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ABSTRACT. Early restriction of nutrients duriag the per-
inatal period of life can modify the development of the
mammalian fetus and have marked repercussions oa the

animal model of intrauterine growth retardation were re-
lated to modified blood-brain amino acid transport prop-
erties. Four amino acids were tested: alanine and taurine,
plus two neurotransmitter precursors, (ryptophan and ty-
rosine. Intrauterine growth retardstion was imduced by
restriction of maternal-fetal blood flow from the 17th d of
gestation. Blood-brain transport of these amino acids was
measured by i.v. injection of radiolsbeled amino acids ia 7-
d-old, 21-d-old, and 60-d-old intrauterine growth-retarded
or coatrol rats. No major statistical differences were re-
vealed either for brain regional transport or between intrs-
wterine growth-retarded animals and controls at any age
studied. Transfer coefficients and influxes remained statis-
tically similar for almost all brain regioas in both groups.
A significant decrease and differeat time course for amino

related 10 & major role of the blood-brain barrier as a part
of mechanisms leading to “brain growth sparing.” (Pediatr
Res 35: 640-648, 1994)

Abbreviations

BBB, blood-brain barrier
IUGR, intranterine growth retardation or retarded

Early restriction of nutrients dunng perinatal life may have
considerable influence on somatic t and may result

against
major fluctuations in the availability of essential autrieats (3),
numerous studies have shown, severe impairment of the CNS
consecutive to undernutrition{4-7). Perinatal life appears as a
vulnerable period of development during which several organs,
including brain with some late maturation structures, are sensi-
tive to nutrient supply.

Changes in cerebral concentrations of monoamine neurotrans-
mitters and their metabolites are observed in animals at birth
and up to several weeks after undergoing undemutrition during
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the in utero or early period of life (8). Although controversy stif
exists regarding the trend of modifications, most authors agre
on a marked increase in some neurotransmitters (i.e. serotonin
dopamme, and norepinephrine) coasecutive to perinats! under
nutrition (9-12). Amino acid concentrations such as alanine anc
taurine are also increased before weaning in the cercbelium anc
parietal cortex of young experimentally blood supply-restricte:
rats (13). In addition, plasma amino acid profiles, free versu
bound amino acid fractions, or ratios betweea neutral and tota
neutral plasma amino acid concentrations are modified in un
dernutrition and consequently can induce changes in cerebra
levels (14, 15).

To further understand the origins and effects of such alera
tions on fundamental cerebral mechanisms, we mvcsuated i:
the present study the possible modifications of cerebral amin:
acid transport at the BBB caused by undernutrition. Undemnu
trition was induced after surgical restriction of blood supply
wtero by ligating uterine vessels from the | 7th d of gestation (1¢
17). Experimental IUGR in the fetus is performed in the hatie
panoffetalhfe,atthecndomlepenodofnan'omlprohfamo
(9). With our IUGR method, which uses experimental anima’
and controls from the same litter, any nutritional or endocrin:
imbalance from the mother is excluded, as may occur with th
classic protein-deprivation method. This undernutrition mode
by blood supply restriction has clinical relevance because symp
toms of the abnormality reported for the rat are correlated t.
at::nons frequently encountered in neonatology sad pediatric

Four amino acids were tested forcemblitnmt.ahmn
and taurine, plus two neurotransmitier precursocs, tyrosine an
tryptophan. All these amino acids or their metabolises have bee
reported to be modified in the brain of TUGR animal.

Cerebral amino acid transport was determined for newborn (
d), weaning (21 d), and young adult (60 d) TUGR and contrc
rats. An account of some of the findings has been prescated as
preliminary report (19).

MATERIALS AND METHODS

Animals. Adult male and female rats of the Sprague-Dawic
strain were obtained from Iffa Credo (L’Arbresie, France). Afic
a l-wk period of adaptation, animals about 2 t0 4 mo old wer
used for reproduction. Pregnant females after surgical interver
tion (see below) were allowed to give birth in individual cage
Experimental or control rats of both sexes were collected rar
domly when 7 or 2| d old. Young adults were isolated from ut
mothers after 28 d, and male or female were housed in cages t
group of four to five animals until they reached 60 d of age.

Animals used in all experiments were kept in a temperatur
controlied (21°C) and light-controlled (12 h light and 12 b dar
room and were given free access to standard rat food (UA:
Epinay-sur-Orge, France) and water.

