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ABSTRACT Post synapt i c densi t i es ( PSDs) have been i sol at ed f r om cer ebr al cor t ex, mi dbr ai n,

cer ebel l um, and br ai n st em by t he Tr i t on X- 100 met hod pr evi ousl y used i n t he i sol at i on of

cer ebr al PSDs ( Cohen et al . , 1977, 1 . Cel l Bi ol . 74 : 181) . These PSDs have been compar ed i n

pr ot ei n composi t i on, pr ot ei n phosphor yl at i on, and mor phol ogy . Thi n- sect i on el ect r on mi cr os-

copy r eveal ed t hat cer ebr al cor t ex and mi dbr ai n PSDs wer e i dent i cal , bei ng ^- 57 nm t hi ck and

composed of appar ent aggr egat es 20- 30 nm i n di amet er . I sol at ed cer ebel l ar PSDs appear ed

t hi nner ( 33 nm) t han cer ebr al cor t ex PSDs and l acked t he appar ent 20- t o 30- nm aggr egat es,

but had a l at t i cel i ke st r uct ur e . I n uni di r ect i onal and r ot ar y- shadowed r epl i cas, t he cer ebr um

and mi dbr ai n PSDs wer e ci r cul ar i n shape wi t h a l ar ge cent r al per f or at i on or hol e i n t he cent er

of t hem. Cer ebel l um PSDs di d not have a l ar ge per f or at i on, but di d have numer ous smal l er

per f or at i ons i n a l at t i ce l i ke st r uct ur e . Fi l ament s ( 6- 9 nm) wer e obser ved connect i ng possi bl e

20- t o 30- nm aggr egat es i n cer ebr um PSDs and wer e al so obser ved r adi at i ng f r om one si de of

t he PSD. Bot h cer ebr al cor t ex and mi dbr ai n PSDs exhi bi t ed i dent i cal pr ot ei n pat t er ns on SDS

gel el ect r ophor esi s . I n compar i son, cer ebel l ar PSDs ( a) l acked t he maj or 51, 000 Mr pr ot ei n, ( b)

cont ai ned t wo t i mes l ess cal modul i n, and ( c) cont ai ned a uni que pr ot ei n at 73, 000 Mr . Cal ci um

pl us cal modul i n st i mul at ed t he phosphor yl at i on of t he 51, 000 and 62, 000 Mr bands i n bot h

cer ebr al cor t ex and mi dbr ai n PSDs . I n cer ebel l ar PSDs, onl y t he 58, 000 and 62, 000 Mr bands

wer e phosphor yl at ed . I n t he PSDs f r om al l br ai n r egi ons, CAMP st i mul at ed t he phosphor yl at i on

of Pr ot ei n l a ( 73, 000 Mr ) , Pr ot ei n I b ( 68, 000 Mr ) , and a 60, 000 Mr pr ot ei n, al t hough cer ebr um

and mi dbr ai n PSDs cont ai ned ver y much hi gher l evel s of phosphor yl at ed pr ot ei n t han di d t he

cer ebel l um.

On t he basi s of t he mor phol ogi cal cr i t er i a, i t i s possi bl e t hat PSDs i sol at ed f r om cer ebr um

and mi dbr ai n wer e der i ved f r om t he Gr ay t ype I , or asymmet r i c, synapses, wher eas cer ebel l um

PSDs wer e der i ved f r om t he Gr ay t ype I I , or symmet r i c, synapses, Si nce t her e i s some evi dence

t hat t he t ype I synapses ar e i nvol ved i n exci t at or y mechani sms whi l e he t ype I I ar e i nvol ved i n

i nhi bi t or y mechani sms, t he r ol e of t he PSD and of some of i t s pr ot ei ns i n t hese synapt i c

r esponses i s di scussed .

Synapses i n t he cent r al ner vous syst em di spl ay on t he i nt er nal

sur f ace of t he post synapt i c membr ane a pr omi nent st r uct ur e

cal l ed t he post synapt i c densi t y ( PSD) . Thi s i s a di sk- shaped

st r uct ur e i n whi ch, as has pr evi ousl y been shown, t her e i s a
l ar ge per f or at i on or hol e ( 7, 41) . The PSD has r ecent l y been

i sol at ed f r om cer ebr al cor t ex wi t h t he use of Tr i t on X- 100 ( 1,

8) , and t hi s pr epar at i on was f ound t o consi st of some 15 maj or
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and at l east 20 mi nor pr ot ei ns ( 1) . El ect r on mi cr ogr aphs of t hi s

pr epar at i on r eveal ed cup- shaped st r uct ur es - 400 r un l ong and

- 40 nm wi de, made up of appar ent par t i cl es 13- 28 nm i n

di amet er ( l , 8) . PSDs have al so been i sol at ed t hr ough t he use
of deoxychol at e ( 33) and Sar kosyl ( Gei gy Chemi cal Cor p . ,

Ar dsl ey, N. Y. ) ( 10) , but , as poi nt ed out by Mat us and Taf f -

Jones ( 32) , t he pr epar at i on obt ai ned usi ng Tr i t on X- 100 seems
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t o r esembl e mor e t he i n si t u count er par t . St udi es on PSDs

i sol at ed by t he Tr i t on X- 100 met hod show t he def i ni t i ve pr es-

ence of act i n ( 1) , cal modul i n ( 19) , a cAMP phosphodi est er ase

t hat i s act i vat ed by cal modul i n ( 20) , a cAMP- dependent pr o-

t ei n ki nase and t wo pr ot ei ns t hat ar e t he subst r at es f or t hi s

ki nase ( 48) , a cal modul i n- act i vat abl e pr ot ei n ki nase and pr o-

t ei ns whi ch ar e subst r at es f or t hi s ki nase ( 18, 20) , and a maj or

unknown pr ot ei n of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" 51, 000 mol wt ( 5, 26) ; i n addi t i on t her e

ar e i ndi cat i ons t hat t ubul i n ( 1, 35) and neur of i l ament pr ot ei n

( 1) ar e pr esent , but t he l at t er i s pr obabl y a cont ami nant ( 11,

17, 20, 31, 37) .

I n t hi s st udy, t he Tr i t on X- 100 met hod of i sol at i on was used

t o i sol at e PSDs f r om var i ous gener al br ai n r egi ons, t o obser ve

whet her any di f f er ences exi st ed among t hem, and t hus gai n

cl ues t o t he possi bl e f unct i on of t he PSD i n synapt i c t r ansmi s-

si on, a f unct i on unknown at pr esent . PSDs f r om cer ebr al

cor t ex, mi dbr ai n, and cer ebel l um wer e compar ed by el ect r on

mi cr oscope mor phol ogy, by pr ot ei n composi t i on, and by pr o-

t ei n phosphor yl at i on . These compar i sons showed t hat cer e-

br um and mi dbr ai n PSDs di f f er f r om cer ebel l ar PSDs, and

t hese di f f er ences have pr ovi ded some i deas as t o t he f unct i on

of t he PSD.

MATERI ALS AND METHODS

I sol at i on of PSDs

The pr ocedur e used t o i sol at e PSDs f r om t he di f f er ent br ai n r egi ons i s a

modi f i cat i on of t he pr ocedur e used by Cohen et al . ( 8) i n t he case of cer ebr al

cor t ex and i s out l i ned i n Fi g. 1 . The br ai n was r emoved f r oma dog af t er nembut al

deat h, di ssect ed i nt o f our par t s, t hen r i nsed i n sol ut i on A. The cer ebr um was

consi der ed as al l t he cor t ex i n t he f or ebr ai n, t he mi dbr ai n consi st ed of al l

st r uct ur es l yi ng bel ow t he cor pus cal l osumand above t he pons, t he br ai n st em

was al l mat er i al bel owand i ncl udi ng t he pons, and t he cer ebel l umconsi st ed of

mat er i al above t he cer ebel l ar peduncl es . Homogeni zat i on was per f or med by 12

up and down st r okes wi t h a mot or - oper at ed Tef l on- gl ass homogeni zer ( 0. 25 mm

cl ear ance) , usi ng 10 g ( wet wei ght ) br ai n par t al i quot s/ 40 ml of sol ut i on A( Fi g .

