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GREENBERG, R., C. E. WHALLEY, F. JOURDIKIAN, 1. S. MENDELSON, R. WALTER, K. NIKOLICS, D. H. COY, A. 
V. SCItALLY, AND A. J. KASTIN. Peptides readily penetrate the blood-brain barrier: uptake o.f peptides by 
synaptosomes is passive. PHARMAC. BIOCHEM. BEHAV. 5: SUPPL. 1, 151--158, 1976..- The intracarotid artery quick 
injection technique of Oldendorf was utilized to determine the Brain Uptake Index (BUll of radio-labeled peptides in 
comparison with *H:O or ~4C-antipyrine as counterlabels. The normalized BUI values for 3H-MII"-I, 3H-a-MSH and 
~* C-AVP were 13.7, 9.6 and 13.0, respectively at 15 sec after injection consistent with their having readily penetrated the 
blood-brain barrier. The BUI values were similar, though somewhat increased, at 10 rain postinjection consistent with their 
ready exit across the blood-brain barrier. At 15 sec after injection 0.5 -- 0.1%/g brain of the originally injected peptide label 
was recovered; and 0.1 _+ 0.2%/g brain was recovered after 10 min. The label was distributed uniformly in the major brain 
regions at both times. However, the percentage of the originally injected label/g of pineal and pituitary gland tissue was 
10-20 X increased as compared with the major brain regions as would be expected by their location outside the 
blood-brain barrier. The in vitro uptake of the radio-labeled peptides by synaptosomes prepared from the whole brain and 
the major brain regions was passive; it was not temperature dependent, nor was it Na ~ dependent, ttowever, the binding of 
the three peptides by the synaptosomes varied considerably: AVP>MSH>MIF: 50~>5>1. The penetration of the 
blood-brain barrier by the three peptides is consistent with their having CNS effects. 

Peptides a-MSH MIF-I AVP Blood-brain barrier Brain uptake index Synaptosome uptake 
Peptide binding Passive uptake 

THERE are increasing c i rcumstant ia l  data to suggest that  
pept ides  exert  pharmacologic  effects  within the CNS after 
parenteral  adminis t ra t ion  13,121. Behavioral changes have 
been observed in animals and in man [16, 22, 4 1 ] ,  
presumably  as a consequence  of the pene t ra t ion  of the 
injected pept ides  th rough  the choro id - ( 'SF  barrier and /o r  
the blood-brain barrier 129,30] after which they may 
modify  neural electrical activity 12, 12, 24, 34] or be 
seques tered  e i ther  for later release or for intraccllular 
degradat ion.  Since several of  the endogenous  pept ides  are 
highly localized Io nerve endings 120, 27, 28, 3c~1, and 
since several of the endogenous  pept ides  have been d emo n -  
straled to be released in increased amoun t s  from nerve 
ending prepara t ions  subsequent  to electrical s t imula t ion  or 
K' depolar iza t ion [81, we considered it relevant to de- 
termine whe the r  the radio-labeled pept ides  which were 

~ Preliminary report presented: 1975, Physiologist. p. 447. 

available to us. ~II-MIF-I. "~tt-o,-MSH, and ' " ( ' - A V P ,  are 
concen t ra t ed  in nerve ending prepara t ions  by high affini ty,  
Na ÷ dependen t ,  uptake mechanisms as has been demon-  
strated for neu ro l r ansmi t t e r  amines anti amino acids 
[33,391.  

In this report  we also present  data relative to: (a) the 
penetrabi l i ty  through the blood-brain barrier of the radio- 
labeled pcpt ides :  (b) the dis t r ibut ion of the radio-label in 
the major  brain regions after pene t ra t ion ;  and (c) the rate 
of disappearance of the radio-htbcl from the major  brain 
regions. 

M 1'i I'1 I O 1 )  

Ninety male l to l t zman  rats ( 2 5 0 - 3 5 0  g ) w e r e  used in 
the exper iments .  The radio iso topes  used in the exper imen l s  
werc: IN-methyl -14(  "1 ant ipyr ine  lsp. act. 57 n ( ' / l l M  

: This study was supported in part by PttS IGRS(; FR 5639), PIIS (AM 19399), and NIIt (NS 07664). and the Veteran's Administration. 
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Amersham/Searle  Corp, Arlington Heights. I11.), "11 .0  (68 
uCiLul): I l-proline-2.3 -3 Ill MIF-I (sp. act. 4.0 ('i/raM} was 
used in early cxpc r imen t s  and I I-prolinc-3,4-" Iil MIF-I (sp. 
act. 55.4 ( ' i / raM.  R O - I 1 - 2 0 2 8 / 7 0 2 7 )  ( " H - M I F )  in later 
exper iments :  [8-arginine, O-glycinamide-I - '4 ( ' ]vasoprcss in  
(sp. act. 30 m( ' i /mM)  ('  " ( ' -AVP);  and 12-tyrosine-3, 5 - '  HI 
o,-MSH (sp. act. 12 ( ' i / raM) (~ II-e~-MSII). 

