‘ofv 120.6  MQ was noted after 24-26 days in culture_

‘v

"FEither“frof'\ these values dlffered ‘51gn1f1cantly‘ from .

z" Q . '\’

~days in v1tro. There was no 51gn1f1cant dlfference betweenf.

‘\the mean rheobase values of control cells when compared~to; '

period, it was’ found that there 'was relatively little .

contf‘h After 28 -30, days n* culture hﬁih in returned -

R SO v T
towards the control value (Flg..lS) fj' Yo

t
~

\-

| §plke mgl;tude. Splke amplltude measured from both the

baseline’ anda from .the 1nflectlon p01nt remalned relatlvelyl

_constant for most_ of the tlme in v1tro. Only after 28~30

days ‘1n culture was there a 31gn1f1cant decrease 1n Splke~

Ry
. o
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-g,I AH E ELEQEROPHYSIOLOGICAL CHANGES OBSERVED IN

‘h'\

cy;zggz ag BEVBRSED Bz NERVE GROWTH FACTOR’ J, .;lf

V4 * ; . . ¢
,; iNerve Growth Factor (NGF)i% other unknown factors

, l

may ‘provide ytrophlc support for adult sympathetic, sensory_

‘jrand' motor neurones, (L?fi-Monta1c1nl, 1976, Gallego et al/

19784 Gordon, 1983)
electrophy51ological 'ch;
jtarget removal could be part of the cell body response to

the 1ack of trophic support from

Je periphery. Therefore,

if the ~ introduction .of exogeiliilk’ applied NGF into the

.#7Q;,¢f

.?3 Thus it can be suggested“that thgg‘

ives ”ohserved after axotomy and -

standard_ culture‘;medium of exyRalted BFSG"prevents.the -

eléctrothsiological " effects -axotomy

deprivation “in culture this wbd support the hypothe51s'

‘rthatilthe' alterations 1n the membrane properties of these

’ tooe,

'ganglio° fxneurones may be. due to a loss of the retrograde

r'g

and 5 target‘

K

~¢transport 'of .NGF . from peripheral targets (Korsching '&ﬁﬁ

Thoenan - 1985) ‘ It was found that whilst changes in AHP

$‘~duration and amplitude could be vattenuated by NGF thg?

trophic factor further increased spike wi?th (Fig._8)

Lo

P
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A.Effects of NGF on “the Electrophvsioloqical

Characterisitics of Explanted BFSG Neur)nes «

. Tne ‘effects of ‘NGF'on BFSG neurones was examined by

mainéalning explants in - the presence of NGF (50 ng/ml) at
;arcom temperature for 12 to 14 days._ Investigations were
i“jcgnducted on 12-14 day old explants primaril; due’ to the .
;ﬁnding itnat the electrophysiological effects of axdtcmy&,
were maximized after dthis ~time period in axotomized BFSG
preparations. , Use of Duncan 's. multiple range test enabled
smmultaneous comparisgons to be, made ‘between ﬂcontroi S

&
neurones, neurones studied after 12 14 days in culture, and’

.,,'

. neurones. studied after 12-14 days in culture + NGF
1.Effects on AHP Parameters:

.
——— e e e e D e

AHP Duration at 100% Repolarization: After 12-14 days in

culturej the AHP duration measured'at loo%jrepolariZaticn
was 51gn1ficantly reduced from the mean control value of
290, 8 ms to a mean value of 164.0 ms. The presence of
;»NGF"in the culturev medium prevented the ~decr!p5e in AHP
'vduraticn. ‘ Flgures '8A and 18, -show that the mean value for

AHP duration in 'the presence of NGFY was-statistically_

&)

_1ndistinguishable from control ’ N

=y



AHP_Duration at 75% Repolarization:‘ When the control and

experimental groups were compared w1th respect to AHP

fduration at  75% repolarizatlon, . NGF d1d not prevent the

74

decrease which occured 1n explanted ganglia. Furthermore, -

the ’ h&&l4 day group did not dlffer 51gn1f1cantly from the
. 12-14 day + . NGF group, although both groups dlffered

significantly from the control group (Flgs 8A and 19).

' r}‘.

N

-

e

.Q‘
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Fig. 19
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‘8A and 20), the reduction in. AHP amplitude was not as fj:;

-

- n

tud As prev1ously shown, the AHP amplltude ofﬂ;;'

.\\ ) : &

| significantly ’ less than that of control 'neurones.*f
Although,. recovery Of AHP amplitude to control values was

.not complete after 12 14 days in the presence of NGF (Figs.'

N pronounced as that produced in the absence of * NGF. e 8 ~

‘\|‘\ . . _’_ . . '.“ s

e Z.Eﬁfggts"on‘énike Duration% e TR

[3

77.

'APs. recorded from neurones after 12 14 days 1n culture was i‘g

. As already mentioned a significant and progreSSivej

maintained ﬂbinya.exPlant . bulture. ThiS“ effect yas not

-vprevented by NGF. ’ On the contrary, inc1u51on of trophic

_increase in spike width.,occurs as BFSG neurones dafe :

- factor in the medium for 12 14 days resulted in a further

'“increase in spike width (Figs. 8B and 21) .

BLEffects”On'Rheobaggi .

. ‘
L Rheobase . was also markedlyi affected by culture
‘ ‘ - i . ' . . N \ ‘.

duration. and NGF duration and NGF addition..' Explantv

*cultures;,alzfigtwdaysrvof age had a ‘mean rheobase value ofv

- 0,324 nA,h which was significantly greater than the mean;rf

‘urheobase' value'of”0;172/nA for the control condition. NGFiI

-.attenuated this ’change;u in the presence of NGF, 12-14 day

' old cultures exhibited a mean rheobase value of 0. 228 nA

V

Figure 22 shows-that'thg,rheobase of‘cells in the presence'

of NGF for [12- 14 days was statistically Indistinguishable
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| . No significant}vf
differences were observed between the RMPs of the control
12 14 day and 12 14 day + NGF conditions, (Fig. 23) SRRIR RO AR

a

Inp t Rgsigtance' Figure 24‘shows that no 51gn1f1cantf_“ '
,;differences in input resistance exist between the controlﬁ'
:and either experimental group (12 14 days and 12 14 daysf .

'iwculture o ﬁGF) X or  between the experimental gro ps

'.themselves5

'ﬁpikg;_ﬂgigh;i "'rThe- addition of NGF to- the culture i

";medium .for a 12 14 day period significantly decreased spike;

i

7height when measured at bo;h the base an at the inflectionf

,point (Figs. 24 and 25)
._ B (m : . “ e, R : . R
fr&{/'] o ‘J.ﬂ”ﬂ' AT , _ o o
) ‘IIT. - »ABE "IHE gLCEROPHYSIOLOGICAL CHANGES SEEN IN CULTUR »
QUE T0 THE 1OSS_OF ENQOGENOUS NGF 2 R |
v - : ' ' r ‘ ‘
K_Thee finding _ that applicatlon of NGF to J&pLanti-h
cultures of BFSG prevents many of ‘the electrophysiologicalf L

Changes:_ produced ﬁﬂby}‘ axotomy 'band target removal is y

' consistent with the hypothesis that NGF may be a troph1C'
| factor v responsible for the maintenance “of the normal

.‘,electrophysiological properties - of the_'qparavertebral .

asympathetic ganglia neurons in the bullgrog
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‘Neverthless, exogenously 'applied NGF initiates growth
.7and/or; regeneration in several types‘ of nerve cells.,
(nevi‘—nontalcim, g .1976;‘ LeVi-MontaIcn.ni ‘et al.g 1985;
-~_Chalazontis et al.,1987, 3atanaka _ eth;al.,,rvl987f 1f
iiThereforef"vith respect/ to BFSG ’neurones;' the apparent |
’rreversal of the electro;hysiologicél effects of axotomy and
: ;oulture duration by NGF may be. a " pha cological" effect
;i.e., NGF may not be the trophic substance responsible for
;maintaining the normal _electrophysiological properties\pf
g?these neurones;‘ but__ may simply act as'lan adequate,

.substitute for the true trophic substance.

To test this pOSSibility, any endogenous NGF to which ;

' the" neuronesi of the explant might have access to wasq»_‘
’llneutrali;ed f Glial tissue ‘is a source of enngenous NGF
'*:-4Assouline et ‘al.,1978, Abrahamson et al.,1986) and.NGF
‘ :receptors.. on glial tissue~ increase in- number after

’HaXOtomy.‘_- Thus, explanted BFSG neurones may have acﬁ.ss to

“ai certain unknown 'amount of tendogenous,; amphibian NGF.:o'
This.-endogenouS» NGF could perhaps be neutralized by the
~addition ,}df ;NG?‘ antibodies_ (anti-NQF) to ‘the _culture
V.medium. *g@f Therefore, ~ the eléctrophysiological tchanges
produced by axotomy and targe. removal should be enhanced

}by the addition of anti-NGF. If this occurs, it provides\\\
lhfurther ] evidence' supporting the hypothesis that NGF is a

gtrophic substance that is involved in the regulation of the |

?§;'electrophysiological properties of BFSG neurones.f*' 5f» ~
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A, m . _of ' NGF ,,, antibodies on- the -
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o

Elgg;ggphysiological gécteristics of. Explant

gul;g; of Bullfrog Sympathetic Ganqlla. —

‘

‘3'.

