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}iESUMEN 

F!n el presente trabajo se estudi6 la distribucidn subcelu

lar del fosfato de piridoxal (PLP) en el cerebro del ratón, as! 

como el efecto de la fglutamil-hidrazona del fosfato de piri

doxal (PLPGH)-una droga convulsivante que disminuye los nive

les de PLP y la actividad de la descarboxilasa glutámica (GAD) 

en el cerebro completo- tanto .sobre los niveles de PLP como 

sobre la actividad de la GAD .en partículas subcelulares de ce

rebro de rat6n. Los principales hallazgos fueron los siguien

tes: 

1) el PLP se encontró localizado preferentemente en el so

brenadante y en la fracción mitocondrial cruda. Dos terceras 

partes de la cantidad presente en la Última tracci6n fueron en

contradas en la subtracción que contiene mitocondrias puras, y 

el resto en la fracci6n sinaptosomal. Despu,s de romper el si

naptosoma mediante ch~que osm6tico, el PLP se encontr6 tanto 

en las mitooondrias intrasinaptosomales como en el axoplasma. 

2) El tratamiento con PL~GH disminuyó los niveles de PLP en 

varias tracciones, siendo este efecto mucho más notable en las 

fracciones solubles que en las·particuladas. Despu&s del rompj¡ 

miento osmótico de los sinaptosomas se observd que el PLP dis

minuye espec:!ticamente en el exoplasma. 3) La administración 

de PLPGH produjo también una inhibición de la ~ctividad de la 

GAD -cuando la actividad de enzima fue medida en ausencia de 

PLP en el medio de incubaci6n- en la mayor!a de las tracciones 

estudiadas. En general, esta 1nhib1ci6n fue mayor en aquellas 

fracciones en las cuales los niveles de PLP fueron más afecta

dos. En los sinaptosomas, esta correlaci6n entre la disminucicSn 

de los niveles de PLP y la inhibición de la GAD ocurrió única-



mente en el axoplasma. 4) La activación de la GAD por PLP ex6-

gen~ fue mucho mayor en aquellas tracciones de los animales tra

tados con PLPGH que exhibieron una inhibici6n importante de 

la- GAD, que en las tracciones correspondientes de los animales 

control.,> No se observaron cambios ultraestructurales en nin-. ' 

guna de las part!cul.as subcelulares ·de los animales tratados, 

en comparación con sus controles correspondienteso 

Estos resultados indican que la disminución de la concen

tración de PLP y de la actividad de la GAD, previamente obser

vada en el cerebro completo, ciertamente tiene lugar en el 

sinaptosoma, y por lo tanto apoyan la hip6tesis de que el pa

pel del PLP en los mecanismos que contr~lan la excitabilidad 

neuronal puede deberse, al menos en parte, a su acci6n regu

latoria sobre la actividad de la GAD, la cual a su vez deter

mina la velocidad de s!ntesis del ácidoó•aminobutírico en 

las terminaciones nerviosas. 
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~bstract.- The subcallular distribution or pyridoxal phosphate 

(PLP) in mouse brain, as well as the errect or pyridoxal 

phosphate-){-glutamyl hydrazone (PLPGH) -a convulsant drug which 
1 

decrea~es both PLP levels and glutamate decarboxylase (G!il>) in 

whole brain- upon both PLP ooncentration and GAD activity in 

subcellular rra~tions, was studied. An electron microscopic 

eyaluation or the subcellular particles or control and PLPGH

treated animals was also carried out. The main findings were 

tbe f'ollowing: 

l) PLP-was localizad mainly in the sup~rnatant and crude 

mitochondrial fraction; two thirds ·of' the amount present 1n 

the latter were located in the subfraction containing pure 
i 

mitochondria, and the remainder 1n t~e synaptosoinal f'ractio~ó

Af'ter osmoti~ disruption ot synaptosomes, PLP was round in.~ot~ 

the intrasynaptosomal mitochondria and the axoplasm. 2) PLP~~ 

· treatment ·dec:t'eased PLP levels in several fractions, being 

this effect much more ·notable in the soluble fractions than in 
! 

the particulate ones._After o~otic disruption or the synapto

s~mas, a specific decrease or PLP in the axoplasm was observad. 

PJ;,PGH produced also a~ inqibition or GAD activity -when this 

enzyme¡was assayed in:the absence ot PLP- in most of the . ' 

tracti~ns studied. In general, this inhibition was greater in. 

those ~ractions in which PLP levels ·were more arrected. In 

synaptosomes, this correlation between the decrease or PLP· 

levels and that ot GAD activity occurred only in the axoplasm. 

The activation of GAD by exogenous PLP was much greater 
. , 

in those rractions tr~ PLP-treated animals which displ~ed 

l~rge GAD 1nh1b1t1on, ~h~ in the _corresponding f'ractions trom 
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control animals. 3) No ultrastructural changas wer~ detected 

in the subcellular tractions from treated animals as c~pared 

to their corresponding controls. The present results show 

that the decrease or both PLP concentration and GAD activity, 

previously found in whole brain, actually takes place in the 

synaptosomes, and support the hypothesis that the role of PLP 

in the excitability controlling-mechanisms can be explained, 

at least in part, by ~ts reg~atory action on GAD activity, 

which determines the rata ,or GABA synthesis at the nerve 
1 

endings. 
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Since the discovery that some antimetabolites of. 

pyridoxa1-; 1-phosphate (PLP) produce convulsions (Holtz and 

Palm,. 1964; Massieu, Ortega, Syrquin and Tuena, 1962; Purpura, 

Berl, qonzález-Monteagudo and vlyatt, 1960; Rindi and F~rrari, 

19$9) and the publication of papers communicating that some 

' childr~n with convulsions could be adequately treated with 

pyrido~ine (Bessey, Adam and Hansen, 195'7; Cours~n, 1969; 

Hunt, ~tokes, McCrory and Stroud, 1954), data on the possible 

1. 