The 31.1_c~.MSIt was prepared by calalytic tr i t iat ion o f  
the 3 ,5 -d ib romoty ros ine  derivative of c~-MSII as described 
by Kastin ct al. 117] and the ' * ( ' - A V P  was from the same 
batch prepared by Walter and llavran [35] .  -lhe :~ tI-MIF of 
the lower specific activity was prepared by using Boc- 
prol ine-2,3-al l  to comple te  the t r ipepl ide  by solid phase 
met l lodology [4•; the " H-MIF of higher specific activity 
was prepared by PdO-catalyzed tr i t iat ion of  syn the t i c  
[3 ,4 -dehydropro l ine '  ] MIF-I in met hanoi by a nlodif icat ion 
of a prcviously published me thod  (A.M. Felix. C. T. Wang. 
A. l . iebman, ('. M. Delaney and J. Meienhofcr ,  manuscr ip t  
in prepara t ion)  and was kindly supplied by Drs. J. 
Mcienhofer  and A. M. Felix of  l - lof fmann-LaRochc Inc., 
Nulley,  N.J. 

lntracarotid A rterj' ln/ection l:'xperiments 

A bolus of  radio-labeled pept ide  was rapidly injected 
into the left c o m m o n  carotid artery of the rats in 
combina t ion  with ei ther  " 1 t : O  or ~ '~( '-antipyrinc in order  
io de te rmine  the brain uptake index (BUI) of  the whole  
brain as def ined by O ldcndor f  125,26/ or of  the m:,jor 
brain regions. l ' he  rats wcrc anes the t ized  with ke tamine  
hydroch lor ide  ( in t ramuscular  inject ions of  66 mg/kg 
fol lowed by 33 mg/kg 2- 3 rain laterL At le t  exposure  of  
the left c o m m o n  carotid artery,  a 0.2 ml bolus of  the 
injectant consist ing of  o n e  of the radio-labeled pepl ides  and 
ei ther  a1120 or ,4(7_antipyrine as a counler- label  in 
Kreb 's-Ringer  solut ion (compos i t ion  in mEq/l i ter :  Na*. 
1 4 7  K' ,  4: ( ' a " .  2 : ( ' 1  . 155) buffered at p[l 7.56 wilh 4 
mM N-2-hydroxy-e thylp iperaz ine  N' -2-e thanesulfonic  acid 
(ItEPI!S, ( 'a lbioct lem.  l,a Jolla. ('alif.~ was adminis tcred 
with a 1 ml disposable syringe through a 27 gauge needle. 
f i l e  injection of  the holes  was pe r fo rmed  within l sec. care 
was taken not to impede  tile blood flow in the artery. l h e  
rals were decapi ta ted  with a guillotine ei ther  15 sec or 10 
rain after the injection of  the radio-labeled compounds .  The 
brains were rapidly removed,  b lo t ted  dry aml weighed. For  
the Bill of whole  brain, the entire brain was masserated hy 
passing it twice through an 18 gauge needle a t tached t o a  5 
mld i sposab le  syringe and 50- 100 m g o f t i s s u e  was weighed 
directly into scinti l lat ion vials. For  Ihe BUI of various brain 
regions, the brain was mois tened  with chilled saline (O.q';, 
Na(l~ and dissected over dry ice according to lhe nie lhod 
of ( ; lowinski  and Iverson [t)]. The caudale  nucleus and [lie 
hypolha lan lus  were taken whole while tile larger brain 
regions such as the cerebral cor lex,  lhe brainstem,  and the 
cerebellum were masserated by passage through an 18 gauge 
needle a t tached to a 2 ml disposable syringe. I"ifly h) 
one-hu, ldred nlg of  fissile from Ihe various ,¢gion were 
weighed and placed into scmli l la t ion vials. Two to foul  
pineal or pi tui tary glands from each group of  expc r imen l s  
were pooled and placed into scintil lation vials. /:ifty to 
one-hundred  mg of  brain tissue fro,n uninjccled ,:its were 
used for blank de te rmina t ion  and for de te rmin ing  lhe exacl 
a,not, llts of  radioactivi ty in the injectant solut ions.  In order  
lo digest the brain tissue, I ml of N('S lissue solubilizer 
(An,ersham/Scar le  ( 'orp. ,  Arlington tleigtlls, 111.) was addcd 

to each vial and left overnight at room tempera t tue .  [ h e  
next  morining tile vials were incubated at 3 7  (' for 3 4 hr, 
cooled to room tempera ture ,  and 12 ml of scinti l lat ion 
fluid added (5 g t 'PO, 0.05 g, POPOP in 1 liter toluene).  In 
order  to stabilize the scintil lation system, the vials were 
kept in the dark and under  refrigeration overnight.  The vials 
were cot, , l led for 10 rain in a Packard Model 3375 liquid 
scinti l lat ion spec t rome te r  with windows set for '4(',,'"11 
dual count ing  system. 

] h e  dual isotopes injected in 0.2 mI buffer  wcrc as 
follows: (a) 4.5 ,u(' ~" ( ' - an t ipyr ine /70  140 u( '  " I I : O : ( b )  
0 . 2 - 0 . 5  ~( '  ' 4 ( ' - A V P / 7 0  140 ~u(" ' 11 , ( ) :  (c~ 8 14 ,u(? 
31 t_MIF_I /4 .5  u( '  ~ " ( ' - an t ipyr ine ,  and ld) 7 u( '  
-' II-a-MSII-I/4.5 ~( '  ' ~ ( ' -ant ipyrine.  