Explanted‘ BFSG fneurOnesl' were-.vinoubated‘ with -

ant'S;;F _(affinlty isolated,. IgG, 0.5 ug/nl)j.'at room'

temperature Afor culture durations of . '12-14 days *(The

parameters . of these neurones malntalned in the presence of

:the"antibody were measured and 51multaneous comparlsons

were made between these results and the control J12-14 daysﬁ'

"culture duration ~and 12-14 days cultare duratlon«+ NGF

groups‘ using Duncan' 8 multiple range test. In'general

*:tanti-NGF enhanced the 'changes seen in spike width and AHP

amplitude but not AHP duration. o ;_xjf

‘1.Effects on AHP Parameters:

_ . v _ With
-Vrespect ‘to AHP duration measured at both -and 100%

'}frepolarization, ‘no signlficant differencewas found to exlst
between 'the AHP duratlons of APs recorded frOm explants

Amaintained in standard medlum alone, and those malntalned

in standard medium plus anti-NGF, (Figs. 18 and-19)r‘ f\tm
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pee i
- Effects on AHP Ampl;tude; The maintenance of ‘BFSG -

' explants in culture medium containingranti-NGF for per.’Lodgjir

of 12-14 days,f significa"tiy reduoed the AHP amplitude of
gtheh'APs generated by these neurones,\to Nalues lower ‘than
any'tof ~the . previous' conditions (Figs. 8A and 20)‘ Most
importantlf, anti-NGF significantly reduced ;the . AHP

amplitude below ‘values of AHPramplitude measured from the

-APs produced by neurones in explants maintained for 12-14

/ |
days in standard culture medlum alone. - t”;

" 2.Effects on Spike Duration:. _ﬁe T

[

i .

duration' (Eigs}- 8B

;f;g&oduced by ~any “oth
anti-NGF @]

21), to values greater'than'that

Ae§perime/

al conditionl' Therefore

+

‘enhances the effects of target deprivation andgg~u

culture duration with respect to this parameter\

3 .Effects on'Rheobase:

)

.Figure..22.'shows that anti-NGF does'not enhance the'

. . \
increase 1n rheobase normally seen when BFSG are maintained

: i?f.culture for 12 - 14 days.. Indeeef h -ant bodies seemf“ﬁ .

Addition- of antiANGF significantly @enhanced spike

"to have a NGF llke effect 1n that they seem to prevent thef"

w:effect of target deprivation on rheobase.'

@

~



4.Effétts on OtherfParameters. . T

-
-

Besting membrane.' potential (RMP): ‘RMP‘ was not
affected by -any of the culture conditions so far discussed
: ) , B ~

(Fig. 23).

Input Resistance:V*?;v The presence of anti-NGF

significantly increases the input- resistance of explanted

u\

BFSG Mneurones. Tbé calculated value of 1nput resistance

‘for . those explants maintained in culture medium w1th~

: g
anti-NGF -is twice the value of 1nput re51stance calculated

~ for .cultures of therame age maintained 1n“standard medium

alone ( Figl-" 24). B S ,./—“\ ~

Q. -
“

KJ)‘... \

Spike Heiqht ibase). . Spike height measured from the

89 ‘;.‘

base of the AP _was not marked}y affected by anti-NGFﬂ;

addition. _"1No significant differenc%s existed between

.;control 12 14 days -in standard-medium and¢12-14ldaYs in

standard medium_+ anti-NGF._(Fig{ 25):

With respect toi

spike» height measured .at the inflection p01nt anti—NGF '

significantly reduced amplitude' to a level below that of

the control group,- but no difference existed between theg

&,

‘ spike height - for this group and values for 12 14 day old

h 7

' cultures in standard culture gedium (Fig. 26). ' %g'_*

L) ’
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IV.PROOR OF THE EFFECTIVENESS OF NGF ANTIBODIES,

o

..

The results . of"some"of';the' above ‘experiments are

' consistent ,with the hypothesie that the alterations of thg

membrane properties of BFSG neurones induced by'anti—NGF-

oy

‘ may be due to the neutralization of endogenous ‘NGF within

~the explant. To test whether. anti-NGF was successfully

'introduced into the culture medium and that it was .not lost
during the eterilization of the medium, (refer to methOds)

and that ' it was 'effective in _neutralizing NGF, 'mouse

,salivary gland NGF . and an excess of anti -NGF were-

90

i51mu1taneously introduced into the culture medium. .If the'

anti-NGF  was successfully introduced and remained_

effective, 'it should decrease the"effectiveneSS' of the

exogenously applied .mouse NGF on the electrophys 'logicalt
properties of the explanted BFSG neurones. E
. . | . -
A.; ‘Effecte of the presence.of NGF_and: NGF¢antibodies

bullfpeq sympathetic ganglia.

Sinde' lug of anti-NGF normally neutralizes 1ug of NGF:

(- R. Murohy personal communication ),'concentrations of 0. 5

-ug/ml of anti-NGF and 50ng/ml of NGF were utilized in
’culture medium . bathing Vexplanted .ganglia for 'culture

..
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durations of 12-14 days. 'Therefore,‘an?excess"of_anti;NGF..

was present ig vitro,‘The'electrophysiological properties':

of these neuroneé -were . examined and simultaneous'

‘,comparisons ~ .were made between the values fof the‘\AP

’parametres recorded fromg neurones under these conditions
Ld ." .

and the control, 12-14 days Culturevduration, 12-14 days +

‘NGF -.and 12-14 days + anti-NGF'fgroups,:'uSing Duncan's

'.multiple range test.t In* general the presence of NGFi"

antibodies’ attenuated the response to NGF..

e . - AN [

1.Eifggts‘on-AHP Parameters.
' N B

AHE Quration at 1003 Repolarizatiog' In the presence

’of NGF plus anti-NGF AHP- duration bmeasured -at 100%

repolarization was significantly less than that measured in-

‘ N

the “ NGF . alone '1condition. f-.' Nevertheless,:” it_' was--

significantly greater than that measured in the presence of

NGF- antibodies_(Fig..lB).- @v1”‘

T

'japplied simultaneousl? to the culture medium reduced the

,

Ag ngation at 75& gepolarization° NGF and anti-NGF s

' value of AHP duration measured at 75% repolarization,.when E

'compared to the mean value obtained in explants malntained;

<

in: NGFi alone.v This difference was not stasticallygﬂtb

i

;between the NGF 'and anti-NGF 51mu1taneous application and

the anti-NGF alone condition (Fig 19) | p”ﬂ St

'significant. Also, . no significant difference ex1sted1"
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'l AHP Amplitude- . The AHP amplitude in the presence of

92"

“fNGF plus anti NGF was reduced to a value significantly 1ess'

that that measured in the presence of NGF alone. Furtherd
'comparisons .demonstrated that the value of AHP amplitude'

recbrded from neurones in explantsffﬁaintained in medium -

ﬂ‘containing antieNGF- albne was significantly less than the
value of AHP amplitude recorded from explants maintained in
NGF plus anti NGF, ( Fig 20 ).
L o -
J SR L ,
2.Effects on Spike Duration. '

. The A. P. durations' measured from APs - generated by

jncells in explants 'exposed to NGF plus anti-NGFTffidﬁnot

differ significantly from the AP durations \of those™cells

exposed only to NGF. Neverthless, when«a comparision was

j:made between cells exposed to NGF plus anti-NGF, and thoseﬁ

;ceﬂls, maintained in the presence of anti-NGF alone, the :ﬂg

’.;duration , of _cells; Jexposed.weonly-bito._canti—NGr. -was
significantly.greater-(.Fig;i;Zl‘)7; |
" 3,Effects on Rheobase.

AN
~ )’b

N

.The addition of  NGF plus anti-NdF to explants L

”.geffectively reduces the threshold for AP generation to that

of control cells.u No. significant d1fferences were found to -

*exist between this condition and the NGF or anti-NGF alone

3
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‘conditions ( Fig.*.22 )

i4LEffg¢ts on_Other Eagamete:s '

Resting mgmb:gng .po;gntiald (RMP): - Figure 23 shows

that changing culture conditions did not'affect the value

of RMP for any of the cells within the explant cultures,

and . ho, significant differences existed between any of the‘

groups compared.‘ .f;,ﬁi | ‘.

-

Input Besistance: , There Were no 51gn1f1cant differences

in input resistance found between the NGF plus anti-NGF

condition, 4nd the NGF alone or anti—NGF alone conditions,

‘(Fig( _24), h Although . NGF plus anti-NGF simultaneously

93

. . Sy o - e
intrdduced into the .  culture medium increased input* -

'resistance to a value greater than the NGF alone condition,,

it did not increase input resistance to that observed ing

Y

the presence of anti-NGF alone. - e %\

Spike ?Heiqhtn( basezand inflection'boint B3 Spike height‘;""

measured from the base of the AP was 1ncreased by NGF

"~guapplication,' and this increase was reduced in the presence

'-of NGF plus anti—NGF. ‘ The reduction 1n spike height ¢

»measured from the inflection p01nt ) produced by NGF was

not produced when NGF plus 'anti-yGE was 1ncluded in theb4e“

'1imedium (Fig. 26)

s I

4



. i
—— .

V. AN INVESTIGATIsg OF THE TIME COURSE OF THE EFFECTS OF *

NGF.

Since ﬁGF can induce 'extensive neurite outgrowth
within’ 24 h. (Parﬁ%gn et al., 1971), and protein synthesis

'(Acheson et al.,1987) and cyclic nucleotide synthesis

Within ‘minutes of application to cells ( Ikeno et al,, 1979

,)'. the question arises as to the rate at which NGF mediates“

94

its effects on the.electrophysiological‘characteristics of

explanted . BFSG. neurones. To start to address this question
: : ¢

,-~experiments were carried out to determine if the effects

.of NGF could be. observed within a relatively short period :

lof}time,

A.Effect _of _-a  24n NGF _ Exposure _on __ the

. CoﬁpariSons‘\Yerezmadeﬁbetween"l2-14 day old explantlf'

._cultures 'maintained in standard medium and 12 1@ day old

L]

‘.explant cultures exposed to NGF (50ng/ml) for the final 24hl

“of the culture periods. o Statistical differences were

-

g assessed using the Student' twoetailed unpaired, tetest'

£

continuous variablbs,

,

.,‘.

‘1.Effect on AHP Parameters; -
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nioo and__75% Repolarization 7:f'

- Application' of NGF for 24h significantiy. enhanced AHP"L o

duration measured at 100% (Fig. 27A) but not at 75%_(Fig

27b)

Al

AHE Amplitude' 1AHP amplitude also responded to the

- g4hr ”NGF 'exposure. AHP amplitude ‘was ‘significantly

increased from _10.3. mV in the absence of NGF to 13.7 mV dr?

';“after"the 24h NGF treatment, (Fig}:27ci.

'2.Effect on Spike Durdtion. =

The NGF treatment dld not effectively ’enhance or

.-reduce spike duration.' Therefore no s1gnif1cant difference

‘wae 1g’und to- exist between the 12-14 day old explants 1n'

‘stand rd culture medium and same age cultures treated_for ,

‘24hrs,with-NGF (Figg 27d)."