' role of vitamin ~6 .. in the regulation of CNS excitability have 

been accumulating. This role s~ems to be related to the 

·activity of glutamate decarbo.xylase (GAD, ~ 4.1.1.15), 

b~cause ot the sum of t~e following data: 1) A decrease of 

brain P;LP concentration by. inhibition of pyridoxal kinase 

(':napia,, Pérez de la Mor.a and Massieu, 1969) or by a dietary 
t' 

defici~ncy of pyridoxine (~nard·, 1967) results in a 
. . 

correlativa decrease of GAD activity. 2) A decrease or GABA 
·, ., 

f~rmat~on, because of ~AD inhibition, results in the 

appearence of conv~~sions, indepen~ently or the total brain 

GABA levels (Tapia an~ Awapara,, 1967). 3) The inhibition of 

GAD activity in vivo seems to· be specif ic for the production 
' : 

o~ convulsions (Tapia .and rasantes, 1971). 
I! • 

These results,taken together, strongly suggest that 

bDain P.LP concentration exerts a regulatory action on GAD 
1 ! 

activi~Y, which in turn is ~esponsible for the control or 
! :1 
'! 1 

nervou~ excitability ~hrough the synthesis·or GABA, a very 
,. 

probab~e· inhibitory t~ansmitter at central. synapses (Baxter, 

1970; Curtis, Duggan, :Felix and Johnston, 1970; Krnjevié and 
. 

Sc,hwartz, 1967; Obata, Ito,· Ochj. and Sato, 19~7; Obata and 
1 .. ' • : • 

T~keda~. 1969; Roberts '.and Kuriy.ama, .1968) • 
. · • i . 

! 
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Subcellular·studies have shown that GAD is concentrated 

in nerve endings (synaptosomes)! (Fonnum, 1968; Salganicoff 

· and De Robertis, 1965'; Weinstein, Roberts and Kakefuda, 1963). 

It is at this subcellular site where GAD inhibition may result 

in a peysiologically significant decrease of GADA concentration 
!. 

(Tapia ,and A,mpara, 1967) and therefore, where the correlative 

decrease of PLP concentratiQn and GAD activi~y must occur in 

order ~o·account tor the incrensed brain excitability. In the 
; 

pr,esen~ work, we have stu~ied PLP cc~centration and GAD 

activity in brain subcellular fractions from mica treated with 
1 

a': convulsant drug -pyridoxal phosphate- r-glutamyl hydrazone 

(P,LPGH)- that decreases PLP concentration and GAD activity in 
: 1 

tl)e wh<;>le brain (Tapia et al .. ,1969). An electron microscopic 
' . . 

evalua~ion of the brain subcellular particles was carried out 
I'. . • 

in the.control and treated animals in order to check for 

possible morphological alterations or nerve endings due .to . ' . 
the treatment or the convulsiva, activity. 

1 

Y.L!TERIALS:AND METHODS 

Adult albino miqe (local strain) lrere used throughout 

this wórk. DL-IJ.-111"0]-glutamic acid was obtained rrom Mew 

England N~clear (Boston, ~ass.). PLPGR was synthesized as 
l. • 

previously described (Tapia ap.d Awapara, 1967; 1969). All 
;1 

other chemicals used were !~chased rrom Sigma Chemical co: 
1 • 
' . 

(St. Louis, Mo.). 

In all experiments PLPGH was injected intraperitoneally 

at a d~se of 205 ¡mol~s/kg. Control animals were similarly 

trea.te<J, with 0.9 % NaCl. Terminal tonic-clonic convulsions. 

appear~d at 30-1+5 minutes :after the administration or.the

hydraz~ne •.. At the mom~nt :'?r tonic convulsions the animals were 
• 1 l 

.' : ¡, 
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decapitated, the brain quickly_removed and pooled in a chillad 

homogel}izer until enough tissue_ (usually six to seven brains, 

cerebe¡lum excluded) was ~ollected for subcellular 

fracti~nation. A 10 % homogenate in 0.32 M suerosa was preparad 
1 

in a t~flon-glass homogenizer un.der gentle conditions (six 
! . 
i 

s~roke~ at approximately 850 rev/min). 
! :: 

,flu.bcelJ.ul~.:r frstCtton~.tion. In some experiments a high"." ,, 

SP.eed pellet and supernatant were obtained by centrifuging 
.; •1 1 

the ho~ogenate at 100,000 :·g for 30 minutes in a Spinco -~ 
•! ¡ 
! 

M9del ~ centrituge. 

T~e primary fracti.on~. ,Cnúclei, mitochondria, microsomes 
i ' 

a.z:id su~ernatant)were obtained following the procedure or 

De Rob~rtis, Pellegrino· de Iraldi, Rodríguez de Lores Arnaiz . ,, ', 
and saiganicoff (1962). In some experiments the mitochondrial 

=' . 

fraction was subfractionated in.a discontinuous sucrose .. ' 

densiti gradient, as descl;.ibed by ~ray and Whittaker (1962). 
" 

In most of the experirilents, however, a different gradient, 
' . ·: " . ' ; . 

which in our hands yielded a purer synaptosomal fraction than 

·the Gray .and Whittaker procedure, was used. This gradient 

consis'tied of , ml or '1.4 M suerosa, 6 ml of 1.3 M sucrose, 
•• 1 : 

1 

4¡ml of l.2·M sucrose and :~ ml of 0.8_M suerosa. After 
• 1 • ' 

l~yering the resuspended crude mitochondrial fraction on the 

top or,_the gradient, it was centrituged for 2., hr at 53,5'00 g 

in a sw-25.1 Spinco rotor~· 

In other experiments•the crude mitochondrial traction 
1 ' ' 

was os~otically. shocked and subfractionated, according to 

Whittaiter, Michaelson;and ;Kirl<:land (1964). All the . . . 

' . . 
s~bfraQ.tions obtained:were manua¡J.y separated with a Pasteur 

,· i ,· ' 

pipett~, and in some 9as~~·diluted with about one third or 
;1 : 

t~eir ~olume.or water; an~ centrituged at 100,000 g ror 30 
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j 1 

minute$,. Pellets containing each fraction or subfraction 
,: 

we,re rt,suspended in cold 0.32 M sucrose and assayed. Care 

was ta~en to mantain all material and tissue at o-4° throughout 
' ' ' ,, 

~¡1 th~ fractionation steps. 
" ' 

Pyridoxal phosnhate detern1ination. For PL~ extraction, 
,. 

e~ch f~action or subfraction was treated with enough 
·' 

concen~rated cold perchloric acid to obtain al N final 
: ' : o 

concen~ration, and centri~µged at 12,000 g at 1-4 (Servall 

centri~uge). One ml of the. neutralized supernatant was used 

for PLf assay, according t·(? the apotryptophanase procedure 

o~ Wad,, Morisue, Sakamotq and Ichihara (1957), as modified 

by Min~rd (1967). The apotryptophanase was ~btained by 
• ~ 1 

I' 

dialys~ng a commercial preparation rrom E. coli (Sigma 
. .. ,, 

C~em1c,1 Co., grade II). 

