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ABSTRACT

To i dent i f y t he st r uct ur es t o be r api dl y t r anspor t ed t hr ough t he axons, we

devel oped a new met hod t o per mi t l ocal cool i ng of mouse saphenous ner ves i n

si t u wi t hout exposi ng t hem. By t hi s met hod, bot h ant er ogr ade and r et r ogr ade

t r anspor t wer e successf ul l y i nt er r upt ed, whi l e t he st r uct ur al i nt egr i t y of t he ner ves

was wel l pr eser ved . Usi ng r adi oact i ve t r acer s, ant er ogr adel y t r anspor t ed pr ot ei ns

wer e shown t o accumul at e j ust pr oxi mal t o t he cool ed si t e, and r et r ogr adel y

t r anspor t ed pr ot ei ns j ust di st al t o t he cool ed si t e . Wher e t he ant er ogr adel y

t r anspor t ed pr ot ei ns accumul at ed, t he vesi cul ot ubul ar membr anous st r uct ur es

i ncr eased i n amount i nsi de bot h myel i nat ed and unmyel i nat ed axons . Such

accumul at ed membr anous st r uct ur es showed a r el at i vel y uni f or m di amet er of 50-

80 nm, and some of t hem seemed t o be cont i nuous wi t h t he axonal smoot h

endopl asmi c r et i cul um ( SER) . Thi ck sect i ons of ner ves sel ect i vel y st ai ned f or t he

axonal membr anous st r uct ur es r eveal ed t hat t he net wor k of t he axonal SERwas

al so packed i nsi de axons pr oxi mal t o t he cool ed si t e . I n cont r ast , l ar ge membr anous
bodi es of var yi ng si zes accumul at ed i nsi de axons j ust di st al t o t he cool ed si t e,
wher e t he r et r ogr adel y t r anspor t ed pr ot ei ns accumul at ed . These bodi es wer e
composed mai nl y of mul t i vesi cul ar bodi es and l amel l at ed membr anous st r uct ur es .
When hor ser adi sh per oxi dase was admi ni st er ed i n t he di st al end of t he ner ve,
membr anous bodi es showi ng t hi s act i vi t y accumul at ed, t oget her wi t h unst ai ned
membr anous bodi es . Hence, we ar e l ed t o pr opose t hat , besi des mi t ochondr i a, t he
membr anous component s i n t he axon can be cl assi f i ed i nt o t wo syst ems f r omt he
vi ewpoi nt of axonal t r anspor t : " axonal SER and vesi cul ot ubul ar st r uct ur es" i n
t he ant er ogr ade di r ect i on and " l ar ge membr anous bodi es" i n t he r et r ogr ade
di r ect i on .
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The axonal t r anspor t syst em compr i ses f ast ant er -

ogr ade, f ast r et r ogr ade, and sl ow ant er ogr ade

t r anspor t ( f or r evi ews, see 30, 37, 43, 50) . Of t hese

t hr ee t ypes of axonal t r anspor t , sl ow ant er ogr ade

t r anspor t has been r ecogni zed as a bul k movement

of t he axopl asm ( 31, 37, 46) . Thr ough t he axo-

pl asm, var i ous mat er i al s ar e r api dl y t r anspor t ed

bot h ant er ogr adel y and r et r ogr adel y . Thi s f ast ax-
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onal t r anspor t has been i nt ensi vel y i nvest i gat ed

f or a bet t er under st andi ng of t he physi ol ogy and

met abol i sm of t he neur on, and t he i nt r acel l ul ar

t r anspor t of mat er i al s i n gener al . Al t hough var i ous

model s have been pr oposed t o expl ai n i t s mecha-

ni sm ( 33, 48, 53) , t hey ar e st i l l specul at i ve, mai nl y

because of a l ack of ul t r ast r uct ur al evi dence .

I n bi ochemi cal anal ysi s of f ast ant er ogr ade

t r anspor t , t he t r anspor t of pr ot ei ns seemed t o be

associ at ed mai nl y wi t h " par t i cul at e" f r act i ons ( 10,

14, 19, 32, 44, 49) . The l abel ed phosphol i pi ds and

pr ot ei ns wer e f ound t o be t r anspor t ed at t he same

r at e, possi bl y i n t he f or m of membr anes ( 1, 23) .

El ect r on mi cr oscopi c aut or adi ogr aphi c st udi es r e-

veal ed t hat r api dl y t r anspor t ed pr ot ei ns wer e r e-

l at ed t o t he pr esence of membr anous or ganel l es,

especi al l y t he axonal smoot h endopl asmi c r et i cu-

l um( SER) ( 9, 15, 28, 54) . Fur t her mor e, i t has been

r ecent l y demonst r at ed t hat t he axonal SER f or ms
a wel l - devel oped cont i nuous net wor k i n myel i -

nat ed axons ( 16, 56) . These st udi es st r ongl y suggest

t hat t he axonal SERmay par t i ci pat e i n f ast ant er -

ogr ade t r anspor t , but di r ect evi dence i s st i l l l ack-

i ng .

Ret r ogr ade axonal t r anspor t i s al so a wel l -

known phenomenon . Di scover y of r et r ogr ade

t r anspor t of hor ser adi sh per oxi dase ( HRP) has

pr ompt ed mor phol ogi cal anal ysi s of t hi s t ype of

t r anspor t ( 35) . The r et r ogr ade t r anspor t of HRP

was cyt ochemi cal l y demonst r at ed i n membr anous

or ganel l es and smal l t ubul es wi t hi n t he axons ( 38,

39, 47, 55) . Concer ni ng t he membr anous st r uct ur es

i nvol ved i n ant er ogr ade t r anspor t , t he f ol l owi ng

quest i ons ar i se : What ki nds of membr anous or -

ganel l es par t i ci pat e i n ant er ogr ade and r et r ogr ade

t r anspor t ? I s t he axonal SER i nvol ved i n bot h

t r anspor t s? Fur t her mor e, r ecent demonst r at i ons of

ant er ogr ade t r anspor t of HRP i n some ner ves have

made t hese pr obl ems mor e compl ex ( 11, 27, 38,

47, 52, 55) . Hence, i dent i f i cat i on of membr anous

or ganel l es i nvol ved i n ant er ogr ade and r et r ogr ade

t r anspor t i s pr er equi si t e t o under st andi ng t hei r

mechani sm.

To know i n what f or ms t he mat er i al s ar e t r ans-

por t ed, t he l i gat i on or t r ansect i on of ner ves has

been commonl y used, and many obser vat i ons have

been made of t he mor phol ogi cal changes at bot h

si des of l i gat ed or t r ansect ed r egi ons ( 42) . How-

ever , t he i nf or mat i on obt ai ned f r om such exper i -

ment s was l i mi t ed because i t was di f f i cul t t o di s-

t i ngui sh t he mor phol ogi cal changes caused by i n-

t er r upt i on of t he t r anspor t f r om t hose due t o l ocal

i nj ur y . Because l ow t emper at ur e bl ocks f ast axonal
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t r anspor t ( 1, 13, 22, 25, 29, 51) , l ocal cool i ng has

been successf ul l y used t o i nt er r upt f ast axonal

t r anspor t f or t he bi ochemi cal anal ysi s ( 8, 17, 26) .

We used t hi s t echni que f or mor phol ogi cal st udi es

on exci sed ner ves and on l ocal l y exposed ner ves .

Nei t her appr oach was sat i sf act or y f or mor phol og-

i cal anal ysi s, however , because of t he di f f i cul t y of

mai nt ai ni ng ul t r ast r uct ur al i nt egr i t y . Pr evi ousl y,

we st udi ed mouse- t ai l ner ves f or ul t r ast r uct ur al

anal ysi s of ant er ogr ade t r anspor t , usi ng a new

l ocal cool i ng met hod based on t he pr i nci pl e t hat

t he ner ve shoul d not be exposed t o any ext ent ( 57) .