Cah'ulation.~ 

All data are expressed as the mean , S | 'M and In) 
represents  the number  of  animals ulilized to obtain lhe 
m e a n . . ' 1 t : O  and ~*( ' -ant ipyr ine  were used to define the 
fract ion of the injected bolus that entered the brain after 
intra-carotid injection.  For ' " ( ' - a n t i p y r i n c  and ' " ( - A V P  
tile brain uplake index relative to ' t l -wa t e r  Bt;Iw were 
calculated according to Oh lendor f  1251: 

4 ( ' - t i ssue/ '  | l - t issue 
. . . . . . . . . . . . . . . . . . . . .  × 100 = BUI 
' " ( "-injecta nt,]:' I l-injecta nt w 

For ' I t -MIF  and ' H-MSH the BUI w relative to water was 
obtained by normalizing the exper imenla l ly  obla ined BUI a 
relative to ' '~ C-antipyrine:  

M l l .  
"l~iss_0,4 ' 1.1-M 1 I,--,±'.. ' (..'-,3 n.t_ip3ff.ij~e. >: 100 = B U I a 

Injectant ~ II-MIF/~ "~ ( ' -Anl ipyr ine  

[BUIa MII ' x  (BLilwOla " '~( ' -Ant ipyr ine/~/ - I , .OII  " 100= 

B t! I,'~! i t  

The B(tl w o l  ' ' ( ' - a n t i p y r i n e  relative to water  ,*,'as 47.3 , 
2.4. 

117 Vitro Symtp t~sr ,ne  Uptake Studies 

Synap losomes  ~S, fract ion)  from rat whole brain or 
from large brain regions were isolated using the technique  
described bv Whittaker 13xl. Vor the exper iments  in 143 
mM N,F, 0.2 ml of the S, fraction was incubaled for 4 rain 
at ei ther 3 7 ( '  or 4"( '  with varying concen t ra t ions  of  
J I t -MIF-1(4 .7 ,~  IO -IO . 1.O'., 10-SM),:~Ft-~-MSII(,',¢.3× 
I0 1 °  2.5 × 1 0 s M )  or " ~ ( - A \ ' P  (1.8 >" 10 -~ 2.2 :< 
10~'M) in 1.8 ml Kreb's-Ringer  b icarbonate  (pl l  7.4) 
containing 1.1 nlM ascorbic acid, 0.16 i11,\1 dis<~ditull- 
e thy lened iamme- le l raacc t i c  acid (Ef)TA. I"isher. Fair l a w n .  
N.J.) and I1.1 mM D-glucose as described by Kuhar. Rolh 
;rod Aghajanian 11 C) I. For fhe exper iments  with OmM Na' 
at 37 (' lhe following change,; were made: ( a ) I r i s l h v d r o x -  
yme thy l )  aminonle)hane  ISigllm. St. lou is ,  Mo.) was 
subst i tuted for the hicarbon~,te buffcr ,  tb)  0.3" M sucrose 
replact'd t11¢ IJ.W; saline in order  Io maintain the i sonmici ty  
of the itlctlbation s(~Itltion: (ct  0.!O illM elhylet lebis 
toxye thy lene i l r i lo ) t e l r ace t i c  acid 1t!(71:\. I'iaslman. Ro- 
chester.  N.Y.A which has K' :is Ihe cat ion replaced I ! I ) I A .  
After inclzb+tth),, ~.~.ilh the respective pept ide,  thc syllap- 
[o,~o,nes were t.'ollecled and war;lied ltlSi,lg lO ln l  ()I" t). t ) ' ;  
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saline) on membrane  filters with 0.45 ** pores (Millipore 
Corp. ,  Bedford,  Mass.) fo l lowed by H~O vacuum fi l trat ion 
as described by Horn et al. [11] .  The pep t ide-con ta in ing  
synap tosomes  were eluted from the m e m b r a n e  filters by 12 
ml of a scinti l lat ion cocktai l  conta in ing  Tri ton X-IO0 (5 g 
PPO, 0.9 g POPOP, 250 ml Tr i ton X-100, and 750 ml 
toluene).  Radioact ivi ty in the samples were measured with 
a Packard model  3380 liquid scinti l lat ion spec t rome te r  with 
an absolute  activity analyzer.  

The synap tosomal  al iquots  of the S, fract ion conta ined  
0 . 7 4 - 1 . 8  mg prote in  per incubat ion.  The prote in  deter-  
minat ions  were done according to the me thod  of  Lowry et 
al. [21 ]. 

I,IESUI.] S 

Perjhsion Experiments  

The BUI values of ' ' ( ' - A V P  and ' " ( ' - a n t i p y r i n e  in 
compar ison  with ' H : O :  and of  ~H-MIF and 'I-t-c,-MSII in 
compar ison  with ' ' ( ' -ant ipyr ine  were de te rmined  according 
to the me thod  of O ldendor f  [25,261.  For  ease in presenta-  
tion the data ob ta ined  with the - 'It-labeled pept ides  have 
been normal ized in terms of  pep t ide / l I ,  O as expla ined in 
the m e thods  section.  The normal ized BI.II values for the 
whole brain at 15 sec for the three pept ides  were similar: 
btIF-[. 13.7: c~-MStl. 9.6; AVP. 13.0 (Table 1). The 
normalized BLII values for the major  brain regions (Table 2) 
were similar to the whole brain BUt for the three pept ides .  
The BUI values for the pooled pineal and pi tui tary glands 
(Table 2) were several fold larger with the MIF and MSI1 
pept ides  while the BUI of  AVP approached  100 in bo th  

glands. The normal ized pineal glamt BUt values were M[F-I, 
23.2: c~-MSH, 23.5: AVP, ~)3.5. The normal ized pi tui tary 
gland BUI values were: MitV-I, 40.c.~: c,-MStI, 3~,L4: AVP, 
91.4. The 5f label of the originally injected pept ides  
recovered/g whole  brain was 0.5, 0.(~ and 0.5 for the 
- 'H-MIF-I. atl-c~-MSH and ~"C-AVP, respectively,  as re- 
corded in Table 1. The % recovery per g tissue of  the 
radio-labeled pept ides  in the pooled pineal and pi tui tary 
glands were substant ia l ly  increased cor responding  to the 
increased BLll values. 