Er¡.zymatic deterrnina.tions. GAD activity was assayed by 

measur~g the 14co2 produ~tion rrom g..)4c] -glutamic acid, 

a~ preriously described (T:apia and Awapara, 1969). All 

f~acti9ns and subfraction~· were treated with o.4 % Triton 
. il 

X~lOO {rinal concentration) for· 15 min before the incubation 
!( ,; 

p~riod~ When PLP vras 'adde~ to the incubation mixture, its 

final qoncentration was 1 •. 76 x 10·4 M. The radioactivity was 
. . 

co,unte~ in a Nuclear Chicag~ liquid scintillation counter~ 

L,ctic dehydrogenase.activity (EC 1.1.1.27) vras measured 

a~cord~ng to Bergmeyer, B~rnt.and Hess. (1963); succinic 

deP.ydregenase (EC 1.3.99.~) by the method of Slater and Bonner 

<i952), as modified .by De Robertis et 91., (1962), but with. 

a 5 min incubation period; AchE (EC ·3.1.1.7) according to 

Ellman; Courtney, 'And~es ~d Featherstone (1961) and 
++ ' . 

Mg ~A~Pase (EC 3.6.1~3) ~ollowing the method or Jaernfelt (1961) 
: --¡ !: ¡ 
~ ' 
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and measurtng the 1norgnn1c phosplwte a.ccording to· Sumncr 

(191,.4). rrotein was moa.surod accorcling to Lowry, nosebrough, 

Farr and Ronda.11 (1951). The "t" Student test wns used for 

the statistical evaluation of results. 

~lectron micro~cony. The fixation of the subcellular 

particles was accomplished by addine some drops of the 

fractions to a solution containinc phosphate-buffered l % 
osmium tetroY:l.cla, pII 7 •11-, for 2 hr at t,.º (Palade, 1952). 

After cen.trifueation and dehydro.tion iri grnded cold ethanol 

the pellets were embedded in Epon-RJ.2 for 21~ hrs at 6o0c. 
Thin sections in tl~e silver ra.nge were obtained with a 

Reichert OmU-2 ultra.microtome and collected in uncovered 

copper grids for further sta.ining with uranyl acetate 

(Stempak and Ward, 1961~) and lead citr.ate (Vennble ¿,ncl 

Coggeshall, 1965). The cutt:i.nc orientation was parallel to 

the clirection of seclimcntation, in such a wny that the whole 

thickness or the fixed pellet could he surveyed in a single 

section. The grids were examined in a Philips EM-200 

electron microscope equipped wi·th a 30 )l obj ective apertura. 

RF.SULTS 

Separat:J.on of the crude mitochond1 .. ial fra.ction according 
. 

to Gray and l~1ittaker (1962), as well as subfractionation 

after osmotic shock (Whittaker ~t aJ,., 1961,) gave results 

similar to tho~o. proviously reported from botll the 

ultrastructural (see for e~ample F1g. la) and the biochemical 

viewpoints: lactic dehydrogennse was locnted mainly in the 

supernatant and the axoplasm (subfraction O); succinic 

dehydroecnase in the crude mitochondrial fraction, pura -- ..-· 

mitochond.ria Csub1'raction r.) and intraterminal mitochondria 
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(:;,1bfr::?cttcn I); ATT'oso in cJ;:iJ'l:,ccd r.ynnptO$On1es c~mhfrnction II) 

::i.nrl in ':1.1bf r::i.ct: -ton. I n.nd :~cb1~ in thc ·crurl~ mitocl1.on<h· ia 

nn<l r::ynnp1.o:::ome!; ( sul1frnction n). The pr.otoi.n dist..r:i b1.1t.:l.on 

obscrvccl in thct:c expcr:lmonts. was also ni1r.il~r to thnt 

p1•cviously reportee\ (Gray aml Whittnkcr, 1962; Whittn1\'.~r, 1964; 

Whittc.ker et n,J11 , 1961~). _ 

Centrifncation or the c:rud~ mit,ochond1•inl r1·action. in 

the tou1• la.ycrs dtscont:l.nuous sucro~e derrn:t.ty' erndicnt (o.e, 
l.~, 1.3 ancl 1.11· H) doscribed in Methodg resultecl in rour 

brin<ls. The first was above o.8 M suerosa, the second bctwecn 

o.8 H a.nd 1.2 M sucrose, tho thircl in tho interphase between 

1.-2 M ·nnd 1.3 M sucrose and thc fe>Ul' bnncl above l.4 M 

sucrose. Occo.sionally som0 1.10.rt:tcul.nte mnterlal was founrl in 

lxmcl 1,-, roo.chine tho bottom of th~ tube. \·n,,en this occurred 

tho whole J..1• M sucrose .laycr was tnlmn as a single fract:t.cn. 

Those subfractionR wer,~ de:;1cnated 1, 2, 3 nnd l.1, rospcctively, 

from top to hott.cm. Thore werA no differonces betwoon treated 

011d control a.n:t.mals with recnrcl to th~ gross a:ppeo.renco or 
the gradients af1;er ·centr:t.fugntion. 

Electron microsc'Opicall.y, fraction 1 cons:J.sted of a 

·practically pure population of larse myelin fragmcnts (Fig. 2) • 

.i\s observed in :Cic;uro 3, mor,t element s i.n fre.ct ion 2 were well 

presorved synaptosomor.; with numBrous synaptic v~~~iclos o.nd 

intraterlll:i.:nal mitochor:1<lrlr:i. Por.tsynnpt:t.c rnomln·r.ncs adhered 

~o synnptosonies were frequontly secn in this rra.ct:t.011. 