I n t he pr esent st udy, a newl ocal cool i ng met hod

was devel oped f or ul t r ast r uct ur al st udi es of bot h

ant er ogr ade and r et r ogr ade t r anspor t , and by t hi s

new met hod we obt ai ned evi dence t hat i ndi cat es

t hat membr anous or ganel l es i ndeed move i nsi de

axons i n bot h di r ect i ons and t hat t he r et r ogr adel y

t r anspor t ed or ganel l es can be mor phol ogi cal l y di s-

t i ngui shed f r om t he ant er ogr adel y t r anspor t ed or -

ganel l es .

MATERI ALS AND METHODS

Ani mal s and Ner ves

Saphenous ner ves of mal e al bi no mi ce wei ghi ng 30- 40 g wer e

used i n t hi s st udy . The ner ve i s composed of per i pher al br anches

of bot h L= and L . , dor sal r oot gangl i on cel l axons . Thi s ner ve

r uns j ust beneat h t he ski n al ong t he l eg af t er emer gi ng f r omt he

deep muscul ar l ayer at t he i ngui nal r egi on.

Local Cool i ng Pr ocedur e

A mouse was conf i ned on i t s back wi t hi n a car dboar d box,

t he l i mbs ext ended out si de t hr ough f our smal l hol es . When t he

t i p of each l i mb was f ast ened t o t he st age wi t h vi nyl t ape, t he

mouse was har dl y abl e t o move i t s l i mbs . The hai r on t he r i ght

f emor al r egi on was shaved of f wi t h a r azor bl ade and t hen t he

saphenous ner ve r unni ng al ong t he vessel s was vi si bl e t hr ough

t he ski n.

Two al umi num bl ocks wer e st uck t oget her , wi t h a t hi n l ayer

of heat - i nsul at i ng mat er i al s i nt er posed. Each bl ock had a U-

shaped t unnel i nsi de wi t h t wo open exi t s, t hr ough whi ch a war m

or col d wat er - et hanol mi xt ur e was ci r cul at ed t o mai nt ai n t he

t emper at ur e of each bl ock at 35 ° or 0 ° C. Thi s al umi num devi ce

was f i xed wi t h i nst ant adhesi ve t o t he hai r - shaved ski n exact l y

above t he saphenous ner ve ( Fi g. 1) . When t he war m bl ock was

pl aced pr oxi mal t o t he col d one, t he pr oxi mal por t i on of t he

ner ve was war med and t he di st al por t i on was cool ed t o i nt er r upt

t he ant er ogr ade t r anspor t . The war mbl ock was used t o f ocus t he

l eadi ng edge o£ t he cool ed ar ea. I nver sel y, wi t h t he col d bl ock

pr oxi mal t o t he war m one, t he pr oxi mal por t i on was cool ed t o

i nt er r upt t he r et r ogr ade t r anspor t . Af t er cool i ng, t he ner ve j ust

beneat h t he heat - i nsul at i ng mat er i al s was mar ked ( " mar ked

poi nt " ) .

Radi oact i ve Tr acer Exper i ment f or

Ant er ogr ade Tr anspor t

Under et her anest hesi a, a r i ght Lt dor sal r oot gangl i on was

exposed by par t i al l ami nect omy, and L- [ " Cl l euci ne ( 0 . 4 ) ACi i n



FI GURE 1 Schemat i c dr awi ng of t he l ocal cool i ng

met hod . The r i ght saphenous ner ve of an al bi no mouse

or i gi nat es i n L2 and L3 dor sal r oot gangl i a ( DRG) . Thi s

ner ve r uns j ust beneat h t he ski n al ong t he l eg af t er

emer gi ng f r om t he deep muscl e l ayer at t he i ngui nal

r egi on . Af t er t he hai r on t he r i ght f emor al r egi on was

shaved of f , t he al umi num appar at us was f i xed wi t h

i nst ant adhesi ve t o t he hai r - shaved ski n exact l y above

t he saphenous ner ve . The al umi num appar at us was com-

posed of t wo al umi num bl ocks ( A, 5 mmx 5 mm x 4

mm; B, 5 mmx 5 mmx 3 mm) whi ch ar e st uck t oget her ,

wi t h a t hi n l ayer of heat - i nsul at i ng mat er i al i nt er posed .

Each bl ock has a U- shaped t unnel i nsi de wi t h t wo open

exi t s, t hr ough whi ch a col d or war mwat er - et hanol mi x-

t ur e was ci r cul at ed t o mai nt ai n t he t emper at ur e of each

bl ock at 0° C ( bl ock A) and 35° C ( bl ock B) . To i nt er r upt

t he ant er ogr ade t r anspor t , t he war mbl ock ( B) was pl aced

pr oxi mal t o t he col d one ( A) as shown i n t hi s f i gur e.

I nver sel y, t he col d bl ock was pl aced pr oxi mal t o t he

war mone t o i nt er r upt t he r et r ogr ade t r anspor t .

0. 2 Al sal i ne) was car ef ul l y i nj ect ed i nt o t he gangl i on ( 34) vi a a

gl ass capi l l ar y ( 20- 40 Ami n t i p wi dt h) . At 1 h af t er i nj ect i on, t he

above appar at us began t o cool t he r i ght saphenous ner ve l ocal l y

and i nt er r upt t he f ast ant er ogr ade t r anspor t of pr ot ei ns l abel ed

i n cel l bodi es . Af t er l ocal cool i ng f or 6 h, t he mouse was ki l l ed,

and t he saphenous ner ve ( i ncl udi ng L2 gangl i on) was di ssect ed

out . The ner ve and gangl i on wer e pl aced on an i ce- col d pl ast i c

pl at e and cut i nt o consecut i ve 3- mm segment s . Af t er bei ng

washed t hr ee t i mes wi t h 0. 3 ml of i ce- col d 5% ( wt / vol ) t r i chl o-

r oacet i c aci d, t wo t i mes wi t h 0 . 3 ml of absol ut e et hanol , and

t hr ee t i mes wi t h 0 . 3 ml of N- hexan, each segment was ai r - dr i ed

and di ssol ved i n 0 . 2 ml of Sol uene 350 ( Packar d I nst r ument Co. ,

Downer s Gr ove, 111. ) i n a vi al by heat i ng at 50° C f or 2 h . Af t er

cool i ng, 3 ml of sci nt i l l at i on f l ui d ( 4 g of 2, 5- di phenyl oxazol e and

0 . 25 g of 1, 4- bi s- [ 4- met hyl - 5- phenyl oxazol - 2- yl ] benzene i n l l i t er

of t ol uene) was added t o each vi al . The vi al s wer e kept i n a cool

dar k pl ace f or sever al hour s bef or e r adi oact i vi t y was measur ed

i n a Packar d model 3380 l i qui d- sci nt i l l at i on spect r omet er .