Blood supply restriction procedure. Gestational age was esta-
lished by allowing the female in estrus phase access to the ma

640



BLOOD-BRAIN AMINO ACID TRANSPORT IN IUGR

on a single pight. Utenne Bloed. supply was restricted according
- to the procedure of Wigglesworth (17) as modified by Chanez e1
* al (16). Briefly. on the 17th d of gestation, fémales were placed
- io a dersa) posmon and laparotomy was performed with the

- .. animal under moderate_ ether anesthesia. Uterine homs were

exposed; in the lowest part of . only one horn, .the principal
segment of uterine artery and .vein .were double ligated, and -
seooodary yterine vasculanunon remained functional. The op-

TR posite hortrwas left untouched and those fetuses served as control

animals. The closer-the. fetus.was to_the llgature the lower its
weight,- Microassays of pH. Po;, and Pco-.in arterial vessels of
. the. horn: showed -comparable values between sham-operated |
“controls and blood.restricted. females. in» a slight decrease fof
Po: was abserved;after- bigod restriction. bui it did not reach -
.- significance(Chanez €, personal observations). This _procedure

of blood restriction has 10 be considered as.a modél of in wiero

undernutrition. with eventually a slight hypoxia associated a few

' houls after ligation but with no ischemic damage to the fetuses.
Al procedures:and experimentations were.conducted accord-

mlo the highest standards of ethical gundan;:e and animal care

 (Decree 87-848). -
© o Afvere bmhsdelwety lmets were arranged to contain elght o
lO éwboms including no- more than three- to four JIUGR ani-
mals. Both [UGR:animals and controls were kept with a mother
uﬂi ‘wheaning ‘10 insure normal lactation .and diet. Offspring
“remained widr mothers until 28 d-after birth because of a 1-wk
ahy in weaning for IUGR rats compared with control animals.
" Young rats"wére weighed at least twice a week. We defined as
TUGR those animals with at least 25% weight reduction com-.
- pared with average -weight of;the animal of the same age and
- controls from the same litter. Weight curves as a function of age.
for coatrols and IUGR animals have been established in.our

- experimeénts for Sprague-Dawley ‘strain. We conﬁrmed that ..

TUGR rats rarely recover between birth and adulthood, as pre- .
v:ou:ly reportéd for another strain (20)..

Blood brain transport of-amino acids.-Experiments were per-
formed from 0900 to 1200 k¥ in random order for age, sex, and
group (whether: IUGR or-control rats) to avoid bias caused by
" smimal citcadiar rhythms.: Expérimental: protocol was designed
"8 comfain animals from at least three different litters in & group, -
_ wl&mmoreﬂnnmoammlsfrom the same mother. Amino

“; acid wEnsport at the BBB-was studied with the i.v. injection

- ‘sechnfique described previously by Ohno er /. (21). During all
surgical and idjection procedures, animals ‘were anesthetized
(Equithesin 3 xL/g) and controlled for physiologic temperature

with an anal probe and a-heating pad. The night saphenous vein -

- and the left brachial artery of 7-d-old rats were exposed and

wundumwmmpymthalo-gaugeneedle(zz)

" A simailar technique was used for the right femoral vein and left.

femoral artery of 21-d-0id.and 60-d-old animals with, respec-

llvdy 126-82ugeneedleor. dlreclly,ao%-mmextemaldum
eter catheter. .

A bolus.of phys:ologzc saline ( 10 mM N-2 -hydroxyetbyl plper-
: -thhanesulfomcaad S mM KQY; 1. 3 mM CaQ);; 140
-ll NaCl,}mM glucase; pH_ 7.40) containing 0.01 x«Ci/g of
ine. or “C-l:t!yptophan and 0.05 xCi/g of tritiated
umneon;-tymsme in a volume of 50 to 200 4L accordmgto

o mnulagewasm;ectedoveramodoszmtothemphenom

- - or femoral vein. Simultancously, blood was withdrawn regularly
" _im & heparinized catheter from the fachial or femoral artery to
- nssess radioisotope distribution in the vascular space as a function
of time. ‘Because .amino acids were injected in pairs (alanine-

" taurine and tryptophan-tyrosine), the vascular space correction

had been previously determined for each*IUGR and control’
- group with three to four ammals/age with the use of '“C-sucrose
under the same expenmental conditions. During short transport:
,_experiments, '‘C-sucrose (sdccharose; motecular weight, 342)
does not measurably cross the BBB in adult and young animals

(21) and is well adapted in transport studles of smail molecu.
weight compounds (23).

Precisely ‘90 s afier starting the mjecnon animals were killed
bydeapnatlon and blood from the head’ wassampled in tubes
for hematocrit evaluation, radioisotope activities, and determi-
nation of plasma amino acid concentrations. Immediately there-
after, the brain was rapidly removed-from the skull, and then 13

. cerebral structures from the right hem:sphere were carefully

collected. Samples of blood, plasma, and brain tissue were placed
in preweighed polvpropylene vials, reweighed, and digested for |
b in 1 mL.of soluene at 56°C. Blood fractions (10 ul) were
_bleached with 30 hyvdrogen peroxide (100 uL). After cooling.