In o ther  expe r imen t s  the BUI values and the :,;, of  the 
originally injected dose of two of the radio-labeled pept ides  
(MIF-I, AVP) (we did not have a sufficient amo u n t  of 
-~ tt--~-MSH to do addi t ional  exper iments )  ',','ere de te rmined  
at 10 minues subsequent  to the intra-carotid injection of  
labeled material.  The normal ized BUI values ob ta ined  for 

the whole brain (Table 1) and the major  brain regions 
(Table 2) at 10 rain were little changed from the values 
obta ined at 15 sec. 

In contras t ,  the normal ized BLII values obta ined for the 
pooled pineal and the pooled pi tui tary glands were sig- 
nificantly increased 10 mm after  injection (Table 2). 
Fur the rmore ,  the ',:; of the originally injected dose per gram 
of glandular tissue was fur ther  increased cor responding  with 
the increased BUt values: this is consis tent  with se- 
quest ra t ion of pept ides  by these glands. 

The "; label of the originally injected dose of the 
radio-labeled pept ides  recovered per g tissue in the whole 
brain (at 10 rain af ter  inject ion) is recorded in Table 1: 
:'H-M1F-I, 0 . 2 5 ; : '  4( ' -AVP.  0.1(';. The ',: remaining of the 
radio-labeled pept ides  and ei ther  the "H~O or ' " ( ' -AVP 
was reduced propor t iona l ly  since the BUt values al 15 sec 
and 10 rain were similar. l h e r e  was little evidence of 
sequest ra t ion by the whole brain or the major brain regions 
of 3 [t-MIF-I or ' 4 ( ' -AVP as compared  wilh ' " ( ' -ant ipyr ine  
and '11,. O, respectively in contras t  to the 10-20x increased 
seques t ra t ion  of both  pcpl ides  hy the pineal and pitui lary 
glands ( ] ab l e  2). 

Uptake o.f Peptides hy Synapto.somes 

I 'he uptake of 3 tI-MIF-I, ' H-o-MSH and ' ~ ( - A V P  in pm 
:,z 1 0 ' / m g  pro te in /4  rain hy synap tosomes  prepared from 
rat brain and incubated in vitro at 37 (' and 4 : ( '  in 143 mM 
anti 0 mM Na" is presented  in Fig. 1. The uptake of  each ot  
the pept ides  is unchanged at 37' and at 4 ' ,  m the presence 
or absence of  143 mM Na ÷, compat ib le  with uptake by 
passive diffusion.  I lowever.  there is a 5 0  100x increased 
uptt, ke of ~4 ( ' -AVP and a several fold increased uptake ol 

H-o-MSII as compared  with ~ II-MII':-I. 
The uptake  of att_MIF_I and ' 4 ( ' - A V P  at 37 ( a n d  4 (" 

m 143 mM Na' and 0 mM Na' by synap tosomes  prepared 
from the cerebral cor tex,  h y p o t h a l a m u s  anti forebrain is 
also consis tent  with passive uptake (Fig. 2). The values for a 
given pept ide  were similar for the major brain regions: there 
was no clear indicat ion of active uptake or preferent ial  
uptake by the synap tomson le s  of any of the brain regions. 
I lowever.  as with the whole  brain synap tosomes  there is a 
50 I00 x increased uptake of ' 4 ( ' -AVP on a molar basis as 
compared  with " II-MIF-I. 

In two addi t ional  exper iments  we de termined  the 
, 4 ( . .A V P uptake by a modif ied procedure .  We incubated 
3 5 addi t ional  al iquots of whole brain synap tosomes  at 
two representat ive concen t ra t ions  o f ' " ( ' - A V P ( 4  , l0 s , 4  

T A B I , E  I 

BRAIN UH'AKE INDEX OF LABELED PEPTIDES AT 15 SEC AND I() MIN AI:TER INTRA-CAROTID INJ|-CTION 

Peptide BUI f'~ Injected l.abel/g Tissue 
15 sec 10 rain 15 sec I0 rain 

~4C-Antipyrine 47.3 +_ 2.4 (5 )  572) _+ 6.5 (5) 4.5 -': 0.4 (lOt 0.4 + 0.1 (5) 
:'H-MIF-I 13.7 _+ 1.6 (15) 11.3 :,- 2.7(5) 0.5 z 0.1 (15) 0.2 z 0.1 18) 
aH-a-MSH 9.6 +_ 2 .3 (5 )  - -  0.6 ___ 0.1 (4 )  - -  
]~C-AVP 13.0 +_ 2.8 (8 )  24.7 = 9.8 (5) 0.5 ___ 0.1 (g )  0.1 = 0.1 t5) 

BUI fi~r aH-MIF-I "rod aH-~-MSH were found expenmentally in relation to '"C-Anlipyrine and converled to a 
peptide/water normalized value using the BUI of '4C-Anlipyrine/aH:~O as described in the methods section. The amount of 
the injected labels were as follows: :'H~O ~ 70-140 gC.  '"C-Antipyrine = 4.5 ~C. :~H-MIF-I = 0.14-2.86 x 10-:' u, moles. 
:'H- a-MSH = 5.83 x 10 -a u moles and ~4C-AVP = 6.7-16.7 x 10 -a ~moles. The numbers in brackets represent the number 
of animals used. The data are expressed as the x _+ SEM. 
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" F A B L E  2 