Radi oact i ve Tr acer Exper i ment f or

Ret r ogr ade Tr anspor t

Under et her anest hesi a, bot h r i ght L 2 and L3 dor sal r oot

gangl i a wer e exposed, and L- l ' " S] met hi oni ne ( 100 pCi i n 0. 2 Al

sal i ne) was car ef ul l y i nj ect ed i nt o each gangl i on. At 33 h af t er

i nj ect i on, t he above appar at us began t o cool t he r i ght saphenous

ner ve l ocal l y, i nt er r upt i ng r et r ogr ade t r anspor t . Our pr el i mi nar y

exper i ment s showed t hat i t t ook - 40- 50 h f or pr ot ei ns l abel ed i n

gangl i on cel l s t o r each t he cool ed si t e by r et r ogr ade t r anspor t

af t er t ur ni ng back at t he ner ve endi ngs . Because a smal l amount
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Bl ockade of t he f ast ant er ogr ade t r anspor t

of pr ot ei ns by l ocal cool i ng . L- [ ' 4 C] l euci ne ( 0 . 4 t t Ci ) was

i nj ect ed i nt o t he r i ght L2 dor sal r oot gangl i on . At 33- 35

mm di st al f r om t he dor sal r oot gangl i on ( ar r ow) , t he

saphenous ner ve was l ocal l y cool ed ( begi nni ng 1 h af t er

i nj ect i on) . C, cent r al br anch ; G, gangl i on, P, per i pher al

br anch.
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of t he l abel ed pr ot ei ns was shown t o be t r anspor t ed r et r ogr adel y

( 2, 5, 18, 21) , a l ar ge amount of L- [ " Sl met hi oni ne was i nj ect ed

i nt o t wo dor sal r oot gangl i a, Lt and L3. Af t er l ocal cool i ng f or 24

h, t he mouse was ki l l ed and t he saphenous ner ve, i ncl udi ng Lz
and L3 gangl i a, was di ssect ed out . The ner ve was cut i nt o

consecut i ve 3- mm segment s, and t he r adi oact i vi t y of each seg-

ment was det er mi ned as descr i bed above .

El ect r on Mi cr oscopy

Af t er l ocal cool i ng of t he saphenous ner ve wi t h t he above

appar at us f or 10 h, t he mouse was anest het i zed wi t h et her gas.

Our pr el i mi nar y exper i ment s showed t hat at shor t er cool i ng

t i mes ( 3 or 6 h) t he mor phol ogi cal changes i nsi de axons wer e not

so dr amat i cal l y shown as t hose at 10 h cool i ng, al t hough t he

accumul at ed or ganel l es i n axons wer e mor phol ogi cal l y t he same .

As cont r ol exper i ment s, bot h al umi num bl ocks wer e ci r cul at ed

wi t h war m ( 35° C) l i qui d f or 10 h . I mmedi at el y af t er t he bl ocks

wer e r emoved, t he saphenous ner ve was exposed and f i xed i n

si t u f or 20 mi n wi t h 2% f or mal dehyde and 2. 5%gl ut ar al dehyde

i n 0. 1 Msodi um cacodyl at e buf f er , pH 7 . 2 . Then t he saphenous

ner ve was di ssect ed out , t oget her wi t h t he muscl e, and f i xat i on

was cont i nued over ni ght at 4 ° C. The ner ve was t hen cut i nt o

consecut i ve 1- mm l ong segment s di st al l y and pr oxi mal l y f r om

t he mar ked poi nt . Af t er bei ng post f i xed i n col d 1%DSO, i n t he

same buf f er f or 2 h, t he segment s wer e st ai ned en bl oc wi t h 0. 5%

ur anyl acet at e f or 2 h . They wer e t hen dehydr at ed i n et hanol

and embedded i n Epon 812 . Thi n sect i ons wer e cut , doubl y

st ai ned wi t h ur anyl acet at e and l ead ci t r at e, and t hen exami ned

i n a Hi t achi 1 l - DS el ect r on mi cr oscope at an accel er at i ng vol t age

of 75 kV.

Tr acer Exper i ment wi t h HRP

Under et her anest hesi a, t he saphenous ner ve j ust di st al t o t he

knee j oi nt was car ef ul l y exposed and t r ansect ed wi t h a shar p

r azor bl ade. Soon af t er t r ansect i on, t he pr oxi mal cut end was

t r eat ed wi t h 2 mg of HRP powder ( t ype VI , Si gma Chemi cal

Company, St . Loui s, Mo . ) , and t he wound cl osed . I n a cont r ol

exper i ment , t he cut end of t he ner ve was not t r eat ed . 90 mi n af t er

admi ni st r at i on of HRP, t he saphenous ner ve was l ocal l y cool ed

at t he t hi gh l evel t o i nt er r upt r et r ogr ade t r anspor t . Af t er l ocal

cool i ng f or 10 h, t he ner ve was exposed and f i xed i n si t u f or 20

mi n wi t h I %f or mal dehyde and 1 . 25%gl ut ar al dehyde i n 0. 1 M

phosphat e buf f er , pH 7 . 2 . The ner ve was t hen di ssect ed out and

cut i nt o consecut i ve l - mml ong segment s, each of whi ch was cut

l ongi t udi nal l y i nt o t wo pi eces t o open t he per i neur i um. Af t er

bei ng washed f or 8 h wi t h sever al changes of col d 0 . 1 Mphos-

phat e buf f er , pH 7. 2, cont ai ni ng 5% sucr ose, t he sampl es wer e

f i r st i ncubat ed f or 1 h at r oomt emper at ur e i n a f r eshl y pr epar ed

sol ut i on of 5 mg 3, 3' - di ami nobenzi di ne ( DAB) i n 10 ml of 0. 1 M

phosphat e buf f er , pH 7. 2, and t hen f or an addi t i onal I h i n t he

same sol ut i on cont ai ni ng 0. 01%hydr ogen per oxi de f or a second

i ncubat i on ( 24) . The sampl es wer e washed i n t he same buf f er ,

post f i xed i n col d 2%DSO, i n 0 . I Mphosphat e buf f er f or 1 h, and

dehydr at ed i n et hanol and embedded i n Epon 812 .

RESULTS

Radi oact i ve Tr acer Exper i ment

When t he mouse saphenous ner ve was cool ed

t o i nt er r upt t he ant er ogr ade t r anspor t , " C- l abel ed

pr ot ei ns showed t he char act er i st i c pat t er n of di s-

t r i but i on of r adi oact i vi t y al ong t he ner ve . Ashar p

peak of r adi oact i vi t y was demonst r at ed j ust pr ox-

i mal t o t he cool ed si t e t o such a degr ee t hat t he

l abel ed pr ot ei ns accumul at ed onl y i n one 3- mm-

l ong segment ( Fi g . 2) . The r adi oact i vi t y of t he

di st al si de r emai ned at t he base- l i ne val ue . The

pat t er n of r adi oact i vi t y wi t h a pr omi nent peak at

t he cool ed r egi on i s essent i al l y t he same as t hat

obt ai ned f r om ot her met hods, such as i n l i gat i on

( see, f or exampl e, 45) and l ocal cool i ng wi t h ex-

ci sed ner ves ( 17) . I n addi t i on, t hi s pat t er n di f f er s

f r om t he nor mal f l ow pat t er n obser ved i n un-
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Bl ockade of t he f ast r et r ogr ade t r anspor t of

pr ot ei ns by l ocal cool i ng. L- [ 3sSl met hi oni ne ( 100 t t Ci )

was i nj ect ed i nt o bot h L2 and L, dor sal r oot gangl i a. At

33- 35 mm di st al f r om t he dor sal r oot gangl i a ( ar r ow) ,

t he saphenous ner ve was l ocal l y cool ed f or 24 h ( begi n-

ni ng 33 h af t er i nj ect i on) ( see t ext ) . C, cent r al br anch ; G,

gangl i on, P, per i pher al br anch .



FI GURE 4

	

Myel i nat ed axons i n nont r eat ed saphenous ner ve. ( a) Tr ansver se sect i on . The axopl asm ( A)

cont ai ns a smal l amount of membr anous or ganel l es, i ncl udi ng mi t ochondr i a ( ar r ows) . x 16, 000. ( b)

Longi t udi nal sect i on. The membr anous or ganel l es i n t he axopl asm mai nl y compr i se t he axonal SER

( SER) , mi t ochondr i a ( Mt ) , and l ar ge membr anous bodi es such as mul t i vesi cul ar bodi es ( Mv) . These

membr anous or ganel l es show an i nt i mat e spat i al r el at i onshi p wi t h mi cr ot ubul es ( T) . x 24, 000 .

t r eat ed ner ves i n whi ch t he r adi oact i vi t y f r ont

f or ms a weak peak . I n our exper i ment , t he ner ve

was l ocal l y cool ed f or 6 h ( begi nni ng 1 h af t er

i nj ect i on) at - 30 mmdi st al f r om t he dor sal r oot

gangl i on . Because t he r at e of t he f ast t r anspor t has

been est i mat ed t o be >200 mm/ d i n mammal i an

per i pher al ner ves ( 43) , t he act i vi t y f r ont woul d

have r eached a poi nt f ar t her t han 60 mmaf t er 7

h i f t he ner ve had not been cool ed. The pr omi nent

peak obser ved can t hus be i nt er pr et ed t o r epr esent

t he bl ockade of f ast ant er ogr ade t r anspor t .