"samples weré mixed with hqund scintillation cocktail before 8-

‘counting for *“C and *H, using a duolabeled counting program

“on a scintillation spectrophotometer (Intertechnic SL 3000,

"KONTRON, France). Results are exprased in dpm with the use
of a computer program.

‘Transport of amino acids into brain was expressed as transfer
_ coefficients (K..) from the net-quantity of tncer taken up mto

bmn dunng shoﬂ perfusion as follows:
-recommended-by. the French Depaﬂmem of Agricultural Aﬂ‘am* »

Ka=1Q - Vo GG - T} oL - min™" - g~

whaeQ.nsthe total quantity of tracer in the biain sampie (dpm/
g). V. is the vascular volume (mL/g) csumated from the brain
distribution volume of C-sucrose, C is the quantity of lncet

(dpm/g) in blood at time of decamm‘ion Cye represeats the

averaged concentration of tracer in_plasma (dpm/ul) assessed
byanenalbloodmthdnwalbyalheter and theexpenmeml
time in minutes starting from the begmmng of injection %0
animal decapitation. This calculation method for transfer coef-

. ficient is valid as long as uptake into 'brain is linear and unidi-

rectional and transformation into metabolns is negligible. Lin-

car transport has been validated for most tracers over the time
range used (24, 25), and short expenmental times are considered
as limiting factors to metabolization of tracers. Brain influx rates
(J.) for amino acids were derived from measured transfer coef-

. ficieats (K.) and plzsma ammo aéid comenuauons C) as

follows: .

Ja =K. C.(nmol msn" ;- ")

Pl&m amino acid cona:ntmuons (C,) are, given in gmol/L
(nmol/mL) of plasml. as determined by H

HPEC.

Plasma amino.acid concemrauon.t Taurine, alanine, trypto-
phan, and tyrosine concentrations in plasma were determined

~by the method of Lindroth and Mopper (26) and Lindroth & al.

(27) and were slightly modified in our laboratory to improve
tryptophan separation. After a short centrifugation to semove
blood cells, blood samples containing norvaline as an internal
. standard were deproteinized with a volume of 25% sulfosalicytic
acid adjusted 10 blood volume. The clear protein-free fractions
reallpngﬁomasecoodcenmﬁmuonwedmvanndmo-
phthldnldehydepteparedmpotmumbonte(l M; pH 10.4)
fornemnllnnon.thensubjectedtoﬂl’wwnh fluorescence
deten;uomSeplrmonwasperformedatmom temperature on 3
[everse-ph&column (SuperSpher lOO RP-18, Merck, Nogent
surMame,ance). :

of the four analyzed amino acids were calcu-
htedbythemter&lstandudalcuhuonmethod,mthnavﬁne

'addudmknownamounnoeveryplaﬂnasample Samples were

analymdat least twice to ensure reproducibility of results.
Materials. All amino acid radioisotopes were purchased from

Amersham (Les Ulis, France). *“C-sucrose was obtained from
. CEA (Gif-sur-Yvette, France). The soluene and toluene scintil-

lator were from Packard (Rungis, France).
All chemical products, including O-phthaldialdehyvde (Sigma,

‘St Louis, MO); sulfosalicylic acid, salts for-physiologic saline,

“buffers, and mobile phases for HPLC gradient (all supplied by
Merck,’ Darmstadt, Germany), were of the highest purity com-
mercially available. The HPLC system consisted of an automatic
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AS 4000 autosampler a ﬂuomccnce detector F-1000 spectro-'
.~ fluorimeter, .and a D-2500 integrator (all Systems supplied by
~ Merck-Clevenot Laboratories, Nogem-sn.nr-Mamc France).
-Statistical analysis. Values presented in tables and ﬁgurcs are
mean *+ SEM. Siatistical calculations were performed, .‘lﬁer
checking vaniance homogeneity, by either 1 test or analysxs ‘of
vaniance with the Bonferroni, adjustment for muluple compan-
sons. Threshold of sngmﬁcancc was set for bot}l tests ap< 0 0s.