UPTAKE OF I.ABEI.ED PEPTIDES INTO I.ARGE BRAIN REGIONS 

Uptake % Injected l.abel/g Tissue 
Peptide Region 15 sec 10 min 15 sec I0 rain 

aH-MIF-I C. Cortex 10.1 ± 2.3 151 15.1 = 3.7(31 0.41 ± 0 .14(51  0.10 ~: 11.03 I31 
Hypotha lamus  10.1 -'- 2.3 (5) 12.5 ± 1.9 131 0.29 ± 0.07 (51 0.119 +_ 11.(12 (3) 
Caudate  8.8 = 1.4 151 13.7 ± 3.2 (31 0.28 ± 0.117 151 0.09 ± 11.03 (3) 
B. Stem 11.5 _+ 3.5 (51 14.3 ± 0.6 (3) ().I0 : (1.02 (5) (1.09 ± 0.01 (3) 
Cerebel lum 13.6 +_ 4.2 (5) 16.0 +_ 2.1 (3) 0.29 ,:_ 0. I0 (5) 0. I0 ± 0.03 (31 

Pineal 23.2 ± 4.5 (2) 198 (11 3.65 ± 1.25 (3) 2.11(I (I) 
Pituitary 411.9 _~ 2.8 (2) 52 (I) 8.30 ± 1.95 (3) 1.10 (11 

C. Cortex 10.3 = 3.4 (3) 0.49 + 11.09 (3) 
Hypo tha lamus  12.5 ± 5.8(31 11.58 - 0.28t31 
Caudate  I 1.0 ± 3.8 13t 0.61 ": 11.23 13) 
B. Stem 14.7 ± 2.0 131 11.17 ± 0.03 (3) 
Cerebel lum 13.4 ± 3.0 (3) 0.22 = 0.03 (3) 

Pineal 23.5 ( 1 ) 0.75 ( I ) 
Pituitary 39.4 ( 1 ) 8.35 ( [ ) 

C. Cortex 14.6 ~ 4.0 (5) 11.49 ± 0.15 (6) 
Hypotha lamus  14.7 ± 3.7(61 0.63 ± 11.18 161 
Caudate  12.2 ± 3.8 161 (I.64 ~_ 0.13 (61 
B. Stem 18.0 x 3.6 (6) 0.39 ± 0.08(61 
Cerebel lum 16.0 ± 3.7 t61 0.38 _~ 0.11 16) 

Pineal 93.5 ± 14.6 (2) 3.80 ± 0.1 t2) 
Pituitary 91.4 ( I1 7.80 ( I ) 

:~H- a -MSH 

14CIAV P 24.7 ± 9.8 (5) 11.13 ± 0.05 (5) 
14.9 _+ 4.8 (5) 0.08 z 0.03 t5) 
17.1 ± 5.4 (5) 0.09 ± 0.04 (5) 
20.6 _+ 5.6 15) 0.09 m 11.113 (5) 
19.4 _+ 7.3 (51 0. I1 = 0.0415} 

160 ( I ) 11.71") ( I ) 
I17 (I) 1.40 (I) 

The animals v.ere sacrificed at either 15 sec or 10 rain t\~llowing the intracarotid injection of the labeled peptidcs.  Uptake 
of :~H-MIF-1 and :*H- =-MSH were found experimental ly  in relation to '~C-Antipyrine and converted to a peptide:v, atcr 
normalized value using the BUI of  ~4C-Antipyrine/aH20 as described in the metht~ts section. See Table I for #cur ies  
injected. The numbers  in brackets  represent  the number  of  animals  t,.~ed, except  for values for the pineal and pituitary 
glands for which 2-4 glands were pooled per determinat ion.  In the latter case the number  in brackets  represents  the number  
of  determinat ions  with pooled glands.  The data are expressed  as the x _-z- SEM. 

X 10 .9 M) at 3 7 '  a n d  4 C  and  h a r v e s t e d  the  s y n a p t o s o m e s  
by low speed  c e n t r i f u g a t i o n  r a t h e r  t h a n  by  t h e  u s u a l  
mi l l i po re  f i l ter  p r o c e d u r e .  T h e  c o n t r o l  pe l l e t s  were  c o m -  
pa red  w i t h  the  e x p e r i m e n t a l  pe l l e t s  w h i c h  we re  lysed  in 3 
ml  o f  4 " ( '  w a t e r  w i t h  m i x i n g  and  r e c e n t r i f u g e d  to  y ie ld  a 
s u p e r n a t a n t  and  m e m b r a n e  f r a c t i o n .  All o f  tile , 4 ( , _ A V P  
label was  r e c o v e r e d  in the  m e m b r a n e  f r a c t i o n  in c o m -  
p a r i s o n  w i th  t he  c o n t r o l  s y n a p t o s o m e s .  A h n o s l  n o  label 
was r e c o v e r e d  in t he  s u p e r n a t a n t .  