Af t er 24 h of l ocal cool i ng t o bl ock r et r ogr ade

t r anspor t , t wo peaks of r adi oact i vi t y wer e vi si bl e :

j ust di st al and j ust pr oxi mal t o t he cool ed si t e ( Fi g.

3) . The f l ow pat t er n of t he r adi oact i vi t y r esembl es

t hat r epor t ed i n exper i ment s f or bl ockade of r et -

r ogr ade t r anspor t usi ng l i gat i on or t r ansect i on ( 36,

45) . Our pr el i mi nar y exper i ment s showed t hat t he

degr ee of peak f or mat i on at t he di st al r egi on was

dependent on t he dur at i on of l ocal cool i ng . Hence,

i t i s cl ear t hat t hi s peak r ef l ect s t he i nt er r upt i on of

t he r et r ogr ade t r anspor t . Fur t her mor e, accumul a-

t i on of t he l abel ed pr ot ei ns was al so obser ved at

t he r egi on - 6- 12 mmpr oxi mal t o t he cool ed si t e.

Such accumul at i on can be r egar ded as a bl ockade

of ant er ogr adel y t r anspor t ed pr ot ei ns .

These r adi oact i ve t r acer exper i ment s wer e r e-

peat ed f our t i mes, and t he di st r i but i on pat t er ns of

r adi oact i vi t y wer e r epr oduci bl e . Thus, t hese r esul t s

i ndi cat ed t hat our l ocal cool i ng met hod i s ef f ec-

t i vel y abl e t o i nt er r upt bot h f ast ant er ogr ade and

r et r ogr ade t r anspor t .

El ect r on Mi cr oscopi c Obser vat i on

SAPHENOUS NERVE: At t he l evel of l ocal

cool i ng, a mouse saphenous ner ve was about 0. 2

mmi n di amet er and r an t hr ough t he subcut aneous

t i ssue, accompanyi ng smal l vessel s . El ect r on mi -

cr oscopy showed t hat t hi s ner ve consi st ed of - 400

myel i nat ed axons and >2, 000 unmyel i nat ed ax-

ons.

NONTREATED AXONS: The mai n membr a-

nous or ganel l es i n t he axopl asm of t he nont r eat ed

saphenous ner ve wer e t he axonal SER, mi t ochon-

dr i a, and f r ee l ar ge membr anous bodi es i ncl udi ng

mul t i vesi cul ar bodi es ( Fi g. 4) . The axonal SER

appear ed as pi eces of sl ender t ubul es whi ch wer e

i r r egul ar l y cont our ed, of t en beaded, and occasi on-

al l y br anched . These membr anous or ganel l es

showed an i nt i mat e spat i al r el at i onshi p wi t h mi -

cr ot ubul es .
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ANTEROGRADE TRANSPORT BLOCKADE:

Af t er l ocal cool i ng f or 10 h t o i nt er r upt ant er o-

gr ade t r anspor t , 16 consecut i ve segment s, each 1

mml ong ( 8 segment s pr oxi mal and 8 di st al t o t he

mar ked poi nt ) , wer e exami ned by t hi n- sect i on

el ect r on mi cr oscopy . The st r uct ur al i nt egr i t y of al l

segment s, i ncl udi ng t he cool ed segment , was wel l

mai nt ai ned ( Fi g. 5) . No det ect abl e dest r uct i on of

over al l st r uct ur es of axons, myel i n sheat hs, or

ot her cel l s i n t he ner ves was obser ved . The char -

act er i st i c f eat ur e was t hat t he vesi cul ot ubul ar

membr anous st r uct ur es enor mousl y i ncr eased i n

number i nsi de bot h myel i nat ed and unmyel i nat ed

axons onl y at t he l evel of 0- 2 mmpr oxi mal t o t he

mar ked poi nt ( Fi g . 6) . I n a gi ven t hi n- sect i on cut

t hr ough t hi s l evel , t he number of vesi cul ot ubul ar

st r uct ur es var i ed i n di f f er ent axons . Such di f f er -

ences may be due t o t he l ongi t udi nal i r r egul ar i t y

of l ocal i zat i on of t hese i ncr eased st r uct ur es among

t he axons, whi ch was not r el at ed t o nodes of

Ranvi er . No accumul at i on of t he membr anous

st r uct ur es was di scer ned beyond 2 mmpr oxi mal

t o t he cool ed si t e . The l ocal i zat i on of accumul at ed

vesi cul ot ubul ar st r uct ur es coi nci ded wel l wi t h t he

pr omi nent peak of r adi oact i vi t y i n t he t r acer ex-

per i ment descr i bed above ( Fi g . 2) . I n t he myel i -

nat ed axons such vesi cul ot ubul ar st r uct ur es accu-
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FI GURE 5

	

Tr ansver se sect i on of saphenous ner ve at t he cool ed si t e. Cool i ng t i me, 10 h . ( a) Ther e i s no

det ect abl e dest r uct i on of over al l st r uct ur es of axons ( A) , myel i n sheat hs ( M) , or ot her cel l s i n t he ner ve .

Ar r ow, Schmi dt - Lant er mann' s i nci sur e. x 5, 500 . ( b) Mi cr ot ubul es ( ar r ows) showed a si gni f i cant decr ease

i n number at t he cool ed si t e, t hough t her e wer e some var i at i ons i n densi t y among t he axons . The possi bi l i t y

may not be excl uded t hat some of t he mi cr ot ubul es ar e r e- f or med bef or e f i xat i on t akes ef f ect . x 30, 000 .
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mul at ed pr edomi nant l y at t he per i pher y beneat h

t he axol emma i n t he i nt er nodal par t ( Fi g. 7) ,

wher eas i n t he node of Ranvi er t he axons wer e

di st ended, i ncr easi ng t hei r di amet er and occasi on-

al l y f or mi ng ext ensi ve bul ges wi t hout any dest r uc-

t i on of axol emma and myel i n sheat hs ( Fi g. 8) . The

i nci sur es of Schmi dt - Lant er mann wer e not modi -

f i ed. The unmyel i nat ed axons wer e si mi l ar l y di s-

t ended and f i l l ed wi t h an accumul at i on of t he

same vesi cul ot ubul ar st r uct ur es ( Fi g . 9) .