Mcnfürane fragmonts and only vcry few :free mitochonrlria 

contaminntod this proparat:1.on. In contrant, tho r.ynaptosomal. 

tra.ction B obta1nod with tho Gray o.nd Whittake1·' s cradient 

contained numerous-rreo mitochondria (compare Figs. la and lb). 
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In i'i·r~cticm 3 sytrnptosomes mh~ecl with mitochonch•ia wnrn 

obzervccl (Fic. 11). Frnction l¡. was cornpor::ed· or frAr weJ.1 

prnsorvcd Mi1-.ochonclrin; ~yn0:pto~om11r. or other contam:tnants 

wero rarely socn in this fract1on (Fig. ;). 

Fro111 tho 'hiochotnical :point of view (Table 1), protc1no . 

wci·e located mo.inly in fro.c1.:ion 2 (5Z~); traction 3 was neY.t 

with 20íS. Succinic dehydroeennse, ns e:rpected, was highly 

concentrated in fractions3 and 4, rich in mitocñondria. In 

contrast, and also in aereement with the morpholoeica.l fi:nrUngs, 

AchE was located ·mainly in subfractions 2 and 3, especially in 

the f'ormer. G;j) wa·s concentra.ted in the syñ.aptoson1al fra.ction 

2; subf'ractions 1 and l.¡. contained only a s111e.JJ. nmount of ~\.D. 

l1hero wan no relntion. l)etwccn the prAoencc of. PLP in the 

incubo.t:J.on medium ~.nd the distribution of GlJ) 1n the ve.rious 

subfrnctions .(Tal)le 1) • 

Su1,cclJ,i,lar a.:t~trtbntto:11 0f PLP..1. Defore the e:cperiments 

with PLPGH, PLP subcel.~ular distribution in br~1n or normal 

mice was studied in.detail. PLP conc(;!ntration in thc 

homogcnate was 0.89 pe/g. Junone the primary rractionr,, rLP was 

distributcd mainly in the crude mitochonch•ial fraction (36;'!) 

and in the supernntant (38%); the nuclear fraction contained . 
21%, and only 5,S was found in the microsomal fraction (mean 

values of 5 experiments; recovery was 92JS). When the crude 

mitochondi-ial fraction was subfrf!.ctionated in the two lo.yc:?rs 

cradient of Gr1:1y and Whittaker, 0-ll•-% of the recovered PLP 

was found in the myelin bancl, 33~ in the synaptosoranl band and 

6oi in the mitochondrial pellet _(mean values of ; experimen~s; 

recovery was 87%). 



Table 1.- Percent distribution (total recovared = 100) of protein, SDH, AchE and GAD activities 
in the subfractions of the crude mitochondrial fraction 

Subfraction Morphology ¡:>rote in J3DH AchE O.AD 
...-..~--.,._----

Without PLP With PLP . 

-
]. Myelin 15.4· "' 2.1 (0.14) lloO (Oo71) 606 co.42) 4.3 co.21> 

2 Synaptosomes 51.8 10o9 (Oo21) 63.2 (lo22) 67.9 (1.31) 72.4 (1.39) 

3 Synaptosomes 20.4 4lo5 (2.o4) ' 1s.7 co.92> 17.4 (0.85) 15o2 (Oo74) 
and 

mitochondria 

4 Mitochondria 12.4 45.5 (3.67) 7.1 co.59) a.1 co.65> 8.1 (01)64) 

-·--------·----------------------------------------------, ... 
Absoluta values of the crude mitochondrial fraction were: · protein, 48.6 mg/g original tissue;__ SDH, 
390 U/g original tissue; AchE, 268 umoles/h/g original tissue; GAD without PLP, 13.4 umolas/h/g 
original tissue and 30.7 ~oies/h/g origi."11.al tissue ·with PLP (1~76 x 10-4M final concentration)ó 
Recoveries for protein and enzymes ranged from 66% to 89$. 
Mean values of 2 to 3 experiments for SDH, AchE and GAD, and 6 experiments for protein. 

% or recovered activity 
Figures in pai-entheses are relativa specific activities = ------------% of recovered protein 
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PLP clistribution in the four~lnyers gradient is shown in 

To.ble 2. In agrecmcnt wi t.h 1.he ro:ml·ts of tho two-layars cradient, 

PLP was round mainly in subfractions 3 (36 ~) ano 4 (40 %), mixed 

mitochondria and synaptosomcs, nnd pure mitochondria, 

respectivoly. About 20 % or PLP was distributed in the synaptosomal 

traction 2. 

In tbe gradient used after osmotic shock (Table 2), it 

was obscrvcd that synnptic vesicles (subfraction D) nnd 

membranes (subfraction.s E-G) contained only ncgligible amounts 

of PLP. Most PLP present in the parent fraction W5 was recovered 

in the damaged synaptosomes (subffaction H, 50 %), and axoplasm 

(subtraction o, 27 %). 
Since-PLP is a low molecular weight substance, which 

theoretically could easily diffüse out or into the subc·ellular 

particles, several·experiments wore done to assess its 

possible redistribution dur1ng the soparating procedure::s. When 

thc homogenate in 0.32 M sucrose was centrifuged at 100,000 g 

for 30 min, to obtatn a high speed-pellet and the corre3ponding 

supernatant, 42 % of PLP (6 cY.perimcnts) was obtained in thd 

pelle t. This value did not differ gra tly from that obscrved 

in the particulate fractions obtained after separation of the 

primary fractions {sum or nuclear, crude mitochonclrial and 

microsomal fractions, 53 ~n·. When the high speed-pellet wa~ 

washed t111ice with 0.32 M sucrose and recentrifuged at 100,000 g, 

100 % or tt e pnrticu~~rte PLP ·remained in tbe rellct (2 .e>:periments) 

In other e~periments, the homogonate was maintained for 

several hours at 0-40 and the high speed-pellet was obtained 

from aliquots talcen at 1, 2, 4 and 6 h;~ (2 experiments). No 



- Distribution ot protein and PLP 1n the si1bfract1ons or the crude 
mitoohondrial fraction 

ion -P.rotein .PLP 
~g/g original % dis·cr:tb. -ug/g original %distrib. Relative 
tissue (total rec- tissue '(total res -d1str1bu 

overed=lOO) overed=lOO) tion 

5.6 (3) 

~osomes) 18.9 (6) 

;osomes 7.1+ (6) 
;ochondr~a) 

1ondria) 'lf..; (6) 13 

(% ot crude Q? '1_693;-\ '1r1al frac- ;. 1 J 

~ pellet J.9 •; (lt-) 
-1otic shock) 

~ ~2.414) 
. supernatant 
a1otic shock) 