3;Effect':on gheobase.; »-v>

"As; a consequence of NGF addition, the current requiredg:’f’

fffor *VAP_ generation was markedly reduced towards that .

ﬂrequired in acute controlv'sympathetic neurones.: Thus”ae. -

o
-

".significant difference _existedhbetween'Calculated'rheohase -

7‘va1ues for the 12-14. day explants in standard medium and

| those exposed to NGF for 24 hours (Fig 27e).

f.

,',_

“h
T £



FIGURE 27

aEffect of "a 24h’ Ngf Exposure on;tne

Eﬁectrophy51oloq1cal Propert;es of

Explanted BFSG Neurones.
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4.Effect oniother Parameters. f

98

The RMP, input ‘resistance and spike heights measured

from both.‘the base ~and ‘inflection' point of the AP'were
found not to differ significantly when a comparison between
.12'ﬁm day cultures' with .and - Without NGF was performed (

.‘«Flg 28) fg,' o B : o o )

VI. DOES THE LENGTH OF THE SEVERED AKQH_IHEL_EHQE_IKE

ELECTROPHYSIQLOGICAL EFFECIS OF AXOIOM! AEQ» IABQEI,

hREMOVAL’ SR § . S S

")

. since thej'point‘ of axon section in explanted BFSG:":

' neurones was at the point where the rami communicantes

emerge from the ganglion,v'the entire[length»of the axon

,jcontained 1n ‘the'i assdciated “spinal nerve -was removed
- NGF is knotin® to- be retrogf;dedly transported by axons of-

'several neuronal types (Hendry et al., 1974, Korsching et

tal.,e~1983), and_has,aiso been shown to be produced by gliali

B

tissue  (Taniuchi ‘et al.,1988;. Abrahanson et al.,1986;

Assouline ‘et 51;; 1987) Therefore; if'BFSG neurones were

Fexpianted- with the. spinal nerve remaining attached to the

ganglion‘ but cut at a point distant from the ganglion body,_‘A“-

any NGF produced by the surrounding glial tissue or any NGF

_remaining.  in the axon immediately after axotomy, may delay

L e

"theu.vonset of the axotomy induced ‘electrophysiological

_changes. As a consequence, the effects of axotomy Wouldybel

« o m

..
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. FIGURE 28:

Effect of a 24h . NGF Exposureggn the

-ElectrophvsloloQ1cal Propertles of

Explanted BFSG Neurones.
( OTHER PARAMETERS ').

‘e

A
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less pronouncedv(Fig. ' 29a andfb and plate'I ) .
B SN T ST A e

A Eﬂ:gg;___g:__ax_n__length on Athe electrophVSioloqical

ZThe electrophysiological ‘properties of;lz-li day old

~ explants of BFSG maintained in standard culture;medium with

'-:a‘fo,B_ cm ‘section of their correspondlng 'spinal nerves-

'remaining attached to the ganglion, were 1nvestigated. The

."AP’ parameters measured from these cells,.were compared to'

- .those obtained from 12-14 day old explants maintained in

'jstandard culture medium using Student' two-tailed

'.unpaired t- -test for continuous variables. '

1.Effect on AHP parameters: -

"significant difference in AHP duration measured at both ‘the
‘,100% .and 75% levels was found to ex1st between thosek

'rexplants in which -the axon ‘was severed close. to. the cell

Although no'

v

body -and those in which axons were severed distally in thei"

spinal"nerVB;- the presence of an axon did result 1n a less}

_severe reduction in AHP duration (Fig..30a and 30b)

. A o
LA

v

5e.532;;5mpli;ggg: ' The presence of an elongated severed

faxon did not prevent the reduction 1n'AHP amplitude. No :

E isignificant differences ‘wera gfound»to exist'between 12-14'



FIGURE 29 : SCHEMATIC DIAGRAMS OF BFSG EXPLANT PREPARATIONS

-a)- GANGLION WITH ATTACHED SPINAL NERVE DISPLAYING NGF BEING .
.RETOGRADELY TRANSPORTED DOWN THE AXON TOWARD THE CELL BODY
bj- GANGLION WITH SPINAL NERVE SEVERED AT THE

: RAMUS COMMUNICANS THERE IS LESS RETROGRADE TRANSPORT OF NGF.
IN THIS TYPE OF PREPARATION.

”
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THE  QUALITY OF THIS MICROFICHE °
‘IS HEAVILY DEPENDENT UPON THE.
'QUALITY OF THE THESIS SUBMITTED

FOR MICROFILMING..

<UNFORTUNATELY THE GOLOURED,

ILLUSTRATIONS OF THIS 'THESIS

. CAN- ONLY" YIELD DIFFERENT TONES

~OF ‘GREY.

LA QUALITE DE CETTE MICROEICHE

'DEPEND GRANDEMENT DE LA QUALITE DE- LA

THESE SOUMISE AU MICROFILMAGE.

.~

R

_'MALHEUREUSEMENT, LES DIFFERENTES‘T
ILLUSTRATIONS EN COULEURS DE CETTE

_THESE "NE PEUVENT DONNER QUE DES
TEINTES DE GRIS. -

¥}
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PLATE 1
PHOTOMICROGRAPH OF EXPLANTED BFSG A’I‘TACHED BY THE

" RAMUS COMMUNICANS TO A SPINAL NERVE -
( MAINTAINED FOR 12 DAYS IN STANDARD MEDIUM ).

(A) GANGLION
'“(B) RAMUS COMMUNICANS

 (C) SPINAL NERVE
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-FIG_%IR—E_ 30 5 - = “
EFFECT OF AXON LENGTH ON' THE ELECTROPHYJIOLOGICML PROI’I R'I‘If‘“
OF BFSG.
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day old' explants and 12- 14 day old explants which attached

spinal nerves (Fig. 30c)

_ 2,Effect.oh Spike Duration:

~

~ The duratlon of the AP recorded from cells in whlch
their axons remained attached was 51g ificantly less than

“that - meaeured{ from those cells which were axotomized much

‘nnly experimentalf'condition ‘whféh ,attenuated‘the axotcmy

. induced enhancement ‘of AP duration (Fig. 30d).

. \' - -- . ! . ! , .""l

3}Effects on Rheobaseﬁ

Eprantsviin7'which ‘spinal nerves remained attached

tc" the 'ganglioh* were .found “to have' rheobase;.valves

eighificantly-vleSs._than _valves calculated for same ade

-'closer,.to ~the cell . body. -'Increased axon length was the

exﬁlants~'in- which the_'spihal nervesblwere removed (Flgzu-'

Y

“

'@g .

4.Effects on OthervParameters:

[ 4

~Restinq Membrane Potehtial (RMP) : After 12 -14 days in

:culture _the RMP of those explants to which the spinal nerve'

rema;ned‘ | attached‘ was 51gn1ficantly greaterl .than

‘maxotomized" explants (Fig. 31la).

J ’ o e

-
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FIGURE 31 -:

EFFECT OF AXON LENGTH ON THE ELECTROPHYSIOLOGICAL PROPERTIES
OF BFSG ( OTHER PARAMETERS ).
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Input Resistance: Ihput'resistance was significantly
'increased . as a result ‘of the spinal nerve. remaining
_attached to the sympathetic ganglion (Fig. 31b).

I U
Wi,

Spike Height (Baée" and ?fﬁflecgién FEOing):-‘» No

significant differences were found to exist with respect to

- spike height when measured from ‘the base. or’ from the

inflection point pf'thefAP'(Fig. 31c and 314).

B.Effeet = of Axon Length and Exogenous Nerve Growth

“Factor Addition on the EleqtroghysiologicaliProperties of -

Explanted Bullffoq;Svmpathepic Ganglia.
. | : ,’,,,«  : x
Instead of Qﬁ?viding a sgﬁfdé of endogenoué;NGF; the
'preSénce_,of.anqagég per, se could’havefsomg separate rdlé in
maintaining théf“nbrmal electrophysioiogidgl;properties of

" the cell  bodies. ~  This effect couid be exerted through

several mechanisms, includizg the involvement df undefined

‘trophic factors.  Since either NGF alone, or the presence

of an,'axdn alone was able to attenuate,fbut.not comp1gte1y,

:prQVEnt tHe téiéctrophySiplogical ” changés ' induced by

axotomy, it is possible that the addition of NGF to explant

cultures which had axons attached, manallow for compleﬁe‘

maintenance of cell body electrophysiological properties.

To- test' thisb‘possibility,“ explants of BFSG with spinal

<

nérves’ﬂreméining' attached to the ganglion, were maintained

-  }h ~ standard culturé ‘medium  plus NGF. (50ng/m1)l‘fér'7

[y



"'llﬁ'

2 ! .

. : .. )
v:-exporimental durationsf of olg-

ko
: ‘param_et,,ers,.
. ot ;. (’ . .

5 measured from these cellg ware compa

v

. from 12~ 14 day oﬁd‘explahts maint&ine ﬁﬁ&.} . i culture

“medium

Y

 both the 100% and - 75% s gramehts‘of anp dufﬁt,an, the , .

‘e_ered at a pointrin the CE

presence of an elongated
. . “

v,,_,-

‘spinal nerve and the addition ° NGF could not induce KHP

3
durations of similar Jalue to those determined for control

'cells.; Therefore the two conditions remained s1gn1ficantiy ,Q
"different (Fig,_32a and,32b). |
. _ ) ) ~ ‘ #
AHP Amplitudetf“ohThe {AHP"amplitude mmeasured ffomi
-explants' with» spinalb nerVes maintained‘for 12—14 days in
zstandard medium‘ plus ‘NGF, was. signiflcantly different from .
.the value: of AHP amplitude measured for control neurones.l
It  is important to note that this difference was marglnal
and NGF ’addition almost induced a cd@plete recovery ‘of AHP

.amplitude (Fig 32c)

. -
.A

'2;§pigg‘Dgratiog; ' S
The" presence_ of elongated seVereaffgions' and NGF

",effectively enhanced spike - duration in - 12-14 day old
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. FIGURE 32 . o
EFFECT OF AXON LENGTH AND EXOGENOUS NERVE GROWTH

'FACTOR ADDITION ON~ THE ELECTROPHYSIOLOGICAL PROPERTIEo
OF EXPLANTBD BULLFROG SYMPATHETIC GANGLIA '
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,f"GQndifiohs was, highly significant and may be attributed to

113

Py

exp}ants, to- a value,fa;‘gfeatér than thét determined'fdr

control. cells (Fig. 32d).. ihe difference between the two

NGF”;thion.‘ This is due to the'fact that,recoréingé,bt ’

spiké dﬁ:ation from 7xﬁ}ants with attached spinal nerVes_ih ”
standard.,déituré:médium had spike durations tendihg towards

~ control Values?gxathér than away  from contrdl &alves as

occurs,dufing NGF intrdduction (Fig. 30d){”“w.ﬂ”

T
Eols

S.Effecté oﬁ Rheobaéé.