Such accumul at ed vesi cul ot ubul ar membr anous

st r uct ur es had a r el at i vel y uni f or m di amet er of

50- 80 nm wi t h occasi onal br anchi ngs . I n t hi n

sect i ons, t hese vesi cul ot ubul ar st r uct ur es var i ed i n

shape f r om spher i cal t o el ongat ed segment s of

t ubul es . Such t ubul es appear ed t o be bl i nd- ended

or even di st ended i nt o spher i cal cont our s at bot h

ends . The membr ane pr of i l es of t hese t ubul es wer e

t he same i n bot h l ongi t udi nal and t r ansver se sec-

t i ons of t he axons . Hence, t hese t ubul ar st r uct ur es

can be i nt er pr et ed t o be f r ee segment s r at her t han

par t s of t he t ubul ar net wor k . The accumul at i on of

vesi cul ot ubul ar st r uct ur es di f f er ed i n appear ance

f r om t he t ypi cal net wor k of t he axonal SER; how-

ever , t hese vesi cul ot ubul ar st r uct ur es wer e occa-

si onal l y obser ved t o be cont i nuous wi t h t he axonal

SER ( Fi g. 10) . The cont i nui t y was al so f ound



FI GURE 6

	

Tr ansver se sect i on of saphenous ner ve j ust pr oxi mal t o t he cool ed si t e i n ant er ogr ade t r anspor t

bl ockade . At t hi s l evel of sect i on many myel i nat ed and unmyel i nat ed axons exhi bi t t he pr omi nent

accumul at i on of vesi cul ot ubul ar membr anous st r uct ur es ( ar r ows) , wher eas t he ot her axons cont ai n a

moder at e amount of such membr anous st r uct ur es ( ' ) . The st r uct ur al i nt egr i t y of al l axons and myel i n

sheat hs i s wel l mai nt ai ned . Cool i ng t i me, 10 h. x 6, 000.
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FI GURE 7

	

I nt er nodal par t of myel i nat ed axons j ust pr oxi mal t o t he cool ed si t e i n ant er ogr ade t r anspor t

bl ockade . Vesi cul ot ubul ar membr anous st r uct ur es ( v) accumul at ed pr edomi nant l y at t he per i pher y

beneat h t he axol emma . A f ew mi cr ot ubul es ( T) r un t hr ough t he accumul at i on of t he membr anous

st r uct ur es, wher eas neur of i l ament s ( Nf ) ar e excl uded f r om t he membr anous accumul at i on and f or m cor e

bundl es i n t he deep r egi on . Cool i ng t i me, 10 h. ( a) Tr ansver se sect i on . X 28, 000 . ( b) Longi t udi nal sect i on .

X 12, 000 .



FI GURE 8

	

Node of Ranvi er of myel i nat ed axon j ust pr oxi mal t o t he cool ed si t e i n ant er ogr ade t r anspor t

bl ockade . Vesi cul ot ubul ar st r uct ur es ar e seen accumul at ed at t he nodal r egi on, whi ch i s di st ended,

occasi onal l y f or mi ng an ext ensi ve bul ge ( ar r ows) wi t hout any dest r uct i on of t he axol emma and myel i n

sheat hs . Cool i ng t i me, 10 h . x 16, 000 .

bet ween t hese vesi cul ot ubul ar st r uct ur es and t he

axol emma, especi al l y i n unmyel i nat ed axons ( Fi g .

11) . The t hi ckness of t he membr anes of t he ve-

si cul ot ubul ar st r uct ur es was est i mat ed t o be t he

same as t hat of t he axol emma . Al t hough t he ve-

si cul ot ubul ar st r uct ur es wer e st udded wi t h f i ne

gr anul ar mat er i al s, t her e wer e no t ypi cal coat ed

vesi cl es i n t he membr ane accumul at i on. I n f ar t her

pr oxi mal r egi ons, wher e vesi cul ot ubul ar st r uct ur es

wer e i nt er mi ngl ed wi t h t he t ypi cal net wor k of t he

axonal SER, t he accumul at i on of membr anous

st r uct ur es became l ess pr omi nent . The mi t ochon-

dr i a wer e seen scat t er ed among t he accumul at ed

membr anous st r uct ur es, wi t h no obvi ous i ncr ease

i n number , t hough t her e seemed t o be a sl i ght

t endency f or mi t ochondr i a t o accumul at e i n t he

f ar t her pr oxi mal r egi on .

I nsi de t he axons j ust pr oxi mal t o t he cool ed si t e,

bot h mi cr ot ubul es and neur of i l ament s decr eased

FI GURE 9 Tr ansver se sect i on of unmyel i nat ed axons
j ust pr oxi mal t o t he cool ed si t e i n ant er ogr ade t r anspor t

bl ockade . The axon i s di st ended and f i l l ed wi t h an

accumul at i on of t he vesi cul ot ubul ar st r uct ur es, among

whi ch dense- cor ed vesi cl es ( ar r ows) ar e al so f ound . Cool -

i ng t i me, 10 h . x 16, 000 .
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consi der abl y i n number . I n t hi n sect i ons, a f ew

mi cr ot ubul es r an t hr ough t he accumul at i on of t he

membr anous st r uct ur es, wher eas neur of i l ament s

wer e excl uded f r om t he membr anous accumul a-

t i on and f or med cor e bundl es i n t he deep r egi on

( Fi g . 7) . I nt er est i ngl y, one coul d see an i ncr eased

amount of f i ne gr anul ar or f i l ament ous mat er i al s

i n t he axopl asmwher e t he membr anous st r uct ur es

accumul at ed ( Fi gs . 10 and 11) .

I n t he r egi on 2- 4 mmpr oxi mal t o t he cool ed

si t e, t he cont i nuous net wor k of t he axonal SER

was dr amat i cal l y vi si bl e i n 0. 2- t i n t hi ck sect i ons .

Compar i son wi t h 0. 2- t i n sect i ons of nont r eat ed

cont r ol s ( Fi g. 12) i ndi cat es t hat t he net wor k of t he

axonal SERat t hi s l evel was mor e t i ght l y packed

( Fi g . 13a) . Fur t her mor e, t he t hi ck sect i ons mor e
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FI GURE 10 Membr anous or ganel l es i n myel i nat ed axons 1- 2 mm pr oxi mal t o t he cool ed si t e i n

ant er ogr ade t r anspor t bl ockade . The vesi cul ot ubul ar st r uct ur es wi t h bl i nd- ends ( t ) ar e cont i nuous wi t h

t he t ypi cal axonal SER ( 4) whi ch i s i r r egul ar l y cont our ed, beaded, and br anched as seen i n t hr ee

i l l ust r at i ons ( A, B, and C) . Cool i ng t i me, 10 h . x 52, 000 .

FI GURE l l

	

Tr ansver se sect i on of unmyel i nat ed axon j ust pr oxi mal t o t he cool ed si t e. The t hi ckness of

t he membr ane of t he vesi cul ot ubul ar st r uct ur es ( V) appear s t o be t he same as t hat of t he axol emma ( A) .

Fi ne gr anul ar or f i l ament ous mat er i al s i ncr ease i n t he axopl asm among t he vesi cul ot ubul ar st r uct ur es .

Some t ubul ar st r uct ur es ar e seen t o be cont i nuous wi t h t he axol emma ( ar r ows) . Cool i ng t i me, 10 h . x

70, 000 .
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cl ear l y showed t he di f f er ence bet ween t he axonal

SER net wor k and t he accumul at ed vesi cul ot ubu-

l ar st r uct ur es ( Fi g . 13b) . Thi ck sect i ons of axons

j ust pr oxi mal t o t he cool ed si t e showed t he accu-

mul at i on of membr anous st r uct ur es . These wer e

mai nl y i n t he f or m of t ubul ar segment s i n mor e or

l ess par al l el ar r ay, al t hough t he SERnet wor k was

st i l l pr omi nent i n some axons ( Fi g. 14) .

RETROGRADE TRANSPORT BLOCKADE :

To i nt er r upt t he r et r ogr ade t r anspor t , t he ner ve

was l ocal l y cool ed f or 10 h. Then al l consecut i ve

segment s ( each 1 mm l ong) wer e exami ned by

el ect r on mi cr oscopy . The st r uct ur al i nt egr i t y was

wel l pr eser ved. Mor phol ogi cal changes wer e ob-

ser ved i n t wo r egi ons : at t he l evel of 0- 2 mmdi st al

t o t he mar ked poi nt , many l ar ge membr anous



FI GURE 12

	

Thi ck sect i on of sel ect i vel y st ai ned myel i -

nat ed axon i n nont r eat ed saphenous ner ve . The axonal

membr anous or ganel l es wer e sel ect i vel y st ai ned accor d-

i ng t o t he pr ocedur e pr evi ousl y used ( 56) as a modi f i ca-

t i on of t he or i gi nal di ami nobenzi di ne- pot assi um f er r o-

cyani de met hod ( 58) . 0 . 2- I Lm t hi ck sect i ons wer e exam-

i ned wi t hout post st ai ni ng at an accel er at i ng vol t age of

75 kV. Axonal SER ( SER) and mi t ochondr i a ( Mt ) ar e

wel l cont r ast ed . x 12, 000 .

bodi es wer e f ound i nsi de bot h myel i nat ed and

unmyel i nat ed axons ( Fi gs . 15 and 16) ; and at t he

l evel of 6- 8 mmpr oxi mal t o t he mar ked poi nt ,

vesi cul ot ubul ar membr anous st r uct ur es si mi l ar t o

t hose i n ant er ogr ade t r anspor t bl ockade wer e

abundant . The number of l ar ge membr anous bod-

i es i n t he r egi on di st al t o t he mar ked poi nt was

smal l er t han t he number of vesi cul ot ubul ar st r uc-

t ur es obser ved i n t he ant er ogr ade t r anspor t bl ock-

ade . No accumul at i on of t hese membr anous bod-

i es was det ect ed beyond 2 mmdi st al t o t he mar ked

poi nt . The l ocal i zat i on of accumul at ed vesi cul o-

t ubul ar st r uct ur es and l ar ge membr anous bodi es

coi nci ded wi t h t he peaks of r adi oact i vi t y i n t he

pr oxi mal and di st al r egi ons, r espect i vel y ( Fi g. 3) .

Al t hough l ar ge membr anous bodi es wer e com-

posed of het er ogeneous membr anous st r uct ur es of

var yi ng si zes, t he mai n component s of t hese st r uc-

t ur es wer e mul t i vesi cul ar bodi es and l amel l at ed

bodi es r angi ng f r om 100 t o 500 nm( Fi gs . 15 and

16) . Smal l amount s of t he t ypi cal axonal SER

wer e al so obser ved among t hese membr anous bod-

i es . The l ar ge membr anous bodi es showed a t end-

ency t o accumul at e pr edomi nant l y at t he per i ph-

er y beneat h t he axol emma i n myel i nat ed axons i n

an accumul at i on pat t er n si mi l ar t o t hat i n t he

ant er ogr ade t r anspor t bl ockade . These bodi es wer e

never obser ved t o be cont i nuous wi t h t he axonal

SER nor wi t h t he axol emma. At t he node of

Ranvi er , t he axopl asm was al so f i l l ed wi t h t hese

membr anous bodi es, but no change i n di amet er of

t he axon was f ound, i n cont r ast t o t he ant er ogr ade

bl ockade .

I nsi de t he axons j ust di st al t o t he cool ed si t e,

mi cr ot ubul es di d not appear t o decr ease i n num-

ber . Thi ck sect i ons ( 0 . 2 p, m) r eveal ed accumul a-

t i ons of l ar ge membr anous or ganel l es and a sl i ght

i ncr ease i n axonal SER( Fi g. 17) .

I n concl usi on, an enor mous number of vesi cu-

l ot ubul ar st r uct ur es was consi st ent l y seen i n t he

r egi on wher e ant er ogr adel y t r anspor t ed pr ot ei ns

accumul at ed, wher eas l ar ge membr anous bodi es

i ncr eased i n number i n t he r egi on wher e t he r et -

r ogr adel y t r anspor t ed pr ot ei ns accumul at ed ( Fi g .

18) . Bot h ant er ogr ade and r et r ogr ade t r anspor t

bl ockade exper i ment s wer e r epeat ed mor e t han

f i ve t i mes, and t he mor phol ogi cal changes de-

scr i bed above wer e compl et el y r epr oduci bl e .

Tr acer Exper i ment wi t h HRP

To det er mi ne whet her t he l ar ge membr anous

bodi es wer e t r anspor t ed r et r ogr adel y f r om t he di s-

t al par t of t he axons, we admi ni st er ed HRP t o t he

di st al end of t he saphenous ner ve, and t hen l ocal l y

cool ed t he ner ve f or 10 h. As a r esul t , t he act i vi t y

of HRP was det ect ed cyt ochemi cal l y i n some of

t he membr anous bodi es accumul at ed i n t he r egi on

j ust di st al t o t he cool ed si t e ( Fi g. 19) . At t hi s l evel ,

no HRP act i vi t y was f ound i n t he endoneur i um,

i ndi cat i ng t hat t he di f f usi on of t he HRP was f ar

behi nd t he r et r ogr ade t r anspor t . Post st ai ned t hi n

sect i ons showed t hat some of t he mul t i vesi cul ar

bodi es and l amel l at ed bodi es wer e HRP posi t i ve .

I n t he cont r ol exper i ment s, no HRP- posi t i ve st r uc-

t ur e was obser ved i n t he axon .

DI SCUSSI ON

I dent i f i cat i on of Tr anspor t ed Or ganel l es

The met hod descr i bed her e was devel oped t o

st udy by el ect r on mi cr oscope t he i nt er r upt i on of

f ast axonal t r anspor t . By l ocal l y cool i ng t he sa-

phenous ner ve i n si t u t hr ough t he ski n, t he ani mal
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can be kept i n a nonanest het i zed st at e f or a r el a-

t i vel y l ong per i od of t i me . The ner ve t r eat ed i n

t hi s way r et ai ned i t s st r uct ur al i nt egr i t y wi t hout

dest r uct i on at any l evel . Thus, t hi s i s a l ess dam-

agi ng appr oach t han ot her met hods t hat have been

used f or si mi l ar pur poses . Most of t he or ganel l es

t hat accumul at ed, i f not al l , can be r egar ded as

r esul t i ng f r om t he i nt er r upt ed axonal t r anspor t .

Wi t h t hi s met hod, t he ner ve i s cool ed t hr ough

t he ski n, so i t i s di f f i cul t t o measur e t he exact

t emper at ur e i n t he ner ve i t sel f . When moni t or ed

by an el ect r i c t her mi st or pr obe, t he t emper at ur e of

t he subcut aneous t i ssue j ust beneat h t he cool ed

bl ock was i n t he r ange of 0° t o 5' C. Because bel ow

10° C t he r at e of f ast t r anspor t was shown t o dr op

shar pl y i n such homeot her mal ani mal s as cat s ( 51)

and r abbi t s ( 13) , a t emper at ur e bel ow 5° C shoul d

be suf f i ci ent t o i nt er r upt t r anspor t . The l ocal t em-

per at ur e change at t he bor der of t he cool ed si t e

seemed t o be r easonabl y l ar ge as j udged by t he

bi ochemi cal anal ysi s . I ndeed, t he membr anous

st r uct ur es wer e accumul at ed wi t hi n segment s 1- 2

mm l ong, al t hough t her e was some l ongi t udi nal

i r r egul ar i t y of t he l ocat i on of maxi mumaccumu-

l at i on of membr anous st r uct ur es among t he axons.

Such i r r egul ar i t y may be expl ai ned par t l y by t he

t emper at ur e di f f er ence, whi ch may depend on t he

dept h of axons wi t hi n t he ner ve and on t he pr ox-

i mi t y t o t he bl ood vessel s .

Al t hough we used t he sensor y ner ve f or t he

pr esent st udy, f ast axonal t r anspor t i n sensor y

ner ves has been demonst r at ed by bi ochemi cal

anal ysi s t o be essent i al l y t he same as t hat i n mot or

ner ves ( 1) . Our met hod of f er s a gr eat advant age i n

f i ne st r uct ur al anal ysi s of exper i ment al i nt er r up-

t i on of f ast axonal t r anspor t . Fur t her mor e, because

t hi s met hod per mi t s r ecover y f r omt he i nt er r upt i on

si mpl y by r ewar mi ng, i t i s possi bl e t o anal yze t he

dynami c aspect s of t he t r anspor t .

The r esul t s obt ai ned f r om bot h bi ochemi cal and

mor phol ogi cal st udi es showed t hat our l ocal cool -

i ng met hod successf ul l y i nt er r upt ed ant er ogr ade

and r et r ogr ade axonal t r anspor t s . The accumul a-

t i on pat t er n of l abel ed pr ot ei ns coi nci ded wel l wi t h

t hat of membr anous el ement s i n bot h ant er ogr ade

and r et r ogr ade t r anspor t bl ockade . Vesi cul ot ubu-

l ar membr anous st r uct ur es and l ar ge membr anous

bodi es wer e seen densel y packed wher e t he ant er -

ogr adel y t r anspor t ed pr ot ei ns and r et r ogr adel y

t r anspor t ed pr ot ei ns, r espect i vel y, accumul at ed .

Fur t her mor e, t hi ck sect i ons r eveal ed t hat t he net -

wor k of t he axonal SER, whi ch was mor phol ogi -

cal l y di st i ngui shabl e f r om vesi cul ot ubul ar st r uc-

t ur es, was t i ght l y packed i nsi de axons pr oxi mal t o

t he cool ed si t e . When t he r et r ogr ade t r anspor t

bl ockade was combi ned wi t h t he HRP t r acer ex-

per i ment , enzymat i c act i vi t y i n t he axopl asmwas

demonst r at ed onl y i n t he l ar ge membr anous bod-

i es . Hence, we ar e l ed t o pr opose t hat , besi des

mi t ochondr i a, t he membr anous component s i n t he

axon can be cl assi f i ed i nt o t wo syst ems f r om t he

vi ewpoi nt of axonal t r anspor t : t he axonal SER

and vesi cul ot ubul ar st r uct ur es i n t he ant er ogr ade

di r ect i on and f r ee l ar ge membr anous bodi es i n t he

r et r ogr ade di r ect i on . Thi s pr oposal seems t o be

hel pf ul i n expl ai ni ng many aspect s of f ast axonal

t r anspor t so f ar el uci dat ed .

Axonal SER i n Fast Tr anspor t

I n t he pr esent st udy, vesi cul ot ubul ar membr a-

nous st r uct ur es wer e shown t o accumul at e when

t he ant er ogr ade t r anspor t was exper i ment al l y

bl ocked . The r esul t s suggest t hat t he vesi cul ot u-

bul ar st r uct ur es wer e der i ved f r om t he axonal

SER, whi ch wer e al so seen packed i nsi de axons

pr oxi mal t o t he cool ed si t e . The obser vat i on i ndi -

cat es t hat t he axonal SER i t sel f moves down t he

axon wi t h i t s cont ent s, excl udi ng t he possi bi l i t y

FI GURE 13

	

Thi ck sect i on of sel ect i vel y st ai ned myel i nat ed axons 2- 4 mmpr oxi mal t o t he cool ed si t e i n
ant er ogr ade t r anspor t bl ockade . ( a) The cont i nuous net wor k of t he axonal SER i s pr omi nent l y vi si bl e as
compar ed wi t h t he nont r eat ed axon; 0 . 2- l am t hi ck sect i on . Cool i ng t i me, 10 h. x 16, 000. ( b) The
vesi cul ot ubul ar st r uct ur es ( V) ar e i nt er mi ngl ed wi t h t he t ypi cal net wor k of t he axonal SER at t hi s l evel
of t he axon ( ar r ow) ; 0 . 2- l am t hi ck sect i on. Cool i ng t i me, 10 h . x 12, 000.

FI GURE 14

	

Thi ck sect i on of sel ect i vel y st ai ned myel i nat ed axons j ust pr oxi mal t o t he cool ed si t e i n
ant er ogr ade t r anspor t bl ockade . The accumul at i on of membr anous st r uct ur es i nsi de axons ( A1, A2) i s
dr amat i cal l y shown i n t hi ck sect i on . These wer e mai nl y i n t he f or m of vesi cul ot ubul ar segment s i n mor e
or l ess par al l el ar r ay ( see A1) , al t hough t he SERnet wor k was st i l l pr omi nent i n some axons ( see A2) . The
r egi ons i ndi cat ed by ar r ows ar e consi der ed t o r epr esent cor e bundl es of neur of i l ament s ( see al so Fi g . 7) .
Mt , mi t ochondr i a ; 0. 2- l xm t hi ck sect i on . Cool i ng t i me, 10 h. x 12, 000 .
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FI GURE 15

	

I nt er nodal par t of myel i nat ed axon j ust di st al t o t he cool ed si t e i n r et r ogr ade t r anspor t

bl ockade . Lar ge membr anous bodi es and mi t ochondr i a accumul at ed i nsi de t he axon . Lar ge membr anous

bodi es ar e composed of het er ogeneous membr anous st r uct ur es, and t he mai n component s of t hese

st r uct ur es ar e mul t i vesi cul ar bodi es ( Mv) and l amel l at ed bodi es ( Lb) . T, mi cr ot ubul e. Cool i ng t i me, 10 h .

( a) Tr ansver se sect i on . X 20, 000 . ( b) Longi t udi nal sect i on . x 20, 000 .



t hat t he SERmi ght ser ve as a pi pe t hr ough whi ch

mat er i al s f l ow down . As pr evi ousl y shown ( 16,

56) , t he axonal SERf or ms a wel l - devel oped con-

t i nuous net wor k i n t he axopl asm. I t seems unl i kel y

t hat such a net wor k of t he SERmoves f ast as a

whol e t hr ough a densel y packed f i br i l l ar f r ame-

wor k . Ther ef or e, t he most l i kel y expl anat i on i s

t hat i n nor mal axons par t s of t he SER net wor k

may be pi nched of f i nt o vesi cul ot ubul ar st r uct ur es,

move down t he axon, and f use agai n wi t h t he

net wor k at any moment .

However , i t i s di f f i cul t t o pr ove unequi vocal l y

t hat t he vesi cul ot ubul ar st r uct ur es communi cat e

wi t h t he axonal SERor ar e pi nched of f f r om i t ,

onl y by mor phol ogi cal anal ysi s . Al t er nat i vel y, i t i s

al so possi bl e t hat t he vesi cul ot ubul ar st r uct ur es

ar e pr esent as such i n nor mal axons and t r avel

r api dl y downst r eam i n such l ow concent r at i ons

FI GURE 16

	

Tr ansver se sect i on of unmyel i nat ed axons

j ust di st al t o t he cool ed si t e i n r et r ogr ade t r anspor t

bl ockade . The axon i s di st ended and f i l l ed wi t h an

accumul at i on of mi t ochondr i a and l ar ge membr anous

bodi es i ncl udi ng mul t i vesi cul ar bodi es ( Mv) and l amel -
l at ed bodi es ( Lb) . Cool i ng t i me, 10 h. x 20, 000 .

FI GURE 17

	

Thi ck sect i on of sel ect i vel y st ai ned myel i nat ed axon j ust di st al t o t he cool ed si t e i n r et r ogr ade
t r anspor t bl ockade. The axon i s char act er i zed by accumul at ed l ar ge membr anous bodi es ( LMB) . The
SERshowed a sl i ght i ncr ease i n amount ( ar r ows) ; 0 . 2- , um t hi ck sect i on . Cool i ng t i me, 10 h . x 15, 000.
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FI GURE 18

	

Summar y of t he r esul t s obt ai ned f r om r a-

di oact i ve t r acer exper i ment s ( RA) and el ect r on mi cr o-

scopi c obser vat i ons ( EM) i n ant er ogr ade t r anspor t

bl ockade ( A) and i n r et r ogr ade t r anspor t bl ockade ( B) .

At t he r egi on wher e t he ant er ogr adel y t r anspor t ed l a-

bel ed pr ot ei ns accumul at ed ( i n segment s a and c) , ve-

si cul ot ubul ar membr anous st r uct ur es i ncr eased enor -

mousl y i n amount ( i n segment s b and d) . Wher e t he

r et r ogr adel y t r anspor t ed l abel ed pr ot ei ns accumul at ed

( i n segment e) , l ar ge membr anous bodi es i ncr eased i n

number ( i n segment f ) . Al t hough t he ner ve pr oxi mal t o

t he cool ed si t e was not i nt ent i onal l y war med i n r et r o-

gr ade t r anspor t bl ockade ( B) , t he ant er ogr adel y t r ans-

por t ed pr ot ei ns and st r uct ur es accumul at ed i n segment s

c and d.

t hat t hey become not i ceabl e onl y when t hei r f l ow

i s dammed, and t hat t he axonal SER net wor k

i t sel f may move en masse mor e sl owl y .

At pr esent , i t i s cer t ai n t hat t he axonal SERar e

t r anspor t ed ant er ogr adel y, but addi t i onal st udi es

ar e needed t o det er mi ne whet her t he vesi cul ot u-

bul ar st r uct ur es ar e der i ved f r om t he axonal SER

or not .

Movi ng " Par t i cl es" i n Li ght Mi cr oscopy

The movement of " par t i cl es" i nsi de l i vi ng ner ve

f i ber s has been di r ect l y obser ved t hr ough l i ght

mi cr oscopy . Al t hough such movement has been

not i ced f or many year s ( 42) , i t i s onl y r ecent l y t hat

a quant i t at i ve anal ysi s has been appl i ed t o t hi s

phenomenon ( 3, 7, 12, 20, 40, 4l ) . Over 90%of t he
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mi cr oscopi cal l y vi si bl e par t i cl es ot her t han mi t o-

chondr i a move i n a r et r ogr ade di r ect i on . These

obser vat i ons seem t o di sagr ee wi t h bi ochemi cal

evi dence t hat i ndi cat es t hat t he mat er i al s ar e t r ans-

por t ed mor e i n an ant er ogr ade t han i n a r et r ogr ade

di r ect i on ( 2, 5, 6, 18, 21, 43) . Thi s di scr epancy may

be expl ai ned when one consi der s t hat a l ar ge

amount of t he axonal SER i s t r anspor t ed ant er o-

gr adel y and i s t oo del i cat e t o be det ect ed under

t he l i ght mi cr oscope . I f t he vesi cul ot ubul ar st r uc-

t ur es ar e pr esent i n nor mal axons, t hey cannot be

det ect ed by l i ght mi cr oscopy . I n cont r ast , most of

t he l ar ge membr anous bodi es t r anspor t ed r et r o-

gr adel y f al l wel l enough wi t hi n t he r esol ut i on of

t he l i ght mi cr oscope . I n t he si ngl e case of cul t ur ed

neur ons, a movi ng par t i cl e was successf ul l y f i xed

and exami ned by el ect r on mi cr oscopy ; i t was i den-

t i f i ed as a l ar ge vesi cl e accompani ed by a mul t i -

vesi cul ar body ( 7) .

Conver sel y, t he occur r ence of a smal l number

of ant er ogr adel y movi ng par t i cl es ( 12) may i ndi -

cat e t hat a f ew l ar ge membr anous bodi es can be

al so t r anspor t ed ant er ogr adel y .

Membr anous Or ganel l es Car r yi ng HRP

Our obser vat i ons r eveal ed t hat t he r et r ogr ade

t r anspor t of HRP was demonst r at ed onl y i n l ar ge

FI GURE 19

	

Tr ansver se sect i on of myel i nat ed axon j ust

di st al t o t he cool ed si t e i n r et r ogr ade t r anspor t bl ockade

af t er admi ni st r at i on of HRP t o t he di st al end of t he

saphenous ner ve . The act i vi t y of HRP i s det ect ed cyt o-

chemi cal l y i n some of t he l ar ge accumul at ed membr a-

nous bodi es ( ar r ows) . Cool i ng t i me, 10 h. x 30, 000.



membr anous bodi es . The membr anous or ganel l es

r et r ogr adel y car r yi ng HRP have been st udi ed i n

det ai l by LaVai l and LaVai l ( 38) . I n addi t i on t o

vesi cl es, mul t i vesi cul ar bodi es, and cup- shaped or -

ganel l es, smal l t ubul es wer e al so HRP posi t i ve .

Judged by t hei r mor phol ogi cal char act er i st i cs and

by our r et r ogr ade t r anspor t bl ockade exper i ment s,

t hose st r uct ur es, i ncl udi ng t he smal l t ubul es, may

bel ong t o t he syst em of l ar ge membr anous bodi es

cl assi f i ed i n our st udy but not t o t he axonal SER.

Bi r ks et al . ( 4) anal yzed pi nocyt osi s i n cul t ur ed

chi ck embr yo sympat het i c gangl i on cel l s and cl as-

si f i ed i nt r aaxonal membr anous or ganel l es i nt o ax-

onal SER and bl i nd- ended t ubul es ( i ncl udi ng

mul t i vesi cul ar bodi es) . I n t hei r st udy, exogenous

f er r i t i n or t hor i umdi oxi de was i ncor por at ed onl y

i nsi de t he bl i nd- ended t ubul es, never i nsi de t he

axonal SER. I t may be concl uded t hat t he HRP i s

r et r ogr adel y t r anspor t ed by f r ee l ar ge membr a-

nous bodi es, not by t he axonal SER.

The si t uat i on seems t o be compl i cat ed by di s-

cover y of t he ant er ogr ade t r anspor t of HRP ad-

mi ni st er ed at t he r egi on of t he per i kar ya ( 11, 27,

38, 47, 52, 55) . As t he ant er ogr ade t r anspor t of

HRP was demonst r at ed i n t he membr ane-

bounded st r uct ur es seemi ng t o have no mor pho-

l ogi cal char act er i st i cs of t he axonal SER, i t i s

l i kel y t hat t hese membr anous or ganel l es may be-

l ong t o t he syst em of l ar ge membr anous bodi es . I f

t hi s i s t he case, t he l ar ge membr anous bodi es al so

can move ant er ogr adel y, but i n much smal l er

number s ( 38) . Al t er nat i vel y, i f t he vesi cul ot ubul ar

membr anous st r uct ur es ar e pr esent i n nor mal ax-

ons, i t i s possi bl e t hat t hese HRP- posi t i ve st r uc-

t ur es may bel ong t o t he vesi cul ot ubul ar st r uct ur es .

I n t hi s st udy, we devel oped a new l ocal cool i ng

met hod whi ch of f er ed a gr eat advant age i n f i ne

st r uct ur al anal ysi s of exper i ment al i nt er r upt i on of

f ast axonal t r anspor t . By t hi s met hod, f ur t her mor e,

i t was conf i r med t hat t her e wer e bi di r ect i onal

movement s of membr anous or ganel l es i n t he ax-

ons, and t hat l ar gel y di f f er ent membr anous sys-

t ems wer e engaged i n t r anspor t i n di f f er ent di r ec-

t i ons . Hence, axonal t r anspor t can be a usef ul

model f or t he mechani sm of i nt r acel l ul ar move-

ment of t he membr anous or ganel l es i n a var i et y

of cel l t ypes .

We wi sh t o t hank Dr . Yoshi aki Komi ya of t he I nst i t ut e

of Br ai n Resear ch, Uni ver si t y of Tokyo, f or hi s col l ab-

or at i on i n r adi oact i ve t r acer exper i ment s and f or hi s

hel pf ul di scussi ons. We al so wi sh t o t hank Pr of . Ei chi

Yamada and Pr of . Masanor i Kur okawa of t he Uni ver si t y

of Tokyo, f or val uabl e di scussi ons t hr oughout t hi s wor k .
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