(% or· 
11tochon.: 
ction) 

·re .90 
L:.87.9;] 

sm) 

1c 
es) 

nes) 
" 

-d 
somes) 

-ondria) 

.J.67 {4) 

1.83 Cl+) 

o.as e>+> 

1.69 (4) 

2.7; (4) · 

;.98 (4) 

4.29 (3) 

----· 

· ~7~ioo] 

47 

2; ,, 

8 

lt, 

7 

12 

26 

18 

0.001 e;) 

0.062 (6) 21.3.:2.6 

0.10; (6) 36.;,±6.6 

9.16 

o.41 
1.82 

.0.116 (6) 39.8_±6.7 

u 9;.~ 
lt';-120-1 

O~ll ~3) 411- [42-;o.) 0.94 

.o~il+ !3) ,;6 {!o-;ij 1.06 

9.olf.1 (3) 

o.oos (3) 

* o (3) 

o* (3) 

o.oo; C3> 
O.(Y/'5 (3) 

0.022 (3) 

L66:k.) 
27. [24-3al 1.08 

; [2-7] 0.62 

o o 
o o 
3 [2.J+l .0.2; 

,;o ~;-~ · 1. 92 

15' \}0-23) 0.83 

130 
[.i19-14;J 

-re mean values ot the number _or e:;periments shown in parentheses. 
than three ~xperimsnts were done, the s.E.M. for the percent d1str1-
given. Otherwise the ran.ge is indicated in brackets. 

iistribution = % or recovercd PLP 
d! -
P ot recovercd protein 
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significant chan~e in tho percent distribution of' PLP in thc 

pallet was observed during the e:>:pcrimental pe1"iod. 

When a known amount of PLP (100 pg/g of orieinal tissue) 

was added to a homogcnate and the lnttcr was subjcctcd to tho 

centrifugation procednre to obtajn t-ho prlmnry fr"ctions, 94 !1! 

of the rocovered coenzyme was found in the r.oluble fractio11 

(supernatant) (2 e,~perimants). PLP was also added to t he top 

or the bottom layers of the sucl"oso density gradionts and they 

were centrifuged for 2 hr at 5'3,500 gin the absence of tissue, 

to assess the diffusion of the coenzyme durine centrifugstion •. 

Practically no diffusion was observed. 

Effcct of PLPGH-:1.nut~ced convulslons o;:i ti,e rr.ornholo¡;y of 

l)r;iin subcel,lltlnt pnrtlcles. Figure 6 shows tha.t neither PLPGII 

administration nor the convulsive activity had any appr.cciable 

eftect upon the morphology or tho synaptosomes 1.µolatecl in 

i'raction 2 or the four-layers gradient. i'he sti·uc·ture o! myelin 

and mitochondria was also unaffected by PLPGH treatmcnt. 

Effect or PI.rGH on protc1n content of bra,in subrellul~.r· 

fractions. The admfnstration or PLPGH did not modify cither 

the protein content · of the homogenates or the prote:i.n distribu

tion in_ the high speed pellet and supernatnnt, in the primary 

fractions, and in the subfractions obtained from the crude 

mitochondrial fraction before and after osmotic shock. 

Ef~ect or PLPGH on th.e c011centration of P!..P in ·si~bcellt1lm~ , 

frp.ctions. As can be seen in Table 3, tl':e adminstration of 
' 

PLPGH to mice produced the previously reported decrease of PLP 

in whole brain (Tapia et Al•, 1969). The decrease of PLP was 

larger in the high speed supernatant than in the pellet, in 

which the changes ;iere not statistically signiticant. When 



3.- Eftect or PLPGH treatment on PLP concantration in the high-speod 

pellet and supernatant and in the primary fractions 

.Control * % or control .on Treated p ... 

1nate + o.~s :!: 0.016 56.1+ <:, 0.001 0.971 - O.rf/6 
-- (9-)'· - (9) 

:peed o.lt-24 ! o.·021 o.3,1r :!: 0.03 83.; >0.5 
(9) (10) 

o.466 ! 0.1 . + 
23.9 < 0.01 peed 0.112 - 0.03, 

a.tant (10) (10) 

ondria 0.330 :!: o.Olf.; º6 + 79.1 >0.1 0.2 l - 0.021 
i'raction) (8) (8) 

+ 0.083 [o - 0.2271+ 22.3 -omes + 0.373 - 0.0,2 -
-a.tant (6) (6) 

gures are ug/g or original tissua. Mean values oi' the number of 
-nents shown in parentheses,.: s.E.M. 

it"iced at the moment or tonic convulsions (30-1¡.5 min atter injection 
1 umoles/kg of PLPGH). 

of values; the zero value was obtained in two experiments. 
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the effect or PLPGH was studiod in the primary fractions, a 

similar difference between the'changes in particulate and 

soluble PLP was found (Table 3). 

In view of thc heterogeneity of the high spced pellet 

and of the crude mitochondrial traction, we studied in more 

detail the PLP concentration in the subfractions oí the crude 

mitochondrial fraction. Table 4 shows that only a small 

decroase of PLP in synaptosomes (subfraction 2) was observad 

o.fter PLPGH treatmont, ~hereas other tractions were not afi'ected. 

However, when the crude mitochondrial fro.ction was onmotically 
-· -· 

shocked and centrituged at 10,000 g to obtain a pellet (WP) 

and the corresponding supernatant (W5), a statistically 

significant decrease of PLP was found in rraction Ws (Tablo 5). 
The isolntion of the compo11ents or this fraction in a sucrose 

donsity gradient (subf'i·act.ions D-G were not studied in view 

of their negligible PLP c~ntent) indicated that the chanee of 

PLP concentration found in fra~tion W5 was dueto a selectiva 

decrease ot this coenzyme· in the axoplasm ot synaptosomes 

(subfraction O) (Table$). 