.. Addition ~of NGF "to mediuﬁ maintaihiné explants withv?
étﬁached_ é?iﬁéi‘_nerQes iﬁdgced ‘a'pronouhced redﬁctién in
the améunt ofv'currept requi:eda to geherateiap AP{' The
valué» jbf‘t rheobase  for cells maintained under these

M:qonaiéions. ﬁas‘ less - théhi that ‘féquired for A?_fifing'in
:acutely akotdmizedivcégtrol 'ceils. The difference'between
‘ the‘tﬁo‘conditionsiiszhighiy significant (Fig. 32d).v

o : i T ' : O

4. Effects on other»garameters:

No significafit difference was "found betwegn the
control  and experimental conditions withvrespe¢t'£oiinputj

resistance} resting membrane pdtential and and spike height

~ (base and inflection point) (Fig. 33).

‘ . | R ‘ o ‘. o .  
VII. ’OBS;RVATIONS OF __THE EFFECTS OF CHANGING CULTURE

8

s Yy

-—}"
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CONDITIONS __ON __ THE _MORPHOLOGY O

"+ SYMPATHETIC GANGLIA EXPLANT CULTURES.

115

All post¥synépti¢,¥BFSGu neurones in expiant culture 

were axotomized as a consequence.'of excision " from the

animal, and were also meintained' in the ebsence of any

target -organs. Therefore[ the observed morphological'

changes are those occuring as a consequence of axotomy and

Iy

target removal,l andd also due to alterations ;in the_

composition.of the culture media.

- Yo
3 1!

A.Horphology of Explant Qﬁgtﬁres iﬂ/‘steggsrd Culture

Medium : ' ' . . - . _ é

)

In  this condition, neurones remained heilthy.'for

».experimentel ..durations wup to 30 days in culture (as

‘determined by - electrophysiological examinations) ‘The o

neuritic outgroqth 'from' theW,exp1ant was minimal'in-the

"etandard 'ulture medium, .(reféf‘ to plate 2a). .Plate 2A

shows 12 -day old explant culture of “a BFSG in: which only

a. few . neurites _have> sprouted _ In- extended ‘culture

: durations of 20 to 30 days,' there was~uonly- a slight

enhancement of neurite. sprouting- (refer to plate® 2B).

'Plate 2B displays a 25 day old explant of a BFSG.

It wés_elso'obeervedgthat»neurites which eproutedgfrom

ganglia ekplantedcrin standarchuiture conditions reneined

P
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PLATE 2A ; :
‘YEXPLANTED BULLFROG S&MPATHBTIC GANGLION MAINTAINED IN

o

STANDARD CULTURE MEDIUM ( 12 DAYSI)

€§;f“ﬁ‘

R

. - T
Lo ‘ “g?;:_‘;;v\

MAGNIFICATION 100X's
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PLATE 2B T | N _
EXPLANTED BULLFROG SYMPATHETIC' GANGLION MAINTAINED

* IN STANDARD MEDIUM (25 DAYS ) MAGNIFICATION 100¥'s.



small: in = diameter and immature relative to neurites
H'eXamined in other culture corditions which will be
discussed later, (refer to plate'ZC).

Therefore, the time that the gangllon is malntalned 1n;-f’

118

the standard culture medium, in the absence of any target'”

' organs, determines. the number of neurltes whlch sprout from

‘theg explanted -gangllon.»g: Also, neurltes remaln small in.

diameter and developed slowly under these condltlons.

&

B. Mor holo of Ex lant Cultures Standard Culture"

Medium Containlnq Nerve Growth Factor

“

W

standard culture . medium v identicalt ftz/f the 'previous
"condition, except for the addltlon of moule salivary gland

2.58 NGf~(50ng/ml)f\\. o

Explant cultures of BFSG neuronestuere maintained in |

The addition of NGF to the culture medlum bathlng the |

- explant induces  a dramatic increase in both the number and

“4‘

length of, neurites sproutlng from the gangllon‘(refer to

- plates’ 3a and 3b),' If plates 3a and 3b are compared to

'fplates ia and 2b, 1t can be ‘observed that .in the absence of

targets 'and in the presence of NGF neurltes sprouting from,

lz' day old ganglion are 1ncreased 1n number and are greatly

: elongated ‘This type of neurltlc morphology is- not ev1dentd

in elther the 12 day-or 25 day oldvexplants (plates~2a and



KR ;
{PLATE 2C . R S

NEURITE EXTENDED FROM AN "EXPLANTED BULﬁFROG SYMPATHETIC
GANGLION MAINTAINED IN. QTANDARD ‘CULTURE MEDIUM ( 25 DAYS )

MAGNIFICATION 4OOX'



'PLATE 3A °

EXPLANTED BULLFROG SYMPATHETIC GANGLION MAINTAINED
IN STANDARD CULTURE MEDIUM.PLUS -NGF (50 ng/ml) .

-FOR A 12 DAY PERIOD MAGNIFICATION 100X 's




<

- PLATE 3B -

EXPLANTED BUL;JFROG SYMPATHETIC GANGLION MAINTAINED
IN STANDARD CUL’I‘URE MEDIUM . PLUS NGF ( SOng/ml )
'FOR ‘A 12 DAY PERIOD MAGNIFICATION 100X's.
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i

Zb).which were not exposed to NGF.

r . ~

‘Also, examinations  of high power micrographs of.

,neurites‘ sprouting,fron explants maintained in the presence

of NGF (refer to plate 3c) dlsplayed thlckened hlghly‘

nodular prooesses. . When plates 2c and 3c are compared 1t
is obvious that neurites having access to NGF.have reached
‘a - much higher level - of maturation; or increased

' faSCioulationsofvneurites is‘occuring.

Therefore, NGF is promoting outgrowth and enhancing
the  development of neurites extending from explanted adult

BFSG neurones.

'V.C.Morp hology of Explant Cultures in Standard Culture
Medium exposed. to NGF for 24 Hours. - |

’ Explants were'nmaintained 'for 11- 13 days in standard

 culture medium ﬁprior‘ to a 24h NGF (50 ng/ml ) exposure.

Plate v4m is a photomicrograph show1ng a 12 day old explant ‘

exposed to NGF for 24 hrs. Comparlslon of photomlcrographs,

" of neuritic sproutlng and elongatlon between thlS condltlon

and the two prev1ous culture condltlons shows that explantsr

~maintained in~ standard culture medlum plus NGF dlsplayed

notable differences.

. 1.E ants - n__Standard Culture ”Conditions"Verses;-.

L



PLATE 3C .

NEURITE EXTENDED FROM AN ‘EX'PLANTED BULLFROG S
- GANGLION MAINTAINE

D IN STANDARD CULTURE "MEDIU
( 50 ng/ml )

YMPATHETIC
FOR A 12:DAYPERIOD.

M PLUS:'NGF
. ‘ A o
MAGNIFICATION 400X%'S.



REL

PLATE 4 - '
E\PLANTED BULLFROG SYMPATHETIC GANGLION MAINTAINED

IN STANDARD MEDIUM FOR AN 11 DAY PERIOD THEN EXPOSED

TO NGF (50ng/ml ) FOR A 24 hr PERIOD.
M}\GNIFICATION 100X's.
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Comparision 'of photomicrographs of séme'agé explants

(Plates 2a  and 4 ) easily demonstrates that the'explant

12_51 L

which ‘received a 24 hour exposure to NGF'dispqugq an

“enhanced.neurite number and elongation.

3

2.Explants in Standard Culture Conditions plus NGF

Verses Explants in Standard Culture Conditions Exposed to

NGF for. 24 Hours. . o ' \

Comparision of same age éxplants (plates 3b and 4)
demonstrates  that the explants receiving constant exposure

- to NGF throughtout the culture duration produced a neuritic

putgrowth and elongation that Awas greater than that

"prpducedv by the explants"réceiVingl only a 24 hour NGF
exposure. R | |

.
.

bThereféfe, ffthese experiments

induces a signifiqant ., but Smeaximal amount of neurite

outgrowth_aﬁd maturatiqh.witﬁin a 24 hour period.

D.Morphology of Explant Cultures. in Standard Culture
Medium Containing Anti-NGF.

In this condition, explant cultures {Qf“*BFSG vwére

? -

‘have ~shown that NGF
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’naintained * in standardv‘culture.imedium< except for the

addition .of -antiQNGFfv (affinity - isolated sheep IgG,
'0.5mg/ml). N

‘Rather unexpectedly, the introduction of anti-NGF into
the culture medium, induced the«sprouting of neurites from

the explanted ganglia (refer to plate 5a). Neurlte-number

- and elongation was qreater inb explants maintained in .

standard medium plusfanti-NGF:thanhin standard medium alone

(compare ~plates 2a and 5a)..' Neverthless, neuritic'

‘ / _ : : L
outgrowth was found to be far less than in same age

S

explants\ which received constant NGF expogure. throughout.

the culture duration ( plate 3a verses plate 5a).

-

‘Although neurite numberﬂand elongation was. enhanced

in the presence of 'anti—NGF 'neuritic maturation' Was

minimal. Neurites produced in the presence of anti-NGF had

Toa similar structure. to thosevproduced 1n standard cultureb

; medium alone (plate 2c vs plate 5b) and were. noticably less
'developed than those neurites produced 1n the presence of
NGF (plate 3¢ vs plate Sb)

Therefore, anti—NGF 1nduced neurite exten51on from the
ﬁ“explanted ganglia but neurite thlckening dld not ocour.
e

e o

1 Morpholoqy of Explant Cultures in Standard Culture W

uedium cogtaining NGF and anti-NGF.