DISCUSSION 

We have  d e m o n s t r a t e d  by  m e a n s  o f  t he  O l d e n d o r f  
p r o c e d u r e  [ 2 5 , 2 6 ]  t h a t  t h e r e  is an  u p t a k e  o f  a H - M I F - I ,  
3H_a.MSI . t  a n d  ' 4 ( ' - A V P  in b ra in  s u f f i c i e n t  to  give a BUI 
b e t w e e n  9 .6  a n d  13. A B L l l o f  1 . 4 - 2 . 3  i s m t e r p r e t e d  a s t h e  
b a c k g r o u n d  level c o m p a t i b l e  wi th  t he  a m o u n t  p r e s e n t  in 
the  b ra in  c i r c u l a t i o n  a n d  in t he  e n d o t h e l i u m .  S ince  t h e  B[JI 
for  t h e s e  t h r e e  p e p t i d e s  is m o r e  t h a n  3x a b o v e  b a c k g r o u n d ,  
we i n t e r p r e t  th i s  It:, l l lean t ha t  s u b s t a n t i a l  a l l lOtints  o f  t h e  
p e p t i d e s  have  pa s se d  t he  b l o o d - b r a i n  ba r r i e r  and  e n t e r e d  
the  b ra in  t i s sue .  

S imi l a r ly ,  s ince  t he  '.:~ r e c o v e r y  o f  t h e  i n j ec t ed  label ( in 
the  b r a in )  at 15 sec is a b o u t  3 x g r e a t e r  t h a n  t he  ',:; r e c o v e r y  
at 10 rain  we i n t e r p r e t  t h i s  to  m e a n  t ha t  m o s t  o f  l he  
p e p t i d e  p r e s e n t  at  15 sec  has been  c l ea red  f r o m  t he  b ra in  a( 
I 0 rain.  

l ) r ev ious ly  l ) u P o n t  e l  al. [6 ,71 d e m o n s t r a t e d  h igh  levels  

o f  r a d i o a c t i v i t y  in t he  p inea l  and  in tile a n t e r i o r  and  
p o s t e r i o r  p i t u i t a r y  r e g i o n s  o f  ra t s  a n d  mice  by  w h o l e  b o d y  
r a d i o a u t o g r a p h y  and  by  d i rec t  m e a s u r e m e n t  o f  glant l  
h o m o g e m ,  tes at 2 rain and  10 rain a f t e r  t he  1 P i n j e c t i o n  o f  
r ad io - l abe l ed  MIF-[  a n d  a - M S l l  whi le  al t he  s a m e  t i m e  t h e r e  
was  a ze ro  or  negl ig ib le  level o f  r a t i o - a c t i v i t y  in t h e  
r a d i o a u t o g r a p h  o f  the  rest o f  t h e  b ra in  ( h o w e v e r ,  t h e y  
r ecove red  a p p r e c i a b l e  a m o u n t s  o f  r a d i o a c t i v i t y  in tile 
h o m o g e n a t c s  o f  the  s a m e  b ra in  r eg ions ) .  

In o t h e r  e x p e r i m e n t s ,  Pe l le t ie r  et al. [ 2 q , 3 0 1  o b s e r v e d  a 
low u p t a k e  o f  r a d i o a c t i v i t y  in t i s sue  s e c t i o n s  o f  rat b ra in  at 
5 m i n  a f t e r  t he  i n t r a c a r o t i d  i n j e c t i o n  o f  larger  d o s e s  oI  
MIF-I  anti  c~-MSH, l h e  u p t a k e  was  h i g h e s t  in t he  area~ 

s t , r r o u n d i n g  t h e  b l o o d  vesse ls  anti  in the  c h o r o i d  p l e x u s  a n d  
c p e n d y n m l  cells:  it was c o n c l u d e d  t ha t  the  label  p e n e t r a t e d  
the  b l o o d - b r a i n  bar r ie r  and  p e r h a p s  t h e  c h o r o i d - ( ' S l :  bar r ie r  
p r io r  to its l o c a l i z a t i o n  m severa l  spec i f i c  b ra in  areas .  

Based  on  o u r  BUI  da t a  t i le low' levels  o f  r a d i o a c t i v i t y  
o b s e r v e d  by l ) u P o n t  e t  el. [6 ,71 and  Pel le t ie r  et  al. 12%301  
were a c o n s e q u e n c e  o f  t he  rap id  ra te  o f  eg re s s  o f  lhc  
'MI t" - I  and  ' t ] - a - M S H  label al I(1 rain and  at 5 rain a l l e l  
i n j ec t ion .  

In c o r r e s p o n d e n c e  w i th  tile d a t a  o f  D u P o n t  e t  al. 16,7 j  
we o b t a i n e d  h igh  B(;I  va lue s  for  ' I I -MI I : - I  and  " I I -o -MSI I  
in t he  p inea l  at 15 sec  anti  even  h ighe r  B i l l  va lues  loz 
• ' I t - M I F - I  at 10 rain.  T h e  ('; o f  t he  r e j ec t ed  ' I I - M I F - I / g  ol 
t i s sue  was  i nc r ea sed  r o u g h l y  10 20x in t he  p inea l  and  
p i t u i t a r y  t i s sues  at 15 sec  and  at 10 ra in  in c o m p a r i s o n  w i th  
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MOLAR CONCENTRATION OF PEPTIDE 
FIG. I. The in vitro uptake of x H-MIF-I, a H--~-MSH, and ~ '~ C-AVP by synaptosomes (S h fraction) prepared from rat brain. 
The synaptosomes were incubated at 3T'C and at 4°C in Kreb's-Ringer bicarbonate (pll 7.4) containing 143 mM Na ÷ or 
Kreb's-Ringer containing 0.01g M Tris buffer (pH 7.4 at 3T:C) for the experiments with 0 mM Na ÷. The interprett, tion of 
the symbols is as follows: . = aH-MIF-I, 143 mM Na', 3T'C; • = ~[t-MIF-I, 143 mM N~,', 4 ' ( ' ;  ~, = 'H-MIF-I, 0 mM Na ÷, 
37'C; .', = 31t--c~-MSH, 143 mM Na*, 3T'C; • = 3H--o-MSH, 143 mM Na ÷, 4 'C; t~ = '4C-AVP, 143 mM Na*. 37'( ' ;  • = 
,,aC.AVP, 143 mM Na ÷,4 'C; r ,=  ~4C-AVP, OmM Na*,37'( ' .  Each point represents the mean of 4 14 determinations The 
statistical variations were determined but not illustrated. The SEM values were less than , 5'/~. I'he differences at 37' C 

versus 4"(' and 143 mM Na' versus 0 mM Na' were not significant. 