Eff0ct of PLPGH' on GAD a,ct:i.vity of braj,n s1,1bcellulr..r 

,¡>articles. In some experimonts the .previous 1>LPGH-induced GAD 

inhibition (40,%) in the whole homogenate was found. Likewise, 

PLlGH treatment resulted in a 66.) % in~ibition (mean value of 

four experiments) o( GAD in the high speed pellet after 

centrifugation ·or ~he hom_ogenate, wl"ilé no activity was detected 

in three of tour experiments:in the corresponding·supernatant 

fraction. · The addition of PLP to the incubation mixtures 

reversed complotel.Y the inhibition of GAD in both the homogenate 



,.,.., ... ------....- .... ,_,,_ - ---sr. -
Subfraction Control Treated 1' or control p .,.. - ..... ... 
-.-·· -· - - e "lb • 1 • - =- = ~ . -
Mitochondria + + 9,ol+ "'ºº' 0.307 - 00017 0.293 - 0.021 
(·cruda fraction) ~ (6) ., 

(6) .. - & 

1 + + 100 >o.; 0.007 - 0.002 00007 - 0.001. 
(myelin) <,> (6) 

+ o.o48 ! 0.01 77 .'l+ >0.1 2 0.062 - ºººº' ( synaptosomes) (6) (6) 

3 + + 88.6 .>o.s (synaptosomes and 0.10, - 0.028 - 0.093 - Oc,012· ·. 
mi toi~hone.r:f.a) (6) . (6) .. · 

4 + + 
ªªºª >º•S 0.116 - 0.021 0.103 - 0.02 

(mitochond1"ia) (6) CS> . 

see notes in Table 3 for units and other indications. 



subfraction 

Wp 
(10000 g pellet after 
osmotic shock) 

vi s 
(10000 g supernatant 
after osmotic shock) 

o 
(axoplasm saparated by 
g1"'a.dient cent1 .. ifugaticn 
or ws> 

i 
H 

(damaged synaptosomes, 
separated by gradient 
centrifugation of W8 ) 

I 
(intraterminal mito
chondria, separated by 
gradient centrlfugation 
of W·) · s 

Control 

' 
0.189 ! 00056 

. (5') -

+ Ool36 .. OoOl; 
(5') 

+ OoC66 - 0.013 
(6) 

+ Oo05'5' .. 00018 
(5') 

+ 0.0+9 - o.coa 
(6) 

Treated 

Ool44 ! Oc.003 
,.. (5) 

+ 00087 - 0.001 e,> 

Oo.035" :!: Oo OC6 
(7) 

o.c::)+7 ! 0.009 
(5) 

Ooo45' ! 0.010 
(5) 

• 

% of contro1 p 

J6.2 ?~o1 

64.o <0.02. 

5'3o0 700¡0; 

a;.;·· >o.; 

91.8 >o.;-

________________ .., __ ..., __ ..,. _____ ..,. ____ .., ____ _,_.., ___________________ ~ .,,.. www aaw za ---= -www ....._. 

-See notes in Table 3 for units and other indications • 
• 

.,. 
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and the supernate.nt fraction. 

When GAD activity was measured in the crude mitochondrial 

fraction and its subfractions ( Table 6), GAD inhibition 

(35-58 %) was observed in the crude mitochondrial fraction 

and in the subfractions 2 and 3, which contain synaptosomes, 

while the activity or this enzyme was practically unaffected 

in subfraction 4, containing purified mitochondria. The 

results obtained with myelin and mitochondrial subfractions 

were equivocal because of the low activity of the enzyme. 

In the experiments of density gradient centrifugation 

after osmotic shock of the crude mitochondrial fraction, a 

60-75 % inhibition of GAD activity in fractions WP and Ws 

was obtained after PLPGH treatment (Table 7). When fraction 

Ws was further subfractionated and the resulting subfractio~~ 

were assayed for GAD activity, 40 % inhibition was found in 

the axoplasm (subfraction O). No signif'icant changes were 

detected in the other subfractions. 

Addition of PLP to incubation mixtures reversed in great 

proportion the inhibition of GJü) in most of the fractions 

(Tables 6 and.7), being this effect more notable in the 

soluble fractions. The ratio or GAD activity +PLP/-PLP, 

which indicates. the degree of activation or GAD by exogenous 

PLP, was muoh larger and statistically significant 1n those 

fractions in which GAD inhibition was detected,in comparison 

to the control values (Tables 6 and 7). 

DISCUSSION 

Subcellular fractionation. ~he electron microscopio 

evaluation ot the subcellular particles, together with the 



-------.... -
-PLP- +PLP ~.;PLP - . .;PLP ·1-PLP ·; ~:Pí;p -- .. 

-PLP -PLP 
- .... - _......... ---- • _,....,._ O - _, - 1 1 ~ a, .. _,_...,. 

_...,__,....,,... 

... 30.78 ~f [ 2.23 ¡)§ 7.43 ! 0071:I: 2+,. 93 ! 2. 2+ ]o35. :!: Oo21 Mitochondria ;J.3.45' :,. 1.41+ (.25.98 - 35.58 2 .. 19 - 2.26 
(crude frecticn} · (3) · (2) (3) (3) (3) 

o.Eo :!: 0.14 L,16 ! 0.18 1.91 ! 0.28 o.48 ! o.'16 + . 
lo73 ! Oo89 1 o.e3 - 0.10 

·'{myelin) (3) (3) (3) (3) (3) (3) 

'6 ,4 + o ~ 19020 : o.68 + 
·2031 ! ºº 24* 14.14 :!; Oo93t 60.23 ! Oo411 2 o.i.. - • ..,2 3ol3 - Oo22 

_( sym .... ptoscr1es) (6) (6) (6) (6) (6) . (6) 

+ 4.03 :t 0.33 
+ . 0068 ! o.oa=I= . + :;: -=· 1¡· • 

3 1.62 - 0.18 2.48 - 0.19 2066 - Ool6 3.90 - Oo ·2 
(synaptcsomes and (6) '(6) (6) (4) (4) (4) 
mitochondria) 

4 + 2ol4 :!: Oo37 2.36 :t 0.09 + + + Oo91 - 0.18 o.ea - 0.1-6 1.32 - 0.14 1.93 - 0.29. 
(mit ochcndria) . (6) . (6) (6) (4) (6) (4). 