P : . - . : . . [ %:v".
.When  NGF.- (56ng/ml) and anti-NGF (.5ug/ml) were

r

T
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PLATE 5A :

EXPLANTED BULLFROG SYMPATHETIC GANGLION. MAINTAINED

~ IN STANDARD MEDIUM PLUS ANTI- =NGF ( 0.5 p/ml ) FOR A
12 DAY DURATION - MAGNIFICATION lOOX'S . :



PLATE SB
NEURITE EXTENDED FROM A 12 DAaY. OLD EXPLANTED BULLFROG

SYMPATHETIC GANGLION MAINTAINED IN’ STANDARD CULTURE MEDIUM ~
PLUS ANTI- NGF { 0.5 ug/ml ) - MAGNIFICATION 400X's

i
<



introduced simultaneously into - thef-mediun “bathing  the

explanted ganglia, several morphological ‘changes in the

neuritic .outgrowth.Were observed when comparisons-were made

w1th the morphology of explants maintained under different

_conditions.

> !
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Firstly, .. both fibre  number and 'elongation was i

’ increased ‘relative to the neuritic outgrowth produced by'

»

—anti-NGF ' alone (platé’_ga vs 5a), but was less than that
- produced by NGF alone (plate 6a vs 3b). Secondly,,neurite

,maturation, or thickening in the presence of both NGF and

anti—NGF was enhanced relative to the‘degree of maturation:

or development produced by anti-NGF alone (plate 6b vs

5b). Further, when a comparision between the- anti-NGF plus’

NGF:'condition ‘and thet NGF alone condition was completed
with reSpect” to. neurite maturation,' no differenCes'were
: readily observed (Plate 6b vs 3c)

-y Therefore, these observations suggest that when

‘are exposed ,s!multaneously to N@f'and»anti NGF,

f"in\effects of 'NGF with respect to  neylite number and |

elongatlon‘ are reduced}'_but its effects on neuritic
maturation remain normal.

R

E. Summa;i' of the Effects of Chanqlnq Culture Conditions

on Explant Cultures of BFSG._‘

&
&

Y
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'PLATE 6A : o -
EXPLANTED BULLFROG SYMPATHETIC GANGLION MAINTAINED
~ IN STANDARD. MEDIUM SUPPLEMENTED w:mm NGF ( 50 ng/ml )

_PLUS ANTI-NGF ( 0.5 pg/"m] ) JFOR A * DAY PERIOD.
»TMAGNIFICATION 100X's



_SUPPLEMENTED WITH NGF ( 50 ng/ml ) AND ANTI-NGF

" PLATE 6B .
NEURITIC OUTGROWTH FROM AN EXPLANTED BULLFROG

SYMPATHETIC GAyGLION MAINTAINED IN STANDARD MEDIUM

( 0.5 ng/ml ) FOR » 12 DAY PERIOD. MAGNIFICATION 4ooy'cg
: : Aww

. N
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} Q?'varicositieis.

'i,alone._'- Also;

? V-Q-,;: | ‘-44;
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Explants maintained in standard cultur7 medium remain_

healthy and. neurites k sprout from the ‘post- synaptict

sympathetic ganglionic neurones. These neurites are few in -

‘.number and do not undergo_ thickening and possesss few

Explants maintained in standard culture'medium plus

neurites.,f These 'neurites mature and develop varicosities

Iy

. i(Levi-Monta1Cini et %ﬁ 1985) .

L3
1

lExplanted ' BFSG iexposed-yto‘ anti—NGF also. produce

neuritesf,- The number of . neurites produded is less than the

number produced by explants- exposed solely to NGF. Also,
neurites - sprouting in response,to‘anti-NGF‘do not_appear to

undergo maturation'( Hulseboschiet-al.,,1987 ).

qun anti-NGF and NGF w&re introduced Simultaneously

I

NGF (50ng/m1),. produce ‘a large number of elongated

into cultﬁre »medium .bathing explants of. BFSG, neuritic,

uaoutgrowth occured - N riticvoutgrowth was greater in this

'underwent maturatfon comparable to the degree of maturation

in the presencaxof NGF ' alone.

w” r,]."’qu 4
BE A S

ﬁneurites sprouting in this condition‘

VIII.; _LECTRON MICROSCdPIC STUDY - OF THE CELL _BODY

']‘Ncondition than Witn’ ahti-NGF alone, but was less than NGF

,I

RESPONSE OF BFSG NEURONES TO AXOTOMY AND CULTURE
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'_that electrophysiological changeS",represent an ;eariy

DURATION.. ° - o A L

3 . ‘ . . . RN
# . N H . . . A
L

In many types ,of nerves, transection of a nerve axon

'

linduces several morphological and metabolic changes in the

‘A ﬁ

) .assoc1ate§ cell body (Hyden, 1960* Leiberman, 1971) These

-changes : are. collectively referred to as chromatolysis

(Marinesco," 1896)

electrophysiological changes occur in the absence of marked

.uf\,

morphological 1n the cell %body. It would therefore¢seemv‘

-\‘

'responsé to target disconnectidn . In order to'determine-if

X ’

N

of explanted BFSG neurones maintained in standard culture

medium, in the absence of target organs, an electronv“

1. «

microscopic,u examlnatlonu ‘of the cell bodies -of these

neurones was performed. o R e 0t
‘ R .

A Philips "410‘ electron microscope was used to. study

the cell bodies of control BFSG just after removal from the,

5axotomy ‘on BFSG (Gorddn et-al., 1987) haS'shown'that the

?chromatolytic reactions were occuring within the perikarya

133,

A prev1ous study of'-the effect of K

'—f//.

animal. and 12 day ~old explants of BFSG. All cells were~'

examined under a magnlfication of 9240x's (plates 7a and 7b:

.~

o+

) . 'Thev crlterla‘ used to determine if chromatolysis was

.

Lieberman, 1971 ).

-

o

' induced as a consequence of axon 1njury were as follows (

L)

l)' Migration “of . the neucleus’ to ‘an eccentricfpositiqh S

w1th1n the cell

é:

;o

,4éiﬁn

Ny
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m‘= MITOCHONDRIA

PLATE 7o | | S o
ELECTRONMICROGRAPH OF THE CELL BODY OF AN A&/UTELY EXCISED

BULLFROG* SYMPATHETIC GANGLION NEURONE.-
MAGNIFICATION 9240X'

- PLATE 7B

~ ELECTRONMICROGRAPH OF 'THE CELL BODY OF AN EXPLANTED BULLFROG
SYMPATHETIC GANGLION. NEURONE MAINTAINED IN STANDARD MEDIUM

FOR A 12 ‘DAY PERIOD.
NOTE 2 SECTION DOES NOT PERMIT OBSERVATION OF THE NUCLEUS

LEGEND ‘PLATES 7A AND 7B

NUCLEUS
NUCLEOLUS

n

‘RE = ROUGH ENDOPLASMIC RETICULUM»

°p = PIGMENT GRANULE ( LYSOSOME y

Both cells posséss' rough endoplasmic reticulum, the nuclei
of both conditions remain of similar size and position,
and no nucledlar vacuolarization'was present. Furthermore,

the p051t10n1ng of the nuclel 1n ‘both condltlons was
identical. ‘ :






v ’u :"“;‘ e - '7-, . '- 4 ‘ . v
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2) Increased size,  vacuolation and eccentriCity of the

nucleoli.

o,

3) ‘A disintegration of thegg;rge concentrations of granular

‘endoplasmic retic%lum ( nissl bodies ) throughout the cell.

Anaiysis"oﬁ electronmicrographs of approximately 20

cell bodies from each conditiOn demonstrated that with

‘respect 'to the above oriteria, no differences in cell body

morphology existed between the"control gangLia and the

136

explanted ganglia (plates' 7a andv 7b) .. Therefore, this

strictly morphologicalv investigation of the 'perikaryal

response '-of | BFSG neurones to 'axotomy, suggeSts that

J

~chromatoly818 does not occur in BFSG geurones in response

to.axotomy, target deprivation and culture duration.
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) DO S - NGF REGULATE THE ELECTROPHYSTOLOGICAL. PROPERTIE

P .

OF BULLFROG SYMPATHETIC GANGLION NEURONES’

@he~ resydts .. oOf thisA invest{gation support the

1

REOT | sympathetic %glion
£ vV n

v -lbgical

by

pecific AP pazhmetefg-y¥‘ %1

neurones. e

3ypothesis thai‘f gLGF jah involved

electrophysiological ‘data suggestwwthaﬁﬁrfhe magnitude-of

spike width and AHP amplitude -are correlated w1th growth

(production of neuriteSiwlwhereas the magnitude of the AHP

W

' duration is closely regulated by acce551bility tovNGF.

‘This study also prov1des evidénce -which ‘supports the

~existence of endogenous NGF 1n Rana Catesgeiana .

® L3
.

-

The _characteristio ’electrophysiological.properties of
BFSG neurones maintained in each' culture condition was

dependent . upon the composition-of the'culture'mediun,_the

| presence of NGF or anti-NGF, the length of the severed axon

‘determined the extent~ of  neurite outgrowth or = axon.

- } ,;’} o ..
regeneration. ‘Consequently, in the following sections

possible - explanations for the ielectrophysiological

responses and vmorphological changes induced by different

" culture conditions will be discussed.