Transfcr coef'ﬁc:enls and- influxes at the BBB werc ana{yzed

: for rfegipnal -differences among <13 bram regions, , _differenges

between [LUGR and. control rats at 7,.21, and 60 d, and finally -
for modifications - with development. fmm birth {0, adulthood.
Plasma concentrations of the four.amino ac:ds studied were also~

'~ examined- for possible - alterauons betuten IUGR ;mma]s and

+-controls-with age; - -

Before any: expenmcms thh ammo acnds, ‘the vascular space

. was estimated in each brain’ structure of interest for IUGR and

% Tcontrols-at 7, 21, and 60 d./We did' not observe significant
Sy modlﬁ?uons betwecn expenmemal and control groups
Y e o (ri‘m

w .. Amino acid transfer coqﬂ‘ icients. Among all the cex%bral siruc

- turcs samplcd, fcw amino acid transfer coefficients prmted

- Significant and consistent regnonal differénces for both TUGR

L "', and control animals. Only the cerébellum at 7 d exhibited

. - agmﬁqnﬂy higher transfer coefliciénts for alaniné and tyrosine

R . -wath IUGR and ‘control animals and for uryptophan solely for

v . the TUGR group. “Although thé transfer coefficients for taurine

ey -.. . - -in both groups and for tryptaphan in controls do “not-appear °

o statistically different for the cerebelium at the same age, a marked -

' .trend to higher transfer coefficients for these two amino acids-
m also be noéticed compared with other structures (Tables 2-
'5). No regxonal dxﬂ‘erencc was found for: 2l-d-old control or

. JUGR anigpals.” "’

" Young adults (60 d) presented ‘lower tﬁnspon values for'i’
alanine in the thalamus of controls and higher transport values:
for jaurine in the hypothalamus of both IUGR rats and controls. -

Comparisons between IUGR rats and controls, whatever the:

' “age, 40 not'show alterations ih amino acid transfer- coefficients, -
except for alanine in 60-d-old controls and TUGR: rats, which'is

o agmﬁanuy mod1ﬁed for- olfactory bulb, smatum, and Supeﬂor

Dunng developmem, a markeddecr&se in blood-bram u:ns-

B RS
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port occuired for all amino acids and for both TUGR and cont
animals. However, the trend varied depending on the amino a.

’ and cerebral structure, The transfer ¢éefficients followed a ge

‘eral decliné but with different time eourses: Thus, the trans

 coefficient for alanine was slightly décreased between 7 and 2.

of life and then suddenly fell rapidly betiween, 21 and 60 d (3¢
décrease between 7 and 21 d and 72% between 21 and 60 d
- the hippocampus).-In contrast, tatirine showed s marked decre.
* between'd 7 and 21 (more than 60% in the hippocampus) a

e e RESULTS S ?){”justashghtdmse#.ubsequenuy (oaly-zs% in the same st

ture). '[ryptophan seemed to-observe a'more regular trend, w
nosudden modificationis with age: I ‘comrast; tyrosine decrea:
markedty fromi’ weaning to the adult-age: In:fact, because tr,
tophan and tyrosine share ‘the sante carrier at the BBB w
similar Kni or highiér-for tyrosine, in-theory ogmpamble trans
“coefliciénts-~or higher for tryptophan-~should be reported

‘both aminio acids at least for the adult.group.

' Plasma amino acid concentrations. Except for higher alani

féonoenmuom i [UGR ‘plasma at 74, no significant differer
Imn: m
“for dny of the smino-acids assayed ¢Figs. I-and 2).

and ‘control groups was observed at any :

Throughout development, we dbserved different patierns »
a general trend to:lower plasma amino acld. concentrations
young: adults. -Indeed, tyrosine was: about 80% lower in ac
“~thafy-in newbor plasma, with-4:60% or:tore decrease occurr
“betweenr-d 7 and 21.' A comparable although; less marked tre

~ gocurved for the. other neurotransmitter precursor, tryptoph

Mthapmnouneedmmlumn d.7 and 21 and a plat
or a slight increase from weaning to adulthood. Alanine increa
between d 7:and 21 for control animals and then declined u.
~ d 60; A similar'phenomenon, occurred for IUGR between d
and 60, but a plateau occurred before weaning with a significar
- higher concentration:at: 7 d. ‘Taurige: plasma, concentration +
the only amm amd plasma value not. affectqd during devel
All phsma ammo acnd concenmuonsare companble toth
that thave been mponed in-the ghtemur: when previously
scrn:ed( ¥6, 20,:28).
Amino acid u;ﬂux. The panctal conex, hxppoampus,
wubdhm,wbaeammoaudandmonpammemnmu
have previously beea reported to, be modified in TUGR (:
were chosen as: representative -brain. structures. Like tran.
coefficienis, influxes did not exhibit. regional differences am:
cerebral structurés or major-alterations: TUGRand ¢

. p
R

: tml ammah Allhough ncwbom eorebellum had higher inf

T R 7daﬁerbmh U A daferbimn
Co T e e mex T Convel TUGRT - Cfowel
: - OB:- 436::5,07 ,42.|z¢967 QI 102302 2
- Hy 144 LAY 1216 £ 243 1938 £2.10° 2058+ 1.10 25"1:3!5“(‘ 2605:3_16
CBC. w0 10752064 12132348 13794086 1299.¢ 1.25 mnuzl.ﬁs“‘; ~119.87 £ 0.73
¥ > BC ... . 