The figures ara umoles¡b/g original tissue. Mean values or the munber or experiments sho1m in . . -4 
·parentheses, ,! ScZoM. PLP concentraticn in the incubation. medium, wl1en added was lo76 x 10 M 

* < OoCOl (difference from control value)-p 

tp < 0.01 (difference from control value) :i 

+p < Oo02 (difference from control value) 

§ Range of values 



u 1.LIJ.L .L d.v u ..&.UJ.1 

-------
wP 

(10,000 g pellet after 
osraotic shock) 

w .s . 
(10,000 g supernatant 
áfter osmotic shock) 

o 
(axoplasm separated 
by gradient c•~ntrif,Y 
gation of W ) s 

H . 
(dama.ged synaptosomes 
separated by gradient· 
centrifugation of W8 ) 

I 
(intraterminal mito
chondrla separated by 
gradient centrifuga
tion of W5 ) 

- V!ll.,..L'U.L .Lrea.'líea 

.. ptp -- ·rPLP .:!:.ti:L.t- -· -13"lp · ----- -- +PLP- ·- - -:¡:PLP 
-PLP· -.Sf-p· 

1 
-------------· 0W -·-a. 1 ---------~rl..:."---1 \. + ,:1 + + ~~ + * . ,. + 5 + ,, ~os~ - Oo3~ 13015 - 0.77 2.72 - 0.11 lo~O - 0.30 11.~3 - lo20. 7o3 ~ 0.90 

(4) (4) (4) (1+) (4) · ~ (4) 

+ 7.21 - 0.56 
(4) 

+ lo50 - Oo20 
(7) 

+ 0.38 - 0.11 
(4) 

' + 6 17.~3 - 0.7 
(4) 

+ 6.97 - 0.59 
(7) 

+ Oc,90 - 0.17 
(5) 

0.33 ! 0.05 o.65 ! 0.13 
(5) C 5) 

4 + · 2o 2 - 0 0 14 
(4) 

4.65' ! o.54 
.(7) 

2.38 ! o.43 
(4) 

+ 
1.99 - º· 56 

(5) 

1.96 ·~ Oc,15* 13.81 ! 0.76+·7.05' ! 0.48$ 
(3) (3) (3) 

8 + + 0.7 - 0.12 
(6) 

+ Oa32 ... Oc,09 
(4) 

+ 0.31 .... 0.07 
(5) 

5'o63 ! o.43 
(7) 

+ Oo70 - 0.07 
(4) 

. + 0.61 ... Ool3 e,> 

l + .. 7o2r - Oo71 
(6) 

2.21 : 0062. 
(y.) 

1.95 ! 0.72 
(5) 

--------------------------------------·~----·----------------------~~--------------------see note in table 6 far units and other indications 

* p < 0.001 ., 

+p < 0.02 
/ 
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measurement or some enzymatic markers (lactic dehyclrogenase, 

Mg++_ATPase, succinic dehydrogenase and AchE) indicated that 

the fractions obtained according to Gray and Whittaker (1962) 

and to Whittaker et al. (1964) correspond to the fractions 

obtained by these authors (see rlhittaker, 1964). Although 

subfraction B ot Gray and Whittaker is a good source ot 

synaptosomes, we tried_ to improve its purity by eliminating 

the contaminating mitochondria. By using the four layers 

gradient described in Materials and Methods, we obtained a 

fraction (subfraction 2) which according to morphological 

and biochemical studies (Fig. lb and Table 1) consists mainly 

or synaptosomes and sorne membranes (synaptic membranes?), 

and was practically free of mitochondria, which in ~ur hands 

were abundant in the synaptosomal band of Gray and Whittaker 

(see Fig. la). Fraction 3 of our gradient was similar to 

the latter synaptosomal band, although the contamination with 

mitochondria was larger (compare Figs. la and 4). The 

~ distribution of succinic dehydrogenase, AchE and GAD in the 
' 

four layers gradient (Table l) was in excellent agreement 

with the morphological observations. 

Subcellular distribution of PLP. The bimodal distribution 

or PLP mainly in the crude mitochondrial 'and soluble fractions 

(see text in Results) is similar to that observad ror the 

alanine and aspartate aminotransrerases, as well as for GAD 

(Fonnum, 1968; Salganicoff and De Robertis, 1965; van Kempen, 

van den Berg, van der Helm and Veldstra, 1965). The 

localization ot PLP in the difterent subfractions obtained 

from the crude mitochondrial fraction by the two different 

gradients used, as well as its distribution in the fractions 
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obtained after osmotic shock of the crude mitochondrial 

fraction (Table 2) also follows the distribution pattern 

or aspartate aminotransferase (Fonnum, 1968). These results 

suggest that the subcellular distribution or PLP in brain 

depends largely upon the distribution or the most abundant 

B6-enzymes. Therefore, it seems probable that a considerable 

amount or the coenzyme measured in these experiments was 

bound to these enzymes and subsequently 11berated by the 

perchloric acid extraction. However, the. presence of free 

PLP could be, as discussed below, of physiological 

significance. ·(-Aminobutyrate aminot~ansferase, which is 

considered to be a mitochondrial enzyme (Salganicoff and 

De Robertis, 1965; van Kempen et al., 1965)would appear 

also responsible for sorne or the PLP present in the 

subtractions rich in mitochondria (Table 2). Similar results 

to those obtained in the present paper have been reported 

in guinea pig brain (Loo and Mack, 1971) • 

Effect of PLPGR-induced convulsions on the structure or 

subcellular particles. In the present paper no ultrastructural . . 
changas that could be ascribed to PLPGH treatment were 

detected in any of the studied fractions (Fig. 6). Some 

structural modifications of synaptosomes have been observed 

in rats, after methionine sulphoximine-induced convulsions 

(De Robertis, Sellinger, Rodríguez de Lores Arnaiz, Alberici 

and Zieher, 1967). Differences between the mechanism of 

action of the latter drug and that of PLPGH could account 

tor these different observations. 

Effects of PLPGH on GAD activity and PLP content in 
subcellular fraction§. The decrease ot PL~ levels by PLPGH 



.. 

- 17 -

administration was more notable in the soluble fractions 

than in the particulate ones. This result could be explained 

by the known inhibitory a.ction of PLPGH upon the activity of 

pyridoxal kinase (Tapia and Awapara, 1969; Tapia et al,, 1969), 

which is a soluble enzyme (Loo and ~~ittakor, 1967). Thus, 

the inhibition of pyridoxal kinase would produce a decrease 

in free PLP, primarily in the soluble fractions, and 

secondarily in the particle-bound PLP. The conc~ntration ot 

the latter would be dependent mainly on the equilibr~Ylll 

botween the free PLP and the PLP bound to the particulate 

enzymes. Accor~ingly, the lack or effect of PLPGH on PLP 

concentration in particulate fractions could be dueto the 

fact that aminotransferases, which most probably possess 

tightly bound PLP :ln vivo (Tapia and Pasantes, 1971), are 

mostly parti~ulate (van Kempen et a~., 1965). 