& the maintenance of
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- and the duration of 'NGF treatment. These factors also



A. Electrophygioloqical characteristics _ of control

neurones. - . 5 _ . yp o

Electrophysiological ekamination’of acute preparatidns
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of BFSG bathed in standard culture'medium; demdhstrated;

that the <AP$ produced by B-cells in response - to the

injection of a brief;ﬁdepolarizing curreht, were almost

idéﬁtical with respect to measured AP Wparamétqrs to
recorded.‘ previousiy ih; vivo from bullffog éympathetic
gang}ia chells. by other workers (Kelly et al., 19867
Gordon et al., ‘1987). All control cells were primarily
chaﬁi?térized by é short'Spike duration ranging between 1-2
msec, a large AHP amplitude (17-20 my) ahd a lpng AHP

duration (25.0-300%1;),,' (see Table 3). | LR

The two component AHP - of BFSG neurones accounts for

s

1985). The AP repolarizes gquickly  and has a large AHP

amplitude due  to the presence of a rapidlyiactivatihg,

. voltage sensgtive, ca?t sensitive k* curreht,' termed

Ioy '(Adams et al., 1982b) while the extended AHP'dqratiqh
is due to the activation of a slowl?‘actiVQting voltage
‘inseﬁsitive, ca2t ws,ensitnive' ' Kf . cutfent’ ‘ (IA3P7
' Pennefather et al., -1985; Goh and Pennefather 1987;

/ : .
. Lancaster and Pennefather 1987). Influx of ca?t through
voltage-sensitive_ ca?t
'"spiké phasé" of the AP is sufficiently rapid to trigger
. ! ‘ ‘ " . . -

these'- particul;r éharacteristics (Pennefather et al.,

channels during and after the
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1
’vw:/“

-classical Ca

which in turu& -serve to hyperpolarize the membrane. The
2+

insensitive delayed rectifier KT current>
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_ the activation ‘of ‘these ca?t sensitive k' chanﬁels;f

actiVates, too slowly to participate in ‘AP repolarization or

AHP generation (Goh and Pennefather, 1987).

ﬁ) ”

a

The extent of neuronal injury follow1ng microelectrode
penetration may be an 1mportant determinant of the observed

AHP duration (Kuba et 1983; Gordon et al., 1987)

Therefore, only those cells which generated APs with spike
heights greater than 70mV and had RMPs between -45mV and
-60mV were ' recorded and used in data'interpretatiOn. ‘This

minimized‘ the possibility - that  the changes, in AHP

et al., 19%7).

In this study, electrophy51olog1ca1 recordings from.

acutely excised 'BFSG were used as a standard to which all

other- electrical responses_ from eexpianted sympathetlc

ganglion vneurones‘ maintained under different conditions

‘'Wwere compared.

-

" B.- Electrophisiolggica}. characteriStics> of explanted;"

bullfrog s athetic anglia maintained in standard
vmedium, |

ey

' characteristics were due to penetration injury - (see Gordon

Examination of theuelectrothSiologioaloproperties of T

explanted . BFSG neurgnes "has- shown = that axctomy and

e
‘4-\_.

BN

g e
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target_”removal ‘produces a reduction in AHP duration and”

amplitude, ‘an’ enhancement of splke duration and an increase
in 'rheobase.- These changes, which are not attnibutable to
alteratlons in input re51stance or RMP are- similar .to those

seen 'in-'axotomlzed BFSG neurones in vivo (Kelly et al.,

1986; Gordon et al., 1987; Shapiro et al., 1987), (Figs 8 -

"13)

It "is important . to note that explanted BFSG neurones:

3 . : .
have also been denervated (ie. preganglionic.fibres have

also ‘been _transected during removai'of the ganglion from

- theiianimal).' : However, these results demonstrate‘ that
explanted BFSG neurones undergo similar axotomy-induced
.electrophy51olog1cal ,responses to’axotOmy as do axotomized

‘ neurones in; vavo,, which ~do not have their preganglionlc

1nputs severed. o Furthermore, other work from this

laboratory (K.X. Pant, T. Gordon, and P.A. -Smith,

B . jzpublished observations)‘;A hésﬂ' demonstrated ~ that

nnervatdion of BFSG neurones does not alter the shape of
o (‘3 * .

;;the,x}hmi ‘BFSG neurones.

9@ .

‘Y-Studles og the tlme course of the electrOphysiological

4,!’

~changes that occur within target deprived BFSG neurones
demonstrate that AHP duratlon falls to a minimum value

within 1 to 2 days culture duration, whereas, AHP amplitude.
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falls ,exponentially to a minimum value over a period of ten -

days. ‘ . vaike ’ duration . j'-c;ontinues"»
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to increase progressively as- time in culture ihcreased,

while rheobase peaked after about 8 days and then returned

‘to control levels. . The different rates at which these

0
7

‘parameters change. in response to . target deprivation
suggestS‘Athat different processes may be involved in each

&

' case.

S bThe cha&ges seen in'AHP_parameters and spife width in
explanted neurones }as :a oonsequence or axotomy and¥targeti o
| deprivationbzmay be  due to a‘functionafyloss'of both types
'of'5Ca2+ sensitive kt channels.' A functional 1loss of
these -channels may be due to several factors. vone pessible
explanation ~would be an _alteration in ca?* influx: during
,depolarization of vthe vmembrane. < If Ca2+, influx was

S

spike duration would increase, and AHP ampLitude'

\i?n would decreise, due to a functional loss of .
Jboth.rﬁzqr and Ianp. However, ;this is unllkely as
experiments by Kelly et al. (1986)khave demonstrated‘that

wﬁ‘pgenerative Ca2+ 'spikes can be generated in both control

»‘*% gd —a&oto;nized neurones\ Alterations 1n the sequesteratlonp‘

'P%_’ofnwneuronal Cazf may'ﬂalso result in a functlonal loss of

\ %

.. e B

sk Jca a2t sensitive wX* -conductance which would also account
B .,'. “ ’ ‘:\

. : _"Q' ‘ !

I

'j’ ' (Kelly 'et al.) 1986) Alternatively,. the‘_productlon of

for the electrophysiological response to target deprivation‘

‘membrane properties' characteristlc of axotomized neurones

(Cha;azonitis et aI l@é?) could result from a modulation of
_ 4 : v
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I

the functional state of these channels as a result of

changes in proteins which - control their gating mechanisms.

'Another explanation could" be that a decrease in the number

of Ca2+-sen51t1ve Kt occurs.

Changes .in spike duration‘could also be attributed to

" changes in Na® channel ‘inactivation. ' Changes in the -

kinetics of activation of these channels could contribute.
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to the 'changes in rheobase.  “Therefore, in order to

. accurately | determine which ‘ possible mechanism ‘is

responsible for the alterations in the membrane. electrical

' propertiesl that occur ~after target deprivation voltage

S

clamp and patch clamp studies would be necessary. Voltage

or wholev cell patch  clamp studiesv,wouLd, allow for the't

‘Aseparation ogﬁ I. and ‘Ipyp, *analysis of the kinetics of
‘¢a2+

influx,.'and theVIinvestigation‘of any alterations in

sodium currents (INa), while.single channel.studies'would..

enable the Study.of,the kinetics; conductance_and number of

c Channels. It is perhap54significant'that AHP dUration

at  75% repolarization is much 'less affected by target

w e

deprivation than that ‘at 100% despite the, inherent

inaccuracies in méasuring AHP duration in this way. At theb

8

.longer time‘ period, Iaup 1would 'be the only K+ current

e

operating; so these data suggest that .IAHP is clearly

influenced by:target deprivation.

R

Another interesting  finding was that . the APs
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'_sensitive

increased intracellular c

-

generated"by‘ target deprivgd or axdtbmi;edv neurones 'in

culture, résemble‘ those seen in developing spinal neufoﬁes,

r

[

‘diséociatedv from Xenéhgs neural 'plates; Thesé neurones -

‘exhibit . long duration APs and do - not ‘déVelop ca
. K“_ ,ééhductancé 'uhtil . late in. develbpmént
'(SpitZer' andb yémboréhiﬁi,' 1976; Blair, .1983; Blair and
Dibhne,1319§§} ‘o'bowq; ‘1983). This similarity between

.térggt+dépriVedf 'and . embryoni¢ neurones  supports the

| ﬁYpdfheéis " that axon transectioﬁ  may induce' a

fal

~diff§rentiation"fowards"an embryanic 'stqge which is moré
' condgbiye ’t§- growth~7and axon vregenération Kuno et aiﬂ,
 }974; G;gfstein, }9?7; Gordon, 1&?3; Gofdon et_ai.hﬁl987);
7)AXotdmy-indﬁced differentiaﬁion,_may' promote a functional
A-léss.wof ca?* sénéitive. Kfi channels, which‘wdﬁid result

“in the- prolongea AP depolarization charaCteris;ic” of

Y

.f gﬁbryological'neural tissue (Blair and Dionne, 1983).~5'

P 3 - o
AMso, ‘*since neural regeneration has been linked to an
2* ' concentration it is possible

‘S .

regeneration (Linas, 1979; Grinvald et ‘al., 1981; Suarez

‘Isla et al., 198 Kelly et al., 1986).

Electron microécopic analysis of the cell bo&lesﬁofllz

in irespohse to 'a26tomy _W-and' V'target lrembvai. -

A

¢
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'that_ a 'shift towards an embryonic ‘state  may 'bromotg.i

‘day 6ld ekplanté df: BFSG maihtéfned in standard medium,

- demonstrated that these cells did not undergo thcmatoiysis x'
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Therefore in the amphibian, .target removal and axot my

—

promoted electrophysiological Changes QT

. B4

t' did not induce
any corresponding' changes in cell body morphology

Consequently, this may signify that"ﬁ$e axotomy induced‘

.electrophy51ological -changes are -more *fundamental with

respect to axon regenerétion in the bullfro@‘ %iianwis the

‘a’

: cell body response to axon transection and targetiremovaf
: ' o) ’ R "‘"“’

-~
Tl

C. fElectrophysiological cnaractgristics of explanted "

E bullfqu,'svmpathetic» ganglid maintained in standard

- medium plus NGF,? o g

It' has been demonstrated that'mechanical damage itSelf

is not responsible for the observed electrophysiologicalv-”

changes which accompany axotomy <§ dorsal root ganglion

neurones (Gallego et -al., 1987) Therefore,_ loss of

d

' contlnulty between the cell body and target organ may causei
_loss of trophic support from the target which may mediate:

the observed changes in membrane properties (Czeh et al.,'

I
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e
) "‘/
/»l

o,

1977. : Gordonf 1983:vGallego et al.) 1987) N¢F,has'beéﬁyj

Shown"to induce ,the differentiation of pheochromocytona'.