1) . The r esul t ant homogenat es wer e combi ned and di l ut ed t o 10%( wt / vol ) i n

sol ut i on A. Al l t he g val ues ar e aver age cent r i f ugal f or ces . Al ow- speed ( 1, 400 g)

pel l et was obt ai ned and washed by r esuspendi ng t he pel l et wi t h t hr ee st r okes of

t he homogeni zer i n t hesame 10%vol ume of sol ut i on A. The second cent r i f ugat i on

( 710 g) was car r i ed out f or 10 mi n . Af t er cent r i f ugat i on t he super nat es wer e

pool ed and cent r i f uged at 13, 800 g f or 10 mi n. The r esul t i ng pel l et , cont ai ni ng

synapt osomes and mi t ochondr i a, was r esuspended wi t h si x st r okes of t he homog-

eni zer i n sol ut i on B ( Fi g . 1) usi ng 24 ml / 10 g st ar t i ng t i ssue . The sucr ose

gr adi ent s, usi ng t he Spi nco SW27 r ot or , ( Beckman I nst r ument s, I nc . , Spi nco

Di v. , Pal o Al t o, Cal i f . ) cont ai ned 8 ml of t he r esuspended mat er i al , 10 ml each

of 0 . 85, 1 . 0, and 1 . 2 Msucr ose sol ut i ons al l cont ai ni ng 1 . 0 mMNaHCO, ; t hese

gr adi ent s wer e t hen r un f or 2 h at 82, 500 g . The band bet ween 1 . 0 and 1 . 2 M

sucr ose was r emoved by f i r st aspi r at i ng of f t he sol ut i on above t he band, t hen

r emovi ng t he band wi t h a 5- ml pi pet t e gun wi t h a pl ast i c t i p ; i t was t hen di l ut ed

wi t h sol ut i on B ( 60 r nl / 10 g i ni t i al wt ) , an equal vol ume of 1%( vol / vol ) Tr i t on

X- 100 i n 0. 32 Msucr ose- 12 mMTr i s- HCI ( pH 8 . 1) was added, and t he r esul t ant ,

somewhat cl ar i f i ed suspensi on was st i r r ed i n t he col d f or 15 mi n. Thi s suspensi on

was spun down at 32, 800 g and t he pel l et was r esuspended i n 2. 5 ml of sol ut i on

B/ 10 g or i gi nal wet wei ght br ai n par t , and 2 ml of t hi s mat er i al was l ayer ed on

gr adi ent s i n pol yal l omer t ubes composed of 4 ml of 2 . 0 Msucr ose, 3 . 0 ml of 1 . 5

Msucr ose- I mM NaHCO: , , and 3 . 0 ml of 1 . 0 Msucr ose- I mMNaHC03 . The

gr adi ent s wer e spun f or 2 h at 201, 800 g i n t he SW40 r ot or ( Beckman I nst r ument s,

I nc . , Spi nco Di v . , 1- 5- 50 cent r i f uge) . The PSDs banded bet ween 1 . 5 and 2. 0 M

sucr ose . The mat er i al above t he band was r emoved by aspi r at i on and t he band

was r emoved wi t h a pl ast i c pi pet t e . The pi pet t ed band was di l ut ed t o a f i nal

vol ume of 6 . 0 ml wi t h sol ut i on B, and an equal vol ume of 1% Tr i t on- 150 mM

KCI was added. Thi s suspensi on was spun f or 20 mi n at 201, 800 g i n t he SW40

r ot or . The r esul t ant pel l et was r esuspended by homogeni zat i on wi t h a mot or -

dr i ven Tef l on- gl ass homogeni zer . The yi el ds wer e ( mg/ 10 g i ni t i al wet wt t i ssue) :

cer ebr um, 2- 3 : mi dbr ai n, 1 . 5- 2; cer ebel l um, I .

Gel El ect r ophor esi s

Gel el ect r ophor esi s was per f or med as descr i bed bef or e ( 8) .
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Cani ne Br ai n Regi on- 40- 60gm

Homogenat e i n Sol . A ( 0 . 32 M Sucr ose- 1 mM NoHC03I

mM MgCl 2, 0. 5 mM Cocl 2 ) ; 1400 g x 10 mi n

S
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Resuspend i n Sol . B
J( 0. 32 Msucr ose- I mM NoHC03
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82, 5009 x 120 mi n

0. 85 M-

I . 0 m-

1 . 2 M-

El ect r on Mi cr oscopy

Pr ot ei n Phosphor yl at i on

- I . OM

PSD - I , 5M

I

	

- 2 . 0 M

Pur i f i ed PSD f r oct i on

P Wash- Sol . A

710g x I Omi n

P

Di scar d

4- Synapt osome f r act i on
1

Remove and t r eat f or 15 mi n wi t h
0. 5%Tr i t on X- 100 i n 0. 16 M
sucr ose, 6mMTr i s - HCI pH 8. 1

1 32, 800 g x 20 mi n

Di scar d

	

I Resuspend i n Sol . B.

Sucr ose densi t y gr adi ent
201, 800 g x 120 mi n

Resuspend i n 0. 5%Tr i t on

X- 100, 75 MM KCI
201, 800g x 20 mi n

FI GURE 1

	

Fr act i onat i on scheme f or t he pr epar at i on of PSDs f r om

var i ous br ai n r egi ons . Di scussed mor e f ul l y i n Mat er i al s and Met h-

ods .

El ect r on mi cr oscopy, bot h t hi n sect i on and r epl i cas, was per f or med as de-

scr i bed bef or e ( 8) . I n addi t i on, r ot ar y shadowi ng was done at an angl e of 20°

wi t h pl at i num- car bon f or 6 s whi l e t he speci men was r ot at ed si x t i mes . The

r epl i ca was t hen coat ed at an angl e of 90° wi t h car bon f or 6 s .

Cal ci um- dependent pr ot ei n ki nase act i vi t y of t he PSDwas per f or med accor d-

i ng t o t he met hod of Schul man and Gr eengar d ( 45) . The st andar d r eact i on

mi xt ur e cont ai ned i n a f i nal vol ume of 0 . 1 ml : 50 mMPI PES buf f er , pH 7 . 0; 10

mM MgCI 2; I mMdi t hi ot hr ei t ol ( DTT) ; 0. 2 mM EGTA; pl us 50- 100 pg PSD

pr ot ei n . The pl us cal ci umsampl es al so cont ai ned 0. 5 mMCaCl _ wi t h or wi t hout

3 pg pur i f i ed cani ne br ai n cal modul i n ( pr epar ed by t he met hod of Wat t er son et

al . ( 53) . Af t er a 1- mi n pr ei ncubat i on at 30° C, 5 AMATP ( 5- 10 pCi y- [ ' LPI ATP)

was added and t he mi xt ur e was f ur t her i ncubat ed at 30° C. The r eact i on was

t er mi nat ed by t he addi t i on of 2% SDS, and SDS PAGE was per f or med as

descr i bed i n Mat er i al s and Met hods . Aut or adi ogr aphy was per f or med on t he

dr i ed gel s usi ng Cr onex 2 DC Medi cal Fi l m ( DuPont I nst r ument s, Wi l mi ngt on,

Del . ) . The cAMP pr ot ei n ki nase act i vi t y of t he PSDwas per f or med as descr i bed

above, except t hat 10 AMcAMP was used i n pl ace of t he cal ci umand cal modul i n .

I sobut yl met hyl xant hi ne ( I mM) was al so added t o i nhi bi t t he br eakdown of

CAMP ( 48, 49) .

RESULTS

Mor phol ogy

Fi gs . 2- 4 show r epr esent at i ve t hi n- sect i on vi ews, whi l e Fi gs .
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FI GURE 2

	

El ect r on mi cr ogr aphi c exami nat i on of a PSDpr epar at i on i sol at ed f r omcer ebr al cor t ex . ( a) Lar ge f i el d vi ew of pr epar at i on .

Ar r ows depi ct PSDs . The nondescr i pt mat er i al i s pr obabl y PSDs sect i oned i n di f f er ent pl anes, pl us f i l ament ous mat er i al at t ached

t o t he cyt opl asmi c si de of t he PSD, pl us a smal l amount of cont ami nant s f r om ot her cel l ul ar st r uct ur es ( cf . Cohen et al . [ 8] ) . Bar ,

500 nm. x 25, 000 . ( b) En f ace vi ew of PSD ( ar r ow) , wi t h a per f or at i on i n t he mi ddl e of t he di sk . Bar , 200 nm. x 82, 500 . ( c) Cr oss-

sect i onal vi ew of t he PSD ( ar r ow) . Bar , 200 nm. x 82, 500 .