Ir, as it 1~ apparent from the roregoing discussion, 

free PLP is dacreased by inhibition of pyridoxal kinase, 

it would be expected that the activity of the soluble enzymes 
.'. ' 

with relativoly low affinity ror PLP in vivo, such as 
. . 

glutamate and DOPA decarboxylase (Tapia and Pasantes 8 1971)~ . . . 

wo:uld be arrected under these conditions. In accordance with 
. 

this expectation, it was found that in all fractions sudied 

in the present paper there ·was a corrclation between PLP 

conccntration .and GAD activity, as had been previously 

reported in whole brain (Tapia et al., 1969). In the soluble 

fractions, in which PLP·was most decreased, G,\D activity 

reached its lowest velue, while practically no changas were 

detected in those fractions (H, r, l and 4) in which PLP was 

not mod1f1ed (Tables 4-6). The same correJ.ation was found in 
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some fractions, such as the axopJ.asm, which displaycd 

intermediary changos in b~th PLP concentration and GAD 

activity. The apparent lack of correlation between these 

par~iieters in the synaptosomal fra.ction (subfraction 2, Tables 

4 and 6) can be explained on the basis or the differonces 

in the su.bcellular localization of PLP and GAD in the 

synaptosome and the differential effect of PLPGH in the 

soluble and the particulate fractions: since Gl!.I) is 

located mainly in the axop~asm (Fonnum, 1968; Salganicoff 

and De Robertis, 1965; Weinstein et ~1., 1963; see also 

control value~ of Table 7), a decrease of its activity 

would be readily apparent in the whole synaptosome, and 

ai:ry ~hange of GAD activity in mitochondria, in which this 

enzyme is present only in low amounts, would not be noticed. 

Prec1sely the ·opposite situation occurs with PLP: since this 

coenzyme is present in large amounts in the synaptosomal 

mitochondria (Table 2), and since PLPGH does not seem to 
'• . 

affect the mitocho~drial PLP (Tables 4 and 5), the decrease 
. . 

in the axoplasmic PLP could not be detectad clearly in the . 
whole srna.ptosome. That this is the case is indicated by 

the fact that, when the changes. induced by PLPGH upon GAD 

activity and·PLP concentration were measured in the different 

components of the synaptosome (axoplasm an.d mitochondria), 

the correl~tion bet,iétn both parameters cou:J.,d be observed 

only in the axoplasm (Tables· S and 7)o. 

The correlative changes of GAD activity and PLP 

concentration just discussed, along with the rel~tively low 

af!inity of. GAD for its coenzyme :i,n vivo (Tapia and Pasantes, 

1971). and the prev~o" ... .1.'intlines ·or studies in lihole brain 



"· 

- 19 -. 
(Tapia~ ]l. 1969), indicate that the inhibition of GAD 

activity dueto PLPGH treatmont is secondary to the decrease 

of PI.P levels in the dif'ferent subcellular particles. This 

is supported by the fact that PLP added i.n ,r·jtro reversed most 

of the 1nhibition in the fractions studied, as sho~m by the 

much: larga" activation due to PLP in those fractions in which 

GAD was inhibited, as comparcd to the control values (Tables 6 

and 7). ~he larger ef'fect of PLPGH upon GAD activity and PLP 

concentration in the supernatant fraction in comparison to 

the axoplasmic í'raction is en int~resting' finding, since 

both fractions are soluble. I1' the primary event involved 

in GAD j_nbj.bition by PLPGH is actuo.J.ly a c~ecrease in :pyridoxal 

"kinase activity, this result could'mean·that somatic pyridoxal 

kinase is more inhibited than the axoplasmic enzyme. 

From the present results it can be concluded that the 

followine prev1ously suggested (Tapia~ ,al9· 1969) sequence 

of events lending to the appearance of convulsions after PLPGH 

treatment indeed occurs in the nerve endings: pyridoxal 

kinase inhibition...a+decrease o1. PLP concentration~ GAD 

inhibition~·dec1'"ea:sed rate of GJ.ru. synthesis~ convulsions.· 
1 

Accordine to this mechanism, the role of PLP in the 

excitubility of the CNS would be accounted for by its 

regulatory effect on GAD activity at the nerve encUngs. J .. 

decrease of the critical concentration of PLP at these 

structures woµld result in a·diminished rate of synthesis 

of GABl~, with a consequent blockine of the G.\B.".. dependent . 
inhibitory mechanisms at several neuronal nuclei, and the 

appearance of convu.lsions. That the inhibition of other 

B6-enzymes might.also contribute to the hyperexcitability 

• 
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observed after PLPGH ti-eatment seems to be ruled out by previous 

experiments trom our laboratory, which indicate that GAD . 
'inhibition is speoifically related to the convulsicns produced 

by PLPGH (Tapia and Pasantes, 1971). The possibility that 
. 

other \Ulknown role of PLP in t~e CNS, indopendcnt of its 

coenzymatic function, might also be involved 1n the regulation 

of cerebral excitability, 1,s still an 9pen question. 
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LEGEIIDS FOR FIGURES 
. ' 

_Figure la. Subtraction B obtained accord1ng to Gray and 'Whittaker•s 
method. M = free mitochondria (16,600 X) • 

. Figure lb. Subfraction 2 or the four layers gradient described in 
the present work: (16,600 X). 

Figure 2. Subfraction 1, essontially composed ot myelin (16,600 X)~· 

Figure 3. Subtraction 2. Most elements are synaptosomes (16,600 X). 

Figure~. Subfractio:n. 3. Some synaptosomes (S) a~e mixed with 
mitochondria (m) (16,600 X)o 

Figure ,. Subi'raction lt-. Tha majority oi' elements are trae 
mi tochondria (m) , and occasionally tew synaptosomes 
(S) are depicted (16,600 X). 

Figure 6~ Subfraction 2 from brain ot anima.ls treated with PLPGH 
(16,600 X). Inset.- Synaptosomes (asterisk) oi'ten 
remained attache·d to the post-synaptic elements (Ps) 

in both the control and ~reated animals (17,200 X). 
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