/

Cells,i (Greene .and Shoter, 1980),‘ increase ion channel

.number (Reedf et al 1986 Rudy et al., 1987) and-alter:ion

'channel sen31tivity to specific channel blockers (Takahashi

. et .al,. 1985).. Thus, the-number or possibly the function, -

of the ion channels in BFSG_neurones'which determine spike-

width, . - -

&
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' rheobase, -andv AHP amplitudeiand duration, may be dependent
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upon the constant retrograde supply of NGF from the target"

organ.‘ 'This hypothesis was tested by introdu01ng NGF into

the standard culture medium bat;ff_v

Investigation of the membrane properties of explanted

BFSG,i maintained in standard medium_plus‘NGF, demdhstrated

that NGF can prevent the-ocourrence'ofvsome (but not all).

of the electrOpnysiological changes produced.by.axotomy‘and
the resulting discontinuity of"tHe' cell body,lmith‘its
target.- - NGF applica ion successfully preventedb the
axotomy- induced reduction 'in AHP durationy howevgr; AHP
amplitude was' not_'completely brestored'to controlvlevels,
.but was significantly ‘greater than'AHP amplitude measured
.+ in the abSence of ‘NGF (Figs, 8, 18 - 20). Increases in

~‘rheobase  were ‘also prevented by NGF (Fig_225,‘ In contrast

however, NGF irfBuced a signifiCant and progressive increase

in spike width (Fig 21).

Therefore, 'these 'findings suggest that the - AHP
 duration of BFSG neurones appears to be strictly dependent

upon .- access = to NGF. ‘ Chalazonitis et al., (1987) has

suggested that NGF may modulate the functional state of

existing ca?t

gproteins  regulating the gating_ mechanism of these
' _ohannels.'_ Thus NGF may be required for- the normal activity
2+

" ’of 'Slowly 'activating ‘voltage 1nsensftive, Ca sensitive

sensitive K' channels . via changes in .



K*’channels.

“ &

'BFSG neurones dl%b not totally prevent the axotomy induced_

decrease “ in ,QHP ”ﬁplitude, - Fast activating, voltage

. sensitive, Ca2+ sen51tive K+ channels,l which aid in AP
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The presence of,NGF in the culture medium of explanted'_:

repolarization and determine spike width and AHP amplitude,_»-

may therefore be ,less' dependent.on accessibility to NGF.

- This  is sUpported by the finding that the AHP amplitude of
‘explanted BFSG decreased more slowly than AHP duration as
~ time in> culture in bthe absence of NGF increased '
Therefore;‘ thel effects ,of axotomy and target deprivation'

‘were less *severe with. respect to AHP amplitude than with

respect ‘to AHP -duratiqn,‘h_ If this is‘ the case, AHP

amplitude may‘ eventually return to control levels,'in the
‘ » , s
 Presence of NGF but at é much slowerﬁrate than does .AHP

duration F(Kelly et al.,v1988) Qnother possibility is that

Ic is’ partially dependent"upon another unknown trophic

factor produced by the target,wexposure to NGE alone wtlli

T . F
not - restore;dlél activ1ty to control levels. As a result

full"recovery of AHP amplitude and a reduction of spike’-

A

duratidhg will not occur until reinnervation of the target_

e . -

, o g _ Co .
.ism completed fand;m'accessibilityA-_to . the factor is

Cl

're-establlshed. '"This effect may ‘even reqnire functionalg:

re—innervation (Kelly et al., 1988)

2

Y

NGF is also’ -known to increase the numbér of



o

'chromatolysrsh“

functional Na+ channels, TTX. resistant ﬁa+'cnannels ang

(Dishter et al 1977; Reed et al, 1986; Rudy et al.,1987;
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~ brain ‘type II Na® channels in pheochromocytoma cellsﬁ-

Mandel et al., 1988). . Therefore‘changes in Na+ channels

may accounti‘fof ‘the increase in spike width ana'fbr'the

-observation “that .the value of rheobase detefmined for_12

day 'old explant cultures of'BFSG maintained in the presence

.

of NGF did not differ 51gnificantly from control values,

S
while’:ﬁ&b& rhbobase value of 12 day.old explants maintained

S
in- tuellgbeence of NGF was significantly enhanced relative

e .

‘to control

An electron microscoplc examlnatlon of aSe cell bodles

of" neurones exposed to NGF in v1tro was not performe

reason for this dec151on was based on the f that.the

‘neurcnal ceil bodies of explanted BFSG maintained in

t

standard medium in ' the absence of ‘target cells did not

'7be;ause 'féxQ;'I : and . target removal did not induce

Tobservation';qf}Amorphological differences

between these cells and NGF-treated cells.;would”not be

conditions produces changes  in eleCtrephysiological

‘differ _mggpﬁbiﬁqically» frem lcontrol cells. ' Therefore

| noticable;, However,\ due to the fact that each of these

properties it -may be that NfoeXertswits effects directly_‘f

upon: the ion channels -via a phcsphorylation‘mechanism;

.(Cremins et al., ‘1986) rather than actlng at the level of

=

* the necleus and 1nducing protein synthes1s (Thoenen‘and
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Barde, 1980). S

Obviously, a more accurate‘;interpretation of the"

NGF-induced changes in explanted BFSG neurone ion channel

" number and properties is required. 'Therefore the current

- clamp experiments performedv in ‘this ‘study, represent a

‘thah» that produCedv in any other experimental culture .

starting point for furtherfégactrophysiological analysis.

D. Examination __of ”,.: the ' electrophvgiologica

characteristics of explanted BFSG neurones maintained

standard medium lus anti NGF

Electrophysiological analysis  of BFSG‘ explants

maintained. in medium containing Anti-NGF demonstrated that

,condition (Figs 8 and521). ‘The AHP ‘amplitude is reduCed,

* (Fig 20) and is significantly less than ‘the reductibn

values of AHP 'duratiOnvafe similar'to the AHP duration of .

explanted BFSG neurones maintalned in standard medium (Figs’
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‘ ‘spike duration is;enhanced to:a value significantly greater

-~ induced’ by ~axotomy and _target”'rempval- alone. Measured d

18 and 19). These observed changes demonstrate that withf-

respect ‘to . some AP parameters,h anti-NGF enhances the‘

effects of axotomy and target removal

3

In those explants maintained in standard medium aloneﬁ

enhancement of spike w1dth ‘and the' reduction in AHP -



parameters was attributed to loss'<of access to target’
derived . NGF or other factors. The. 1ntroductlon of anti-NGF;

to BFSG explants'serﬁesvto neutralize all possible sources

150.

of _endogenous NGF i.e. NGF derived . from glial tissueg“

surrounding  the neurones _fof" the explanted ganglionﬁf

(Abrahamson et: al., 1986, Assouline 'et al.,,‘l987)

b

. " i
o PR VSN

Therefore, ﬁthe observed enhancement of‘the athomywinducedlﬁ

5

electrophysioldgical changes may be exPlﬁined%innterms of g‘
. K ;

more pronounced loss or functional alterataon of“b%}hﬂgypes

,.

v
C’

. - e arli v
of ca?t sen51tive -Kf channels, which would result 1nka~

'

_‘dramatic increase 1n spike width. Therefore, the antl-NGF S

" induced depletion of endogenous, NGF~(*may' further:i

. dedifferentiate thef_ neurones' of explaﬁked BFSG Thls'7_'

M&ble dedifferentiation' is exemplified by a prolonged

sp
, electrophysiological - propertles' _"characteristic'tw of

developing_ Xenopus emhryonic spinal neurcnes (Spitzer and

'{% duration and ,af further reduction in/AHP<amp11tude,i-

Lamborghini, 1976;  Blair, 1983;. ©0'Dovd,1983; Blarr Jaand
' Dionne,‘ 1985) _»Thus, prolonged spike duration enhances_‘
Ca‘,z+ ion entry durlng depolarization of the membrane

',potential ' ; Therefore,‘ more Ca2+‘ w1ll enter neurones of

-

explanted 'BFSG - maintained in standard medium plus anti-NGF

in comparison- to the neurones ofIQFSG explants maﬁntained

in standard medium alone. ’f Increased 1nternal Ca2+ has

TN

| been linked to neuronal regeneration (Grinvald et al 1981,.

Y

Suarez Isla et ‘al .1984)." Consequently,3 this shouldpbe '

represented -as . an ; enhancedi Vneurite outgrowth j(i,e,i

v

e



©cell is still ‘attached to 1its appropriate peripheral

“o
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regeneration) from explants receivingéahti-NGF treatment.
-Morphological _ examination of ‘explants exposed toO
anti-NGF demonstrated that the neuritic' outgrowth from-
these expants was superior,iwith respect to number and

llength. to the neuritic: outgrowth observed from explants”'

,maintained in standard‘mediumv(Plates 2a and 2b vs 5a).

Another possible.explanation for this enhanced neurite

outgrowth ‘in  'the presence of = anti-NGF, is ' that

>~fg‘retrogradedly transported NGF serves to ‘signal that the

- target. - Thus if NGF . is removed (i.e. anti-NGF application

and target removal) neuronal cell bodies maY'"ihterpret",
“this ,as a sign of . axon detachments and begin sprouting

(Hulsebosch et al.; 1987).

LI

IT..  INTERPRETATION OF THE RESULTS OF OTHER EXPERIMENTS.

. ‘ 91:

4HATliProofiof:the'effectiveness of NGF antibodies:

‘~*;Ini'orderv to"detérmine if'anti-NGF (affinity isolated

”x'sheep IgG) is effective 1n neutrali21ng exogenously applied'

ﬂmouse 2 Ss beta NGF ghe electrophysiological properties of

:

:explanted bu}ﬁ%rcg sympathetic ganglion neurones maintained

?'1n standard medium supplemented with NGF plus anti +NGF,
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were eXamined The results of this study demonstrated that j
‘ / o

the electrophysiological effects of NGF and anti-NGF w1th

,respect to AHP amplitude and duration, and spike>w1dth were

rf !

/

‘Y

significantly reduced iﬁ explarits maintained in NGF, plus_

_aati7NGF s1multaneously (Fig 8, lés-VZI), R

P . X

. N . - Nl g
. . . .