the major  brain regions. Presumably,  there  are more  binding 
sites for pept ides  in general since the BUt values and the !7 
recovery values were similarly increased for ' 4 ( ' - A V P .  
Alternatively,  the increased pineal and pi tui tary uptake 
values are a consequence  of  their being outs ide  the 
blood-brain barrier [32, 37, 4 2 ] ,  a barrier which diminishes 
the penet rabi l i ty  of  the pept ides  to give a BUi of  about  10 m 
compar ison with 3 llo O taken as 100. 

The uptake by the whole brain and by the major  brain 
regions of about  ().5q~ of  the injected label at 15 sec and 
0.1 0.2~,?/g of the injected label at I0 rain after inject ion is 
coincident  with a relatively unchanged BLJi at 15 sec anti 
10 rain. It would seem, therefore ,  the pept ides  are able to 
enter  and leave at tile same rate as the ~ H 2 0  and 
, 4  ( ' -an t ipyr ine  counter labels .  Presumably the pept ide  label 
is d is t r ibuted unifornl ly  in the brain regions except  the 
lower brain stern and the cerebel lum which receive a 
por t ion of  their arterial b lood via the vertebral  ar tery ]23] 
and there fore  have BUt values that  are slightly decreased.  
Kastin e t  al. 1171 observed more  3H_c,_MSII in occipital  
cortex,  cerebel lum and pons-medul la  than in o the r  major  
brain ,egions part icularly af ter  15 sec a l though the 
Oldendorf  p rocedure  was not used. 

The half-t inle of d isappearance  of the pept ides  f rom rat 

plasma after IV injection is short.  The half- t ime dis- 
appearance  of  radioactivi ty f rom the plasma of  rats of 
syne the t i c  MIF-I, ~-MSII and AVP are of  the order  of  9 rain 
[31] ,  2.5 min [171, and 1.5 rain [5] respectively,  and 
presumably  some of  the unchanged pept ides  would be 
re-perfused in suff icient  amo u n t s  to maintain  about  
0.1-0.2':/~/g ot" brain of  the injected label in a brain which 
comprises  about  1(7( of the body weight.  

If the endogenous  concen t ra t ions  of  these pept ides  is 
unequal in the nlajor brain regions, it would not appear  to 
be a funct ion  of the arterial perfusion:  but rather  it would 
be related to variations in metabol ism or uptake  or, perhaps 
local b iosynthes is  of the respective pep/ ides  in specific 
brain regions. 

We did not de te rmine  whether  the pept ides  were intacl 
in the brain hornogenates  al 15 sec anti 10 rain. Ahnos t  
certainly,  the pept ides  were not degraded in the carotid 
arterial blood and were intact when they penet ra ted  the 
blood-brain barrier and at 15 sec after  the injection.  
Probably,  they were in part degraded by 10 mm after  the 
injection.  Redding e t  al. 131J recovered 9.-26?; of the 
radioactivi ty of  "~(- Ieucine- labeled  MI[:-I as unchanged 
pept ide  in rat pineal and pitui tary ext rac ts  at I hour af ter  
in viw:~ injection.  Similarly, Kastm. c t  M. [171 recovered a 
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MOLAR CONCENTRATION OF PEPTIDE 
FIG. 2. The in vitro uptake of 3H-MIF and * 4C-AVP by synaptosomes (S, fraction) prepared from various brain regions of 
rat brain. The synaptosomes were incubated at 37°C and 4"C in Kreb's-Ringer bicarbonate (pH 7.4) containing 143 mM 
Na*. The interpretation of the symbols is given in Fig. 1. The statistical variations were determined, but not illustrated. The 

SEM values were less than ± 5%. The differences at 37°C versus 4~C were not significant. 

part  of  the rad ioac t iv i ty  of  ~ H-a-MS|I  as u n c h a n g e d  pep t ide  
in the rat brain as late as 30 rain af te r  in vivo in ject ion.  