83 3
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FI GURE 3

	

El ect r on mi cr ogr aphi c exami nat i on of a PSD pr epar at i on i sol at ed f r om mi dbr ai n . ( a) Lar ge f i el d vi ew of pr epar at i on .
Ar r ows i ndi cat e t ypi cal PSDs ; descr i pt i on of mat er i al as gi ven i n Fi g. 2 . Bar , 500 nm. x 25, 000 . ( b) f n f ace vi ew of PSD ( ar r ow) wi t h

possi bl e per f or at i on i n t he cent er . Bar , 200 nm. x 82, 500 . ( c) Cr oss- sect i onal vi ew of t he PSD ( ar r ow) . Bar , 200 nm. x 82, 500 .
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FI GURE 4

	

El ect r on mi cr ogr aphi c exami nat i on of a PSD pr epar at i on i sol at ed f r om cer ebel l um. ( a) Lar ge f i el d vi ew of pr epar at i on .

Ar r ows i ndi cat e t ypi cal PSDs ; descr i pt i on of ot her mat er i al as gi ven i n Fi g . 2 . Bar , 500 nm. x 25, 000 . ( b) Cr oss- sect i onal vi ew of PSD

( ar r ow) i ndi cat i ng unusual t hi nness of t hese PSDs . Bar , 200 nm. x 82, 500. ( c) En f ace vi ew of t he PSD ( ar r ow) i ndi cat i ng t he

l at t i cel i ke nat ur e of t he st r uct ur e . Bar , 200 nm. x 82, 500 .

CARLI N ET AL .

	

I sol at i on and Char act er i zat i on of Post synapt i c Densi t i es
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5 and 6 show r epl i ca vi ews, of PSDpr epar at i ons i sol at ed f r om

var i ous br ai ns par t s . Al t hough t he cer ebr um and mi dbr ai n

PSD pr epar at i ons ar e i ndi st i ngui shabl e f r om one anot her ,

t hose f r om cer ebel l umand br ai n st em pr esent di f f er ences . Fi g .

2 a i s a l ow- magni f i cat i on f i el d showi ng t he mor phol ogy of t he

PSD pr epar at i on i sol at ed f r om cer ebr al cor t ex. A number of

PSDs can be seen i n t hi s pr epar at i on ( ar r ows) . A det ai l ed

mor phol ogi cal descr i pt i on of t hi s pr epar at i on has been gi ven

ear l i er ( 8) . The nondescr i pt mat er i al i s pr obabl y PSDs sec-

t i oned i n di f f er ent pl anes, pl us f i l ament ous mat er i al at t ached

t o t he cyt opl asmi c si de of t he PSD, pl us a smal l amount of

cont ami nant s f r om ot her cel l ul ar st r uct ur es ( 8) . Ther e i s a

smal l amount of vesi cul ar cont ami nant s i n t he pr epar at i on .

When vi ewed f r om t he si de ( Fi g . 2 c) , t he PSDs ar e f l at t o

semi ci r cul ar , wi t h an aver age t hi ckness of 58 nm, based on 50

measur ement s . An en f ace vi ew ( Fi g . 2 b) shows a di sk- shaped

st r uct ur e wi t h a l ess dense cent er , as has been pr evi ousl y

descr i bed ( 7, 41) . Bot h t he en f ace and cr oss- sect i onal vi ews of

t he PSD show t he pr esence of 20- t o 30- nm par t i cl e- l i ke

aggr egat es . These have been pr evi ousl y descr i bed ( 1, 8, 35) .

The PSD pr epar at i on f r om mi dbr ai n ( Fi g. 3 a) shows a

pr epar at i on si mi l ar t o t hat of cor t ex, wt h si ze and shape of t he

PSD bei ng t he same . I n a cr oss- sect i onal vi ew ( Fi g . 3 c) , t he

t hi ckness of t he PSD aver aged 56 nm, based on 50 measur e-

ment s, not si gni f i cant l y di f f er ent f r om t hat of t he PSD f r om

cer ebr al cor t ex . An en f ace vi ew ( Fi g . 3 b) shows an al most

i dent i cal appear ance as PSDs i sol at ed f r om cer ebr al cor t ex,

t hat i s, a di sk- shaped st r uct ur e wi t h 20- t o 30- nm aggr egat es

and a l ess dense cent er .

The cer ebel l ar PSD pr epar at i on i s shown i n Fi g . 4a. The

PSDs i n t hi s pr epar at i on ar e much t hi nner t han t hose f r om

cer ebr al cor t ex or mi dbr ai n, t he aver age cr oss- sect i onal t hi ck-

ness bei ng 33 nm, based on 50 measur ement s, about hal f t he

t hi ckness of cer ebr al cor t ex or mi dbr ai n PSDs ( compar e Fi g.

4 b wi t h Fi gs . 2 c and 3 c) . Ot her f eat ur es of t hese PSDs ar e t he

hi gh degr ee of convexi t y wi t hi n each PSD ( Fi g . 46) , and t he

l ar ge amount of subsynapt i c web mat er i al associ at ed wi t h t hem

( Fi g. 4b) . The f unct i onal si gni f i cance of bot h of t hese obser -

vat i ons i s unknown at pr esent . En f ace ( Fi g . 4c) t he PSDs ar e

di sk shaped, but appar ent l y l ack t he 20- t o 30- nm aggr egat es

pr esent i n cer ebr um PSDs . I n t hei r pl ace i s a l at t i cel i ke st r uc-

t ur e ( Fi g . 4c) t hat i s si mi l ar t o cer ebr um PSDs t r eat ed wi t h

sodi um deoxychol at e t o pr oduce what has been named a PSD

l at t i ce ( 32) . However , t he sodi um deoxychol at e- pr oduced l at -

t i ce f r om cer ebr al cor t ex PSDs r et ai ns t he or i gi nal t hi ckness of

a cer ebr umPSD.

The PSD pr epar at i on f r om br ai n st em r epr esent ed a much

mor e var i egat ed pi ct ur e ( not shown) t han t hose f r om ot her

br ai n ar eas. Though t her e wer e r ecogni zabl e PSDs pr esent ,

wi t h a shape and t hi ckness si mi l ar t o t hat of cer ebr al cor t ex

PSDs, t her e was much mor e unr ecogni zabl e mat er i al pl us

much f i l ament ous mat er i al t hat was pr obabl y i nt er medi at e-

f i l ament cont ami nat i on ( 20) , as evi denced by a compar i son

wi t h f i l ament s i sol at ed by t he met hod of Li em et al . ( 31) .

Because of t he l ow degr ee of pur i t y and l ow yi el d of t he

pr epar at i on, l i t t l e can be wr i t t en now concer ni ng t hi s pr epa-

r at i on .

I t has been possi bl e t o ver i f y t he di f f er ence i n t hi ckness

bet ween PSDs i sol at ed f r om cer ebr al cor t ex and t hose i sol at ed

f r omcer ebel l um, as i ndi cat ed by t he r epl i ca pi ct ur es of each of

t hese pr epar at i ons ( Fi g. 5) . The uni di r ect i onal shadowi ng

makes i t evi dent t hat t he maj or i t y of t he PSDst r uct ur es f r om

cer ebr al cor t ex ( Fi g . 5 a) ar e much t hi cker t han t hose f r om
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cer ebel l um ( Fi g . 5 b) . Al so ver y evi dent i s t hat al t hough most

of t he t hi cker PSDs have an appar ent hol e i n t he cent er

( ar r ows, Fi g . 5 a and b) , none of t he t hi nner ones do ( Fi g . 5 b) .

Rot ar y shadowi ng of t hese r epl i ca pr epar at i ons br i ngs out

ot her f eat ur es of t he i sol at ed PSDs . Those f r omcer ebr al cor t ex

or mi dbr ai n ( Fi g . 6 a) show, i n addi t i on t o t he obvi ous l ar ge

cent r al hol e, t he par t i cul at e nat ur e of t he PSDdi sk made up of

appar ent l y 20- t o 30- nm- di amet er aggr egat es . I n cont r ast , PSDs

i sol at ed f r om cer ebel l um ( Fi g. 66) do not show a l ar ge cent r al

hol e but , i nst ead, many smal l er per f or at i ons; i n addi t i on t he

par t i cul at e nat ur e of t he di sk i s much l ess appar ent t han i n t he

case of t he cer ebr al or mi dbr ai n PSD, wi t h a l at t i cel i ke st r uc-

t ur e ver y pr edomi nant . Whet her t hese 20- t o 30- nm- di amet er

par t i cl es ar e t he " ext r a mat er i al s" i n t he cer ebr al PSDs whi ch

makes t hem t hi cker t han PSDs f r om cer ebel l um i s not cl ear . I n

some cases, a pr epar at i on shows many br oken- up PSDs, whi ch

appear " opened up" ( Fi g . 6 c) . Under t hese ci r cumst ances, one

begi ns t o obser ve 6- t o 9- nm di amet er f i l ament s connect i ng t he

20- t o 30- nmdi amet er par t i cl es ( Fi g . 6 c) ; t hese may cor r espond
t o act i n f i l ament s hol di ng t he PSDpar t i cl es t oget her , f or act i n
i s f ound i n t hese pr epar at i ons ( 1, 26) . Fi g. 6 c al so shows what
ar e pr obabl y i nt er medi at e f i l ament s t hat may be at t ached t o
t he PSDbut ar e most l i kel y a cont ami nant i n t he pr epar at i ons .
The 6- t o 9- nm- di amet er f i l ament s al so f r equent l y ext end f r om
one si de of t he t hi ck PSDs ( Fi g. 6d) . Whet her t hi s i s par t of
t he subsynapt i c web or par t of t he cel l cyt oskel et on i s unknown.
However , t he subsynapt i c web of cer ebel l um PSDs seen i n t hi n
sect i ons has never been obser ved i n shadowed pr epar at i ons,
f or t hese PSDs ar e vi ewed en f ace and t end t o f l at t en i nt o
symmet r i cal di sks .

Pr ot ei n Composi t i on

Fi g . 7 shows t wo exampl es of t he SDS PAGE pr of i l es of t he

pr ot ei ns of PSD pr epar at i ons f r om di f f er ent br ai n par t s . The

PSD pr epar at i ons f r om cer ebr um and mi dbr ai n have near l y

i dent i cal pr ot ei n composi t i ons . The maj or pr ot ei n of t he cer e-

br umand mi dbr ai n PSD, f i r st t hought t o be t ubul i n ( 15, 52)

and l at er t o be neur of i l ament pr ot ei n ( 8, 56) , i s an unknown

pr ot ei n at 51, 000 Mr ( cf . r ef er ence 26) , her eaf t er r ef er r ed t o as

t he maj or 51, 000 Mr pr ot ei n. I t can be separ at ed by SDS

PAGE under cer t ai n condi t i ons f r om t he 50, 000 Mr i nt er me-

di at e- f i l ament band ( 20) . A pr evi ous descr i pt i on of t he pr ot ei ns

f r om t he cer ebr al cor t ex pr epar at i on and a par t i al ( t ubul i n) or

compl et e ( act i n) i dent i f i cat i on of some of t hem have been

gi ven by us ( 1) and by ot her s f or t ubul i n ( 26, 36, 52) and f or

act i n ( 26) . Recent l y, anot her of t he maj or pr ot ei ns, t he one at

18, 000 Mr , has been i dent i f i ed as cal modul i n by bi ochemi cal

( 19) and i mmunochemi cal ( 55) means. Of t he mi nor pr ot ei ns,

pr ot ei n I ( consi st i ng of pr ot ei ns I a and l b, bot h subst r at es f or

a cAMP- dependent pr ot ei n ki nase) has been i dent i f i ed by

bi ochemi cal ( 48) and i mmunol ogi cal ( 2) means as bei ng par t

of t he PSD. Of al l t he maj or pr ot ei ns, onl y t he myel i n basi c

pr ot ei n ( 8) and pr obabl y t he i nt er medi at e- f i l ament pr ot ei ns

( 20, and A. J . Mat us, per sonal communi cat i on) ar e cont ami -

nant s i n t hese pr epar at i ons .

Cer ebel l ar PSDs pr esent a di f f er ent composi t i on . Wher eas

t he gener al pr ot ei n pr of i l e i s si mi l ar t o t hat of cer ebr al PSDs,

t he amount s of t he maj or 51, 000 Mr pr ot ei n and of cal modul i n

ar e gr eat l y r educed, and a pr ot ei n uni que t o cer ebel l ar PSDs

i s pr esent at

	

74, 000 Mr .

A br ai n st em pr epar at i on pr esent s a mor e al t er ed pr of i l e .

Thi s pr epar at i on l acks t he maj or 51, 000 Mr pr ot ei n and con-
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FI GURE 5

	

I sol at ed PSDs f r om cer ebr al cor t ex ( a) and f r om cer ebel l um ( b) as vi ewed by t he r epl i ca met hod, wi t h uni di r ect i onal

shadowi ng . Si ngl e ar r ows poi nt t o t hi ck PSDs, doubl e ar r ows poi nt t o t hi n PSDs, and ar r owheads poi nt t o appar ent hol es i n t he

t hi ck PSDs . Not e cont ami nat i ng f i l ament s i n t he cer ebr al cor t ex PSD pr epar at i on ( a) . The PSD f r om cer ebr al cor t ex ( second ar r ow

f r om t he l ef t ) appear s t o be hal f - t ur ned upwar ds . Ther e i s an appar ent hol e at t he f ol d . Bar , 500 nm. X 36, 000 .
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FI GURE 6

	

I sol at ed PSDs f r om mi dbr ai n ( a) , cer ebel l um ( b) , and cer ebr al cor t ex ( c and d) as vi ewed i n hi gh magni f i cat i on by t he

r epl i ca met hod wi t h r ot ar y shadowi ng. I n a, si ngl e ar r ows poi nt t o possi bl e par t i cul at e bodi es, and t he doubl e ar r ows poi nt t o t he

l ar ge cent r al hol e. I n c, t he PSD i s appar ent l y br oken up ; t he si ngl e ar r ows poi nt t o 6- t o 9- nm f i l ament s and t he doubl e ar r ows

poi nt t o 12- t o 15- nm f i l ament s . d Shows a PSD wi t h ext ensi ons of 6- t o 9- nm f i l ament s ( ar r ows) appar ent l y ar i si ng f r om one

sur f ace of t he PSD. Bar , 200 nm. x 100, 000.
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FI GURE 7 SDS PAGE pr of i l e of pr ot ei ns of PSDs f r om di f f er ent

br ai n par t s . Equal amount s ( 100 f i g pr ot ei n) f r om each pr epar at i on

wer e r un on t he gel s . The mar ker s on t he l ef t i ndi cat e t he posi t i ons

of known pr ot ei ns i n t he PSD pr epar at i on ( cf . t ext ) ; of t hese onl y

t he myel i n basi c pr ot ei n and t he i nt er medi at e f i l ament pr ot ei ns ar e

bel i eved t o be cont ami nant s ( cf . t ext ) . The t wo phot ogr aphs r epr e-

sent t wo di f f er ent i sol at i ons, wi t h t he sol i d l i nes bet ween t hem

showi ng t he posi t i ons of t he i nt er medi at e f i l ament bands and wi t h

t he dot t ed l i ne i ndi cat i ng t he posi t i on of a pr ot ei n uni que t o t he

cer ebel l ar PSD pr epar at i on . The t wo br ai n st em pr ot ei n pr of i l es

i ndi cat e t he hi gh var i abi l i t y of i nt er medi at e f i l ament cont ent . The

cer ebel l um PSD pr epar at i on shows a r educed cont ent of t he 51, 000

Mr pr ot ei n and cal modul i n, whi l e t he br ai n st em pr epar at i on al most

compl et el y l acks t he bands cor r espondi ng t o t hese t wo pr ot ei ns .

The pr of i l es of t he cer ebr al cor t ex and mi dbr ai n PSD pr epar at i ons

ar e r emar kabl y si mi l ar . CB, cer ebr um; MB, mi dbr ai n ; CBL, cer ebel -

l um; BS, br ai n st em.

t ai ns a ver y smal l amount of cal modul i n. However , as t hi s

pr epar at i on i s i sol at ed i n ver y l ow yi el d and i s usual l y heavi l y

cont ami nat ed wi t h i nt er medi at e f i l ament s ( Fi g . 7) , we cannot

dr aw any def i ni t i ve concl usi ons on t he st r uct ur e or pr ot ei n

composi t i on of br ai n st em PSDs .

Pr ot ei n Phosphor yl at i on

The r esul t s of phosphor yl at i ons by ATP of PSD pr ot ei ns

f r om di f f er ent br ai n par t s i n t he absence or pr esence of cAMP

and of cal ci um and cal modul i n ar e shown i n Fi gs . 8 and 9 .

Fi g . 8 agai n i l l ust r at es t he si mi l ar i t y i n pr ot ei n composi t i on

bet ween PSDs f r om cer ebr al cor t ex and mi dbr ai n, and t he

di f f er ences bet ween t hese and t hose f r om cer ebel l um. I n PSDs

f r om cer ebr um, cer ebel l um, and mi dbr ai n, t he addi t i on of

cAMP t o t he phosphor yl at i on mi xt ur e r esul t ed i n t he r epr o-

duci bl e i ncr eased phosphor yl at i on of t hr ee pr ot ei ns : Pr ot ei n I a
( 73, 000 M, ) , pr ot ei n I b ( 68, 000 Mr ) , and a mi nor pr ot ei n atzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
" 57, 000 M, ( Fi g . 9) . The pr esence of pr ot ei ns l a and I b i n t he

cer ebr al cor t ex PSD has been not ed bef or e, by bi ochemi cal

met hods on an i sol at ed PSD pr epar at i on ( 48) and by i mmu-

nochemi cal met hods i n si t u ( 2) . Thi s phosphor yl at i on of pr o-

t ei ns l a and I b occur r ed i n al l cases whet her a pur i f i ed pr ot ei n

FI GURE 8 SDS PAGE pr of i l e of pr ot ei ns of PSDs i sol at ed f r om

var i ous par t s of t he br ai n . Equal amount s ( 50 f i g pr ot ei n) f r om each

pr epar at i on wer e r un on t he gel . The compar at i ve aut or adi ogr aphy

i s shown i n Fi g. 9, whi l e t he mar ker s on t he l ef t i ndi cat e t he posi t i ons

of t he maj or phosphor yl at ed pr ot ei ns shown i n Fi g . 9 . Agai n, not e

t he mar ked r educt i on i n t he bands cor r espondi ng t o t he maj or

51, 000 Mr and cal modul i n bands i n t he cer ebel l ar pr epar at i ons . The

i nt ense band i n t he cal modul i n posi t i on i n t he f i f t h gel of each

ser i es i s caused by t he addi t i on of exogenous cal modul i n ( cf . Fi g .

9) . CB, cer ebr um; C8L, cer ebel l um; MB, mi dbr ai n .

FI GURE 9 SDS PAGE aut or adi ogr aphi c pr of i l e of pr ot ei ns of PSDs

i sol at ed f r om var i ous par t s of t he br ai n . The gel shown i n Fi g . 8 was

pr epar ed f or t he aut or adi ogr aphy shown i n t hi s f i gur e . The mar ker s

on t he l ef t i ndi cat e t he posi t i ons of t hose pr ot ei ns whose phospho-

r yl at i on was i ncr eased t he most by t he addi t i ons gi ven on t he

bot t om. The i ncubat i on condi t i ons ar e gi ven i n Mat er i al s and Met h-

ods . The band t hat i s uni f or ml y phosphor yl at ed under al l condi t i ons

i n al l sampl es near t he bot t om of t he gel ( Mr = 17, 000) i s t he myel i n

basi c pr ot ei n . CB, cer ebr um; CBL, cer ebel l um; MB, mi dbr ai n .

ki nase was added or not ( Fi g . 9) , i mpl yi ng t hat a cAMP-

dependent pr ot ei n ki nase, f ul l y accessi bl e t o t he subst r at e

pr ot ei n and t o CAMP, i s l ocat ed i n t he PSD i n t hese pr epar a-

t i ons. Thi s had been not ed bef or e i n t he case of t he cer ebr al

cor t ex PSD pr epar at i on ( 48) . The amount s of pr ot ei n I i n

cer ebr um. and mi dbr ai n PSDs seem t o be i dent i cal ( Fi gs 9) , as
not ed by t hei r i ncr eased phosphor yl at i on of t hese pr ot ei ns .
Pr evi ousl y ( 48) , i t had been f ound t hat t he amount of t he
phosphor yl at i ons of t hese pr ot ei ns can be cor r el at ed t o t he

act ual amount s of t hese pr ot ei ns . I n cont r ast , t he cer ebel l um

PSDs ( Fi g. 9) cont ai n much l ess of pr ot ei ns l a and l b, as

i ndi cat ed by t hei r decr eased phosphor yl at i ons . However , t he
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i mmunochemi cal r esul t s of Bl oomet al . ( 2) gave l ar ger amount s

of pr ot ei n I i n var i ous ar eas of t he cer ebel l um t han i n cer ebr al
cor t ex . The di f f er ence bet ween t he r esul t s may be expl ai ned by

t he obser vat i on t hat i n bot h t ypes of obser vat i on ( 2, 48) t he

amount of pr ot ei n I i n t he PSD i s much smal l er t han t hat i n

synapt i c vesi cl es, and t hus t he smal l er amount s of pr ot ei n I i n

t he PSDs f r om cer ebel l um as compar ed t o cer ebr al cor t ex may

be masked by t he much hi gher amount s i n t he synapt i c vesi cl es

i n bot h cases. I n anot her st udy ( 43) i n whi ch a compar i son was

made of CAMP- dependent phosphor yl at i on f r om di f f er ent

br ai n par t s, i t was f ound t hat synapt i c membr ane pr epar at i ons

f r om cer ebr um, mi dbr ai n, and cer ebel l um al l had t he same

amount of pr ot ei ns bel i eved t o be i dent i cal t o pr ot ei ns I a and

l b . However , De Bl as et al . ( l 2) , usi ng a t ot al par t i cul at e

f r act i on f r om var i ous br ai n ar eas, di d f i nd t wo phosphor yl at ed

pr ot ei ns whi ch t hey bel i eved t o be anal ogous t o Pr ot ei ns l a

and I b t o occur i n much hi gher amount s i n cer ebr um t han i n

cer ebel l um, a r esul t i n agr eement wi t h our s on i sol at ed PSD

pr epar at i ons.

Pr evi ousl y, a Ca" - cal modul i n- st i mul at ed pr ot ei n phospho-

r yl at i on has been not ed i n a cer ebr al cor t ex synapt i c membr ane

f r act i on ( 45) and i n a cer ebr al cor t ex PSD pr epar at i on ( 18, 20) .

Thi s r esul t has not been ext ended t o st udi es on PSDs f r om

ot her br ai n ar eas . Unl i ke t hat obser ved by t he addi t i on of

cAMP, cal ci um st i mul at i on i n al l cases was not f ul l y act i vat ed

unl ess exogenous cal modul i n was al so added ( Fi g. 9) . However ,
i f t he PSD i s f r ozen or soni cat ed f i r st , t he cal ci um- st i mul at ed

phosphor yl at i on i s i ncr eased and occasi onal l y equal s t hat wi t h

added Ca" pl us cal modul i n ( 18, 20) . Thi s suggest s t hat cal -

modul i n i s not di r ect l y accessi bl e t o t he pr ot ei n ki nase but i s

wi t hi n cl ose pr oxi mi t y . I n f r esh PSDs, cal ci umpl us cal modul i n

r epr oduci bl y and i dent i cal l y st i mul at ed gr eat l y t he phospho-

r yl at i on of t he maj or 51, 000 and 62, 000 Mr pr ot ei ns i n t he

cer ebr um and mi dbr ai n PSD pr epar at i ons ( Fi g. 9) . I n some

cases, a 58, 000 Mr pr ot ei n and a 20, 500 M, pr ot ei n wer e al so

i ncr eased by t he addi t i on of Ca" pl us cal modul i n ( Fi g. 9) ,

whi l e i n ot her cases t hi s was not so appar ent ( dat a not shown) .

Cer ebel l ar PSDs show a decr eased phosphor yl at i on of t he

51, 000 M, pr ot ei n ( Fi g . 9) consi st ent wi t h t he mar ked decr ease

i n t he amount of t hi s pr ot ei n i n t hese PSDs ( Fi gs . 7 and 8) , but

t he i ncr ease i n t he phosphor yl at i on of t he 62, 000 M, band

seemed t o be equal t o t hose of cer ebr um PSDs ( Fi g . 9) . I n

addi t i on, t he maj or pr ot ei n phosphor yl at ed i n t he cer ebel l um

PSDs was one at 58, 000 M, ( Fi g. 9) , wi t h a pr ot ei n at 48, 000

M, bei ng uni quel y phosphor yl at ed i n t hese PSDs ( Fi g . 9) .

DI SCUSSI ON

Mor phol ogy : PSDs f r om Type I and Type 11

Synapses

Tabl e I gi ves a summar y of t he mor phol ogi cal char act er i si t cs

of PSDs i sol at ed f r om t he var i ous br ai n par t s . The di f f er ent

t hi cknesses of PSDs i sol at ed f r om cer ebr um and mi dbr ai n as

compar ed t o t hose f r om cer ebel l um suggest t hat t hese ar e

der i ved f r om t wo di f f er ent gener al cl asses of synapses . Gr ay

( 2 I ) di vi ded synapses i nt o t wo cl asses : t ype I synapses have a

much mor e pr omi nent band of dense- st ai ni ng mat er i al at t he

post synapt i c si de t han t hey do at t he pr esynapt i c si de, whi l e

t ype I I synapses have a l ess evi dent and t hi nner post synapt i c

band . Col onni er ( 9) al so obser ved t hi s di f f er ence i n synapses

and l abel ed t he f i r st an asymmet r i c synapse because of t he

di f f er ence i n pr omi nence bet ween t he t wo si des of t he synapse,

and l abel ed t he second t ype of synapse symmet r i c . However ,
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TABLE I

Mor phol ogi cal Char act er i st i cs of PSDs I sol at ed f r om Var i ous

Br ai n Regi ons

t he di st i nct i on bet ween t hese t wo t ypes may not be t hat cl ear

cut ( 40, 42, 50) . I f we assume t hat t her e i s meani ng t o t hi s

gener al cl assi f i cat i on, t hen we can add t hat because t he i sol at ed

cer ebel l ar PSDs ar e hal f as t hi ck as PSDs f r om t he ot her br ai n

par t s, i t may be t hat t he cer ebel l umPSD pr epar at i on r epr esent s

an enr i ched popul at i on of PSDs f r om Gr ay t ype I I or sym-

met r i c synapses, wher eas t he cer ebr um and mi dbr ai n PSD

pr epar at i ons may r epr esent enr i ched popul at i ons of PSDs f r om

Gr ay t ype I or asymmet r i c synapses .

Why we obt ai n t hi s i ncr eased enr i chment i s not known, as

bot h of t hese gener al br ai n ar eas cont ai n bot h t ypes of synapses

( cf . r ef er ence 51) . Rost as et al . ( 44) al so concl uded t hat t hei r

PSD pr epar at i on f r om cer ebr al cor t ex, i sol at ed by a met hod

di f f er ent f r om our s, al so ar ose f r om asymmet r i c or t ype I

synapses . I t coul d be t hat dur i ng t he i sol at i on pr ocedur e of

PSDs f r om cer ebr um we have l ost t he t ype 11 synapses, wi t h

t he r ever se occur r i ng i n t he case of t he cer ebel l um. Though

Mat us and Wal t er s ( 34) have concl uded t hat a l ysed synapt o-

somal pr epar at i on f r om cer ebr al cor t ex cont ai ns bot h t ype I

and t ype I I synapt i c compl exes, t her e ar e i ndi cat i ons t hat

var i ous t ypes of synapt osomes, based on neur ot r ansmi t t er con-

t ent , can be par t i al l y separ at ed f r om each ot her ( 4, 13, 16, 25,

27, 38, 39, 54) . Ther ef or e, one possi bl e r eason f or our enr i ch-

ment s of PSDs coul d be t hat we ar e i ni t i al l y di f f er ent i at i ng t he

synapt osome popul at i ons of cer ebr um and mi dbr ai n on t he

one hand f r om t hat of t he cer ebel l um on t he ot her . Thi s

si t uat i on has been par t i al l y ver i f i ed by I sr ael and Whi t t aker

( 24) who f ound t hat some of t he synapt osomes f r omcer ebel l um

sedi ment at l ow speed; i t coul d be t hat we t her ef or e have l ost

t ype I synapses of t he cer ebel l um i n t hi s pel l et , and have

obt ai ned onl y t ype I I synapses at t he convent i onal pl ace i n t he

i sol at i on scheme as out l i ned i n Fi g . 1 . However , a r epet i t i on of

t he I sr ael and Whi t t aker exper i ment di d not r esul t i n any

r ecogni zabl e PSDs obt ai nabl e f r om t hi s l ow- speed pel l et by

t he use of Tr i t on X- 100. Anot her possi bi l i t y i s t hat t he l at er

par t s of t he i sol at i on pr ocedur e, par t i cul ar l y t he det er gent

t r eat ment , caused a l oss of PSDs f r om t ype I I synapses i n

cer ebr um and a l oss of PSDs f r om t ype I synapses i n cer ebel -

l um, but t hi s seems l ogi cal l y i mpr obabl e . St i l l anot her possi -

bi l i t y i s t hat under our i sol at i on condi t i ons, cer ebel l ar PSDs

have l ost pr ot ei ns, par t i cul ar l y t he maj or 51, 000 Mr pr ot ei n of

t he cer ebr um/ mi dbr ai n PSDs ; however , t hi s i s unl i kel y, as t he

51, 000 Mr pr ot ei n i s hi ghl y i nsol ubl e, onl y goi ng i nt o sol ut i on

by SDS addi t i on . What ever t he r eason, i t seems cl ear f r om t he

summar y gi ven i n Tabl e 1, t hat we have i sol at ed PSDs whi ch

seem t o come f r om ei t her t ype I or t ype I I synapses, f r om t he

cer ebr um/ mi dbr ai n and f r om t he cer ebel l um r espect i vel y, and

t hat i t woul d be i nst r uct i ve t o l ook f ur t her i nt o t hei r di f f er ences

and si mi l ar i t i es . However , i s shoul d be added t hat even i n t hese

PSD pr epar at i ons, f r om cer ebr um/ mi dbr ai n and f r omcer ebel -

l um, t her e ar e pr obabl y popul at i ons of PSDs f r om di f f er ent

ki nds of synapses, based on t he neur ot r ansmi t t er s i nvol ved .

Char act er i st i cs Cer ebr um Mi dbr ai n Cer ebel l um

Appr ox . t hi ckness, nm 58 56 33

Subsynapt i c bodi es + + +

Subsynapt i c web + + +++

20- t o 30- nm par t i cl es + + -

Lar ge cent r al hol e + + -
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Ther e ar e di f f er ences i n mor phol ogy ot her t han t hi ckness

bet ween t he PSDs i sol at ed f r om t hese appar ent t wo t ypes of

synapses . One of t he maj or di f f er ences i s i n t he appear ance of

par t i cul ar aggr egat es. The en f ace vi ew of t he cer ebr um PSD

t ypi cal l y shows t he pr esence of t hese par t i cl el i ke aggr egat es

20- 30 nm i n di amet er ( Fi gs . 2 and 6 a) , whi ch have been

pr evi ousl y descr i bed i n i sol at ed PSDs ( 1, 8) . I n addi t i on, Mat us

et al . ( 35) have pr evi ousl y descr i bed 20- nm dense st ai ni ng

bodi es at t he post synapt i c t hi ckeni ng of i sol at ed synapt i c j unc-

t i ons whi ch ar i se f r om t ype I synapses . Landi s and Reese ( 28)

and Landi s et al . ( 29) , usi ng f r eeze f r act ur e, obser ved t hat

pr esumabl y exci t at or y ( t ype I ) synapses have 8- t o 13- nm

bodi es i n t he post synapt i c membr ane, wher eas pr esumabl y

i nhi bi t or y ( t ype I I ) synapses do not . And i nci dent al l y, Mat us

and Wal t er s ( 34) have f ound t hat t ype I I synapses have con-

canaval i n A bi ndi ng si t es on t he post synapt i c j unct i on mem-

br ane, wher eas t ype I synapses do not . Mat us et al . ( 35) have

suggest ed t hat t he 20- nm aggr egat es ment i oned above may

t r aver se t he post synapt i c membr ane and be t he 8- t o 13- nm

par t i cl es vi ewed i n f r eeze- f r act ur e st udi es of t he post synapt i c

membr ane . These obser vat i ons ar e r emi ni scent of an ear l i er

suggest i on by Pet er s and Kai ser man- Abr amof ( 41) t hat 30- nm

par t i cl es whi ch t hey obser ved i n si t u i n PSDs of t ype I synapses

ext ended i nt o t he synapt i c cl ef t . However , at pr esent t her e i s

l i t t l e di r ect evi dence r el at i ng t he 20- t o 30- nm aggr egat es and

t he 8- t o 13- nm par t i cl es . Mat us and Wal t er s ( 33) have de-

scr i bed a post synapt i c l at t i ce st r uct ur e of t he PSD, obt ai ned by

deoxychol at e t r eat ment of synapt osomes, whi ch coul d be a

f r amewor k of t hese 20- t o 30- nm aggr egat es . An en f ace vi ew

of a t ypi cal t hi n cer ebel l um PSD shows a st r uct ur e r esembl i ng

t he post synapt i c l at t i ce ( onl y t hi nner ) , and f ewappar ent aggr e-

gat es can be f ound ( Fi gs. 4 and 6 b) .

Anot her di st i nct i on whi ch was obser ved consi st ent l y be-

t ween cer ebr al / mi dbr ai n PSDs and t hose f r om cer ebel l um was

t he pr esence of a l ar ge cent r al per f or at i on i n t he f or mer case

and not i n t he l at t er , as was easi l y obser ved i n t he r epl i ca

pr epar at i ons ( Fi gs . 5 and 6) . On t he ot her hand, cer ebel l ar

PSDs showed many mor e smal l er per f or at i ons, but whet her

t hi s i s caused by an openi ng- up dur i ng t he i sol at i on pr ocedur e

i s not known . I n some cases, what i s obvi ousl y an expanded,

al t er ed PSD f r om cer ebr al cor t ex ( Fi g. 6c) does show t hese

per f or at i ons . The i ni t i al obser vat i on by Pet er s and Kai ser man-

Abr amof ( 41) , ver i f i ed l at er ( 7) , showi ng a l ar ge cent r al per -

f or at i on i n t he PSD was made on dendr i t i c spi nes, whi ch ar e

pr edomi nant l y of t he t ype I synapse ( 20) , par t i al l y conf i r mi ng

our vi ew t hat our cer ebr al / mi dbr ai n PSDs ar i se f r om t ype I

synapses . I t i s i nt er est i ng t hat Landi s and Reese ( 28) have

f ound t hat occasi onal l y t he col l ect i on of par t i cl es i n post syn-

apt i c membr anes of asymmet r i c synapses ar e ar r anged i n a

ci r cul ar r i ng ar ound a nonpar t i cl e cent er , t he di mensi ons of

whi ch f i t t he si ze of t he hol e i n our i sol at ed t ype I or asymmet r i c

PSDs . The r eason f or t hi s ki nd of per f or at ed st r uct ur e of PSD

i s at pr esent unknown.

On t he basi s of t he obser vat i ons i n t hi s and pr evi ous paper s,

we woul d l i ke t o pi ct ur e t he t hi n, t ype I I PSDs as bei ng a

mul t i per f or at ed di sk, composed of pr ot ei ns not i n t he f or m of

aggr egat es, some of whi ch at t ach t hi s st r uct ur e t o t he mem-

br ane . The t ype I PSD r et ai ns t hi s basi c st r uct ur e, but adds

ont o i t l ar ge par t i cul at e aggr egat es, 20- 30 nm i n di amet er ; i n

t er ms of pr ot ei n composi t i on, t he onl y l ar ge di f f er ence i s t he

addi t i on of 51, 000 Mr pr ot ei n and of cal modul i n t o t he basi c

st r uct ur e . Thi s 51, 000 M, pr ot ei n cannot be t he maj or st r uct ur al

pr ot ei n of t he PSD, f or i t i s al most ent i r el y l acki ng i n t he t ype

I I PSD; i ndeed, t he l at t er cont ai ns not one pr ot ei n t hat i s

pr esent i n abundance over ot her s . Because act i n i s f ound i n

r at her l ar ge amount s i n al l t he PSD pr epar at i ons, i t coul d be

one of t he cement i ng bl ocks hol di ng t he st r uct ur e t oget her , as

t hose t hi n f i l ament s seen i n Fi g. 6 c connect i ng t he par t i cl es

may be act i n . The addi t i on of t he super st r uct ur e of t he t ype I

PSD ont o t he basi c t ype I I PSD st r uct ur e i s accompani ed by

t he appear ance of a l ar ge cent r al per f or at i on t hr ough t he ent i r e

PSD st r uct ur e t he si gni f i cance of whi ch i s pr esent l y unknown .

Suppor t f or t hi s super st r uct ur e t heor y i s pr ovi ded by Hi nds

and Hi nds ( 23) , who concl uded t hat dur i ng devel opment i n

ol f act or y axodendr i t i c synapt ogenesi s al l asymmet r i cal syn-

apses pass t hr ough an i mmat ur e symmet r i cal synapse st age

bef or e bei ng t r ansf or med i nt o a r ecogni zabl e asymmet r i cal one

dur i ng a per i od est i mat ed t o be 9- 10 h .

Pr ot ei n Composi t i on and Phosphor yl at i on

A compar i son of t he pr ot ei n composi t i on of cer ebr um and

cer ebel l um PSDs ( Tabl e I I ) may gi ve an i nsi ght i nt o t he

mechani sms of PSD f unct i on i n t ype I and t ype I I synapses .

The maj or di f f er ence i n pr ot ei n composi t i on bet ween cer ebr um

and cer ebel l um i s i n t he amount s of t he maj or 51, 000 M,

pr ot ei n and cal modul i n. As t her e i s ver y l i t t l e 51, 000 M, pr ot ei n

i n cer ebel l um, t he 51, 000 M, pr ot ei n may be a pr ot ei n uni que

t o asymmet r i c t ype I synapses, no mat t er what t r ansmi t t er may

Summar y of Pr ot ei n Composi t i on and Pr ot ei n Phosphor yl at i on

of PSDs f r om Var i ous Br ai n Regi ons

A. Rel at i ve composi t i on of sel ect ed

pr ot ei ns

74, 000

73, 000

68, 000

59, 000

55, 000

51, 000

45, 000- Act i n

18, 000- Cal modul i n

B. I ncr eased phosphor yl at i on upon

addi t i on of cal ci um pl us cal -

modul i n

73 ' 000 [
Pr ot ei n I

68, 000

57, 000

62, 000

58, 000

51, 000

48, 000

20, 500*

Pr ot ei ns ( Mr )

Pr ot ei n I

Tubul i n subuni t s

TABLE I I

C. I ncr eased phosphor yl at i on upon

addi t i on of cAMP

73, 000 1 Pr ot ei n 1
68, 000

57, 000

62, 000

58, 000

51, 000

20, 500

* Var i abl e .

Cer e- Mi d- Cer ebel -

br um br ai n l um
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be i nvol ved . Thi s has al so been i nf er r ed by Rost as et al . ( 44) ,

based on t he hi gh amount s of t hi s pr ot ei n i n synapt i c j unct i on
compl exes i sol at ed f r om var i ous cer ebr al and mi dbr ai n r egi ons
post ul at ed t o have asymmet r i c synapses . A second di f f er ence
i s t hat cal modul i n i s r educed by - 50%i n cer ebel l um PSDs as

compar ed t o, cer ebr um PSDs . Thi s conf i r ms t he wor k of Sobue

et al . ( 46) i n whi ch t hey det er mi ned t he concent r at i on of

cal modul i n i n membr ane pr epar at i ons f r om cer ebr um and

cer ebel l um. The hi gher concent r at i on of cal modul i n suggest s

t hat cal modul i n may be ver y i mpor t ant i n t ype I synapses but

t he pr esence of st i l l det ect abl e amount s of cal modul i n i n

cer ebel l um PSDs does not r ul e out a r ol e i n t hese t ype synapses .

The phosphor yl at i on of some of t he pr ot ei ns of PSDs under

var yi ng condi t i ons may gi ve some f ur t her i nsi ght i nt o possi bl e

di f f er ences i n f unct i on bet ween t he t wo cl asses of PSDs . Tabl e

I I gi ves a summar y of our r esul t s . I n t he pr esence of cal ci um

pl us cal modul i n, cer ebr um PSDs exhi bi t i ncr eased phospho-

r yl at i on of t he maj or 51, 000 and 62, 000 M, pr ot ei ns . I n cont r ast ,

t he cer ebel l um PSDs have a gr eat l y r educed phosphor yl at i on

under t hese condi t i ons i n t he 51, 000 Mr r egi on . As pr ot ei n

phosphor yl at i on has been pr oposed t o be i mpor t ant i n synapt i c

f unct i on ( 22) , t he uni queness of t he maj or 51, 000 M, pr ot ei n i n

cer ebr um and mi dbr ai n PSDs may i ndi cat e t hat phosphor yl a-

t i on of t hi s pr ot ei n i s i nvol ved i n t he gener at i on of post synapt i c

pot ent i al s i n t ype I synapses . On t he ot her hand, t he pr edom-

i nance of t he i ncr eased phosphor yl at i on upon addi t i on of Ca"

and cal modul i n of t he 58, 000 M, pr ot ei n i n cer ebel l um may

i ndi cat e i t s possi bl e i nvol vement i n t he gener at i on of post syn-

apt i c pot ent i al s i n t ype I I synapses . However , t he phosphor yl -

at i on of t he 62, 000 M, pr ot ei n cannot ent i r el y be assi gned t o

Type I I synapses as t hi s pr ot ei n i s appar ent l y pr esent i n bot h

t ypes of PSD. Whet her t hi s pr ot ei n i s i nvol ved i n t he act i on of

bot h t ypes of PSD or i s pr esent i n t he pr epar at i on of cer ebr um

PSDs because of t he pr esence t her ei n of PSDs f r om t ype I I

synapses, r emai ns t o be det er mi ned.

Cycl i c AMP- dependent phosphor yl at i on of cer ebr um, mi d-

br ai n, and cer ebel l um PSDs pr oduces t he same pat t er n . The

maj or phosphor yl at ed bands ar e i n pr ot ei ns l a and I b ( 48) ,

t hough t he degr ee of phosphor yl at i on var i es among t he pr ep-

ar at i ons . The ot her mi nor phosphor yl at ed band ( 57, 000 M, )

possi bl y r epr esent s aut ophosphor yl at i on of t he r egul at or y sub-

uni t of t he cAMP- dependent pr ot ei n ki nase ( 49) . But , cer ebr um

PSDs have much gr eat er phosphor yl at i on of pr ot ei ns l a and

I b upon addi t i on of CAMP t han do cer ebel l um PSDs. Thus, i t

woul d appear t hat t he cAMP- dependent phosphor yl at i ons may

be i nvol ved i n t he f unct i on of t he t ype I synapses and not t hat

of t he t ype I I synapses . However , i n cer ebr al cor t ex, pr ot ei n I

i s much hi gher enr i ched i n t he synapt i c vesi cl es t han i n t he

PSD, so t hat i t al so has some pr esynapt i c r ol e.

PSDs f r om Type I Exci t at or y and f r om Type 11

I nhi bi t or y Synapses

The gener al cl assi f i cat i on of synapses as t ype I and t ype I I

has l ed Eccl es ( l 4) t o pr opose t hat t ype I synapses medi at e

exci t at i on r esponses and t ype I I synapses medi at e i nhi bi t or y

r esponses, and Col onni er ( 9) l at er suggest ed t he same cor r el a-

t i on . Thi s hypot hesi s was based on wor k summar i zed by Eccl es

( 14) and by Wal ber g ( 51) , t hat i n t he hi ppocampus and cer ebr al

cor t ex t her e was a cor r el at i on bet ween t ype I st r uct ur e and

known exci t at or y synapses and bet ween t ype 11 st r uct ur e and
known i nhi bi t or y synapses ; i n t he cer ebel l um t he evi dence

f r om var i ous sour ces seemed t o be somewhat cont r adi ct or y and
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t hus not t hat cl ear - cut . Lat er wor k by Landi s et al . ( 29) on

synapses i n t he ol f act or y bul b and by Landi s and Reese ( 28)

on synapses i n t he cer ebel l ar cor t ex st r engt hened t hi s hypot h-
esi s . These aut hor s coul d make cor r el at i ons bet ween t he known

exci t at or y and i nhi bi t or y pr oper t i es of cer t ai n synapses i n t hese

r egi ons and t he pr eval ence of ei t her t ype I or t ype 11 di f f er en-

t i at i ons t her e . At t he same t i me, r esul t s f r ommany l abor at or i es

( summar i zed by Bodi an [ 3] and by Uchi zono [ 47] ) have

br ought f or t h anot her cor r el at i on, t hat of t he appear ance of

spher i cal synapt i c vesi cl es i n exci t at or y synapses and of f l at -

t ened or obl ong vesi cl es i n i nhi bi t or y synapses . And i ndeed,

t he f i ndi ng t hat t he pr esence of spher i cal vesi cl es and of t ype

I di f f er ent i at i on go t oget her and t hat t he pr esence of f l at t ened

vesi cl es and of t ype 11 di f f er ent i at i on go t oget her has pr ompt ed

Uchi zono ( 47) t o pr opose t hat exci t at or y synapses have a t ype

I PSD and spher i cal pr esynapt i c vesi cl es and i nhi bi t or y syn-

apses have a t ype I I PSD and f l at t ened pr esynapt i c vesi cl es.

On t he basi s of t he above assumpt i ons, we can summar i ze

our r esul t s i n Tabl e I I I . We f i r st post ul at e t hat our enr i ched

popul at i on of t hi ck PSDs f r om cer ebr al cor t ex and mi dbr ai n

ar i se f r om t ype I exci t at or y synapses and t hat t he enr i ched

popul at i on of t hi nner PSDs f r om cer ebel l um ar i se f r om t ype 11

i nhi bi t or y synapses . I f t hi s i s t he case, t hen t he di f f er ence i n

pr ot ei n composi t i on bet ween t hese t wo t ypes of PSDs t akes on

f unct i onal si gni f i cance . Thus, t he f ar gr eat er amount s of t he

unknown 51, 000 M, pr ot ei n, of cal modul i n, and of t he subst r at e

pr ot ei ns l a and I b f or t he cAMP- act i vat abl e pr ot ei n ki nase i n

t he PSDs f r om cer ebr al cor t ex and mi dbr ai n over t hat i n t he

PSDs f r om t he cer ebel l um, woul d suggest t hat t hese pr ot ei ns

ar e i nvol ved i n exci t at or y modul at i on of t he t r ansmi ssi on si gnal

whi ch occur s at t hese synapses . However , i t must be st at ed t hat

our PSD popul at i ons f r om t hese t wo sour ces ar e pr obabl y st i l l

a mi xt ur e of PSDs f r om di f f er ent ki nds of synapses, dependi ng

on t he neur ot r ansmi t t er s i nvol ved, and we t hus do not know

whet her any i ndi vi dual PSD has bot h t he cAMP- act i vat abl e

and t he cal modul i n- act i vat abl e syst ems . A par t i al ver i f i cat i on

of at l east t he i nvol vement of cAMP i n t he modul at or y exci t -

at or y acet yl chol i ne r esponses i ni t i at ed by dopami ne has been

gi ven by Li bet ( 30) .

What we know about t hese pr ot ei ns can be summar i zed as

TABLE I I I

Summar y of Post ul at ed Char act er i st i cs of PSDs f r om

Type i and Type 11 Synapses

Char act er i st i cs Type I Type I I

Funct i on Exci t at or y I nhi bi t or y

Mor phol ogy Thi ck di sk, wi t h Thi n di sk, l at t i ce-

l ar ge per f or at i on l i ke st r uct ur e wi t h

i n cent er ; pr es- no l ar ge cent r al

ence of aggr e- per f or at i on ; l i t t l e

gat es or no aggr egat es

Enr i chment of pr o- Maj or 51, 000 Mr , 74, 000 M,

t ei ns Pr ot ei n I , cal mo-

dul i n

Enr i chment of cal - 51, 000 M, 58, 000 M,

modul i n- depen- 48, 000 M,

dent phosphor yl -

at i on

Enr i chment of Pr ot ei ns l a and I b

cAMP- dependent
phosphor yl at i on
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f ol l ows: 51, 000 Mr pr ot ei n ( i dent i t y unknown) i s phosphor yl -

at ed by a cal modul i n- act i vat abl e pr ot ei n ki nase i n t he PSD

( 18, 20) and i t al so bi nds cal modul i n ( 6, 20) ; anot her possi bl e

f unct i on of cal modul i n i n t he PSD i s t hat i t can act i vat e a

cAMP- phosphodi est er ase ( 20) . The f unct i on of pr ot ei ns l a and

I b i s unknown. Whi l e much f ur t her wor k needs t o be done t o

ver i f y t hi s hypot hesi s f or t he i nvol vement of t he above PSD

pr ot ei ns i n t he exci t at or y r esponse, we can st at e, even now, on

t he basi s of t he r esul t s of t hi s paper , t hat t he PSDpr obabl y has

some r ol e i n modul at i ng t he si gnal - conduct i on event s occur r i ng

at t he synapse . However , i t shoul d be emphasi zed t hat t he

compl et e r ol e of t he PSDi n some si gnal conduct i on wi l l onl y

be at t ai ned when t he PSD i s consi der ed as a par t of t he

synapse, as a r esul t of exper i ment s done wi t h syst ems i n whi ch

t he PSD i s st i l l at t ached t o t he post synapt i c membr ane f r om

whi ch i t was i sol at ed.

We woul d l i ke t o t hank Dr . Davi d Phi l l i ps, Rockef el l er Foundat i on

Popul at i on Counci l , f or hi s advi ce on t he r epl i ca met hod and hi s

per mi ssi on t o use t he Sor val l Cr i t i cal Poi nt Dr yi ng Syst em; Jul i e

Bandar f or her exempl ar y t echni cal assi st ance ; El ena Sphi cas and

Mi chael Von der Li et h f or t hei r gr eat ai d i n t he el ect r on mi cr oscopy

par t of t hi s wor k ; and Asnet h Kl oesman f or her excel l ent gr aphi cs

wor k . Denni s Gr ab woul d al so l i ke t o t hank Li sa Zebr awi t z f or her

i nspi r at i on dur i ng t he cour se of t hi s wor k .
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