. . ) L, A

A . L7 . R . L 5 K

Therefore; - two*;ﬁmaior‘ conclusions7 can bé'Jdrawn

Ly

Firstly, that anti—NGF can be successfully 1ntroduced 1nto.

the culture ; medium and was f not 1ost during the

El

filtration/sterilizatlon procedure. Secondly, the anti-NGF

used, in this. study is active and effectlvely neutralizes

. ) . .’l’. .
. k P [

mouse salivary gland QGF. R R
B. Time course of the. effects of NGF.'

/\/
R

y hAj 24 hour NGF - exposure tended to reverse the decrease

Vin AHP duration and amplitude produced by axotomy, target'

\

”removal, and!'extended culture duratlon (Fig 27a to 27c).
A‘./ Y
Also vneurite outgrowth.from explants receiv1ng the 24 hour

o

‘oNGF treatment was more,exten51ve than that. produced by sanme

hage 'cultures- wthh did not recieve NgF treatment. NGF can 2

5

"therefore - induce',a change 1n the ’electrophySiologicalnf

o

'properties of explanted BFSG neurones, and éphance neurite
outgrowth within a short period of time.
;nf

“NGF ﬂmay._'directlyf induce ion';channé1~ synthesis

2



;. (Thoenen and Barde,v 1980), but-most studies of

ion < ﬁ induction _ by NGF, involve NGF treatment of PC
12 several days before the examination of ion
channel - &fgr was"undertaken;; (Reed _and England, 1986;

_.Rudy et &Y. 1987; Mandel‘et'al.,vlsea). Therefore, the
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exact time course of NGF induced ion channel production

]

appears tO'betunknown.

 Another possible mechanism by which NGF may initiate*a
reversal of the axétomy - induced electrophysiological
changes may be via the activation of second-messenger

systemsQ In PCl2 cells, NGF has been shown to me&iate the

activation of both CAMP  dependent proteln kinase-tand

C—kinase, whlch 1n turn phosphorylate substrate proteins,

(Cremin et al, 1986). Therefore[ these substrate,proteins

may include “the proteins involVag'in regulating the gating -

mechanisms vof'specific‘ion chanhels. Therefore, activation

phosphorYIation ‘of ‘ion channels, would explain'the\rapid

NGF induced change in the'electrophysiological properties}'

of explanted BFSG.

C. Akon length and the'electro hysiological erties

- of BFSG neurones.

Distal transection "of spinal nerves delayed the .



- onset of the electrophysiological changes ‘which occur when

thee axons of the fbaravertebral sympathetic ganglia are

severed at the rami cdmmuniéantes.’ The méasured AHP

duratidn at 100% .and 75% was of a greater magnltude when
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the"elongated» cut - axons remalned attacﬂbd to the neurone

cellk bodies (Fig 30a and 30b), and the nheobase values of

cells maintaiped under these condltion‘were similar to

those of . control (Flg 30e). Perhaps the most interesting

observation - relating to explants - with attached
2

with all other tissue-culturé'prbcedures (?ig §0d).

postganglionic axons was that _onlz~in this sitﬁation was'

there any reduction’ in the increase in spike width seen

The delay of the onset Qf the axotbmy-induced"

<

" reduction in AHP parameters may be due to the presence’ of

".fNGF within  the severed axon which was belng retrogradedly

ntransported from the target prlor to axotomy Also the

presence’ of g11a1 tlssue on the severed splnai nerve

‘associated = with 'the ganglla ..may also produce NGF;.

ﬁ_ Therefore, .retrbgradely transported NGF‘ and a greater

quantity of vglial deriVed NGF = constitute two enogenous
sources of NGF which explants of BFSG in which the spinal

nerve has been ‘completely removed do not have ‘access to.

Nevertheless, NGF always enhances splke width, therefore,d

the maintalnance of a short splke w1dth may be dependent on

the presence' of ‘the axon . per se or perhaps to certain

'-quantities- of. other" unknown retrogradely transported



trophic  substances whlch ‘delay the loss or functional loss
of specific ion channels whlch determine AHP duration and

AP repolarization.

-Although none of the parameter changes characteristlcV

of axotomy could be . completely prevented by the presence. of

spinal nerves plus NGF (Fig '31), the effects of axotomy

‘were~3noticeably countered and most parameters were~tending

towards eontrol Values. One exception to this is spike

duration; which was enhanced as a result of exogenous NGF

application. 'This may be due to effects on Na+ channels as

P

preyiously'discussed.

Therefore,',these experiments provide'indirect evidence

showing that NGF is retrogradely transportedfand produced

by~,glial‘ tissue in explant cnltures. Further, even in the

presence offvexogenousojNGF‘and attached spinal nerves, the

155 -

eleotrothSiological. parameters of axotomized BFSG do notv:

‘recover  to .doontrol values.,‘ This may' suggest the

requirement of another unknown trophic factor derived from

the preVioosly innervated target organ.
,i;l’_.‘ r .

III. CORRELATION OF MORPHOLOGICAL AND ELECTROPHYSIOLQGICAL
" CHANGES.

Extensive ‘neurite outgrowth occurs from explants»which-

are _maintained in standard medium plus NGF. Therefore, the

' NGF ,induced' _}enhancement  of ’.spikeA ‘width = may
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- correlate  with a  regenerative electrophysiological
. response, enabling ‘increased ca2*
reéeneration “(Llinas, 1979; Greene and - Shooter, 1980;

Grinvald and Farber, 1981; Suarez Isla, 1984). Also, due

1

to the faot:that no targets are present within the culture

for the extending " axons “to finnerVate, APs remainimide,

influx which may aid in -

despite - the presence of 'NGF, and the'neurones appear to

remain - in a growing or ‘"seeking" mode (Gordon et al.,

1983).

IV. Amphibian NGF.

”

e S 3 Lo
It »is ' known that different tlssues in mammals,

reptiies, blrds, 'and fish produce protelns w1th NGF -like .

2 properties (Thoenen and barde ,1980, Murphy et al. 1984@

-

Also 'a few of these NGF like molecules have been shown to :

.react 'with 'antibodies to mouse sallvary gland NGF (Murphy

et al., 1984). : Therefore,t there is ev1dence for the

conservation of " NGF structure and action across different
‘ animal species.
Thus, the - enhancement - of baxotomy-induced

,'electrophysiological changé% by anti-NGF,,the requctionbof~

_ the electrophysiological,effects of exogenousiyiappfied NQFI

by anti-NGF, and the ev1dence “for: the‘ oonserya%ion of
'_structure and functlon _across several spec1es, gives

support for the hypothes1s of thls study that an endogenous



NGF-like molecule similar to ,mouse;salivary'gland NGF is

‘ érbduced by‘ Rana _cateébeiaha.j ‘This endogenous factor ig
producedbyby glia%‘ tissue surfounding' BFSG neurones and
poséibly by other target tisshes.' Furthermore, this faétbr
is' utilized_ by neurones and may be involved in malntaining

the'ndrma;xelectrophysioiogical functioning of these cells,

V. Future Experiments.

A. Biophysical studies:

that macroscopic examinations

It is imp - state
ugid ® 4

of -‘membrane 3 5 to ihjected depolarizing current via

cﬁrrent clamp 'prodedures are -limited with reséect to the

- degree to which one can determine what events are occuring

¥

at the ion channel level. Therefore, in order to further

understand - the molecular mechanism of .axotomy and
NGF-induced electrophysiological 'dhanges,-VQitage_or‘Whole
. : S \ )

cell patch clamp and Vsingle channel recording procedures

- are clearly reqqiﬁgd. Nevertheless, patch&qlamp-étudiés»

are’ primérily performed on dissociatéd ceiig, therefqré‘

examination gf' BFSG electrophysiological properties WQuld

be performed on dissociated éélls,;-which may differ
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. - -

electrophysiblogically from explanted BFSG._ Furthermore, .

eXplants serve to mimic the in vivo system, while study of

dissociated = ganglion '...'neu:Ones is further'



£

‘removed from the natural in vivo system.

'Cmicropipette. 1 Therefore, thi

- and " »tarift"'remoyal NGF and

.

‘s
-

. AnotHer important point to consider 'is that in-whole

cell-patch, clamping the 1ntracellu1ar fluid of the cell is:

2 greely"interchangable with thz;intracellular medium in the

may result in "wash-qut" of

LMportant intracellular' constituents which may “regulate

‘HoweVer,i'ln brder to understand the basic blophyslcs
Q‘\

" of theee chandes these studies are necessary

v
3

. R R
< , ' » .

B. Introduction of -Tar eé'or ans.
o ~ . = ' = "‘

=3
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ion- channel }unctionlng ‘ Thus’an incorrect interpretaticn
"of electroph?slclogical;prcperties may result. - W
‘ CoE L h B T T ; o

Thioughout . thls : investigaticn "all ‘explants were . .

maintained “in the absence of’éarget organs. "The purpose'of"

‘this was to -caggrol the 1mmed1ate cellular environment. ofﬂ

-~ g ~

__trophlc; 'factors by targét cells. ll Therefore, the

and the Electrophy51olog1cal effects of exogenously applledl

«,NGF on BFSG neurbnes could be. examlned 1n 1solat10n.ﬂ

- .
. PN ‘ .

e ¥ ) oo .
. . .o :
. B , . 2
(S

'Nowz thaifjthef electrophy51olog1ca1 effects of axotomyg¥-~“-

. ’

RS

i

'the 'explant, by 'elimlnatlng “the. posslble secretlon~'of'

’.constituents~ of the culture medlum was known at all tlmes[‘f

antl, NGF.‘haVe been;l



-y A e -

-+

documented with respect to BFSG neurones, it ‘would be .

interesting to determine if compléte_ recovery of all AP

parametersl could be mediated by allowing regeneration of

, : G . , R
axons and"target 1nnerVation to occur ig vit:g

application alone could not re-establich the production of

159

APs identical to . contrel with respect to every AP '

vp&%ametéf. : Therefore, 1ncluding target tissue in ths in

vitro environment of the explants _would allow for the

inVeStigation - of ~ the ,possibility that = the  normal

”electrophySiological functioning 7 o‘&fthese 'neurones is,

\

dependent upon other . p0551b1e trophic factors or synaptic
contact and neurotransmitter secretion (Gprdon 1983L

el
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