Based on the rapid ra te  of  egress of the  3H_MIF.I,  it is 
p robab ly  not  degraded to the  c o n s t i t u e n t  3 ,4d i t r i t i o  prol ine  
which would exit  slowly in c o r r e s p o n d e n c e  wi th  a BUI of 
3.5 as repor ted  by O l d e n d o r f  [261.  The  31! label of  MSH 
was on the ty ros ine  and the  ' 4 C label of  AVP was on  the  
glyeine;  if e i the r  of  these  amino  acids were p roduced  in the  
brain as e n z y m a t i c  degrada t ion  produc ts ,  then  the ty ros ine  
would readily depar t  the  brain and the  glycine would  not ,  
in c o r r e s p o n d e n c e  with the  BUI values of ty ros ine  and 
glycine at 50 and 2.5. respect ively,  as r epor t ed  by 
O ldendor f  ] 261 • 

The in vi t ro up take  of  the three  pept ides  by the 
s y n a p t o s o m e s  (S, f r ac t ion)  prepared  from the  whole  brain  
(Fig. I t and f rom the  ma jo r  bra in  regions (Fig. 2) is 
cons is ten t  with  passive up take :  there  was no  me tabo l i c  
r e q u i r e m e n t :  the re  was no Na'  r e q u i r e m e n t ;  there  was no  
preferent ia l  up t ake  by the  s y n a p t o s o m e s  of  any  one  of  the  
large brain regions. However ,  there  was a 5 0 - . I 0 0  x 
increased u p t a k e  of ' 4 ( ' - A V P  and a several fold increased 
up take  of 3 l t -a-MSH as c o m p a r e d  with 31q-MIF-I on  a 
molar  basis. 

P re sumab ly  the  great major i ty  of the  up take  of  the  three  
pept ides  is based on nonspec i f ic  b ind ing  which  g r e a t b  
exceeds  any  recep to r  b ind ing  which  exists. The  con- 
cen t r a t ions  of  MIF-! and a -MSi i  per  g of  synap tosome ,  
based on the p ro te in  c o n t e n t  as 135{ of  wet weight ,  was not  
increased above  the  m e d m m  c o n c e n t r a t i o n ;  however ,  there  
was 3 1 0  x increased c o n c e n t r a t i o n  of  AVP in the  
s y n a p t o s o m e s  in compar i son  with the  incuba te  and  a lmost  
all of  the AVP label was associated wi th  the  m e m b r a n e s  
subsequen t  to lysis of the s y n a p t o s o m e s  in cold water.  

We do not  offer  an exp lana t ion  for the marked  

di f ferences  in b inding,  The  t e m p e r a t u r e  d e p e n d e n c e  of  the  
b inding at 370(  ̀  and 4"(7 was smaller  than  the expe r imen t a l  
error.  This  pe rmi t s  us to set the  uppe r  l imit  of  the b ind ing  
energy as 2 Kca l /mol  which  is of  the order  of  magn i tude  of 
Van der  Waals '  in te rac t ions .  

The pha rmaco log ic  or ex t r a - endoc r ine  effects  of  MIF, 
MSH and AVP upon  the  brain  and behav io r  have been 
reviewed recent ly  [14,  16, 4 0 J ;  clearly all three  of  the  
pept ides  p roduce  CNS behaviora l  e f fec ts  over a per iod of 
several hours  a f te r  paren te ra l  admin i s t r a t i on .  The ionto-  
phore t i c  app l ica t ion  of AVP to selected neu rons  of the 
mollusc produces  neu ro t r ansmi t t e r - l i ke  effects  (at high 
c o n c e n t r a t i o n s )  and n e u r o - m o d u l a t i n g  ef fec ts  (at  lower 
c o n c e n t r a t i o n s )  last ing dur ing several hou r s  of  washing in 
pept ide- f ree  med ium [2 ] .  Long last ing effects  have been 
observed with the a d m i n i s t r a t i o n  of  subs t ance  P on cunea te  
neu rons  in m a m m a l s  118] :  and MIF and MSI{ may also 
have n e u r o m o d u l a t o r y  effects.  Based on our  in vi t ro  
s y n a p t o s o m e  up take  studies it is unl ikely  tha t  the ac t ion  of 
AVP (or  MIF and MSH) is t e rmina ted  by re-uptake  in to  
synap tosomes ;  ra ther ,  based on our  carot id  a r te ry  per fus ion  
s tudies ,  where in  on ly  a mino r  f rac t ion  of the  radio-label  is 
recoverable  at 10 min,  it would appear  tha t  the remain ing  
minor  f rac t ion  {almost all of  which is associated with the  
m e m b r a n e )  is in equ i l ib r ium with  ext race l lu lar  f luids or is 
slowly me tabo l i zed .  A l though  the  radio- labeled pept ides  
were d i s t r ibu ted  un i fo rmly  in the major  brain regions af ter  
the in t racaro t id  in ject ions ,  it is likely tha t  m i n u t e  a m o u n t s  
of the pept ides  were taken  up selectively by nerve cells as 
has been  s h o w n  for MSH and MIF [29,301 or by nerve 
endings  as has been shown  for several o the r  pept ides  
[ 2 7 , 2 g ] .  

An in te rac t ion  be tween  me la ton in ,  MIF, and MSIt 
where in  each c o m p o n e n t  of the pineal,  h y p o t h a l a m i c ,  
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p i t u i t a r y  axis  a f f e c t s  eve ry  o t h e r  has  been  p r o p o s e d  I 15 1. 
It is p o s s i b l e  t ha t  A V P  { th is  p a p e r ) ,  and  p e r h a p s  m a n y  
o t h e r  p e p t i d e s ,  m i g h t  be par t  o f  t h e  i n t e r a c t i o n .  R e c e n t l y ,  
we have  o b s e r v e d  a s imi l a r  i n c r e a s e d  c o n c e n t r a t i o n  o f  

p h e n y l e t h y l a m i n e  in t he  p inea l  a n d  p i t u i t a r y  g l a n d s  a f t e r  
i n t r a c a r o t i d  i n j e c t i o n  [ 1 0 ] ,  a n d  t h u s  c i r c u l a t i n g  a m i n e s  
m i g h t  a l so  be par t  o f  t he  i n t e r a c t i o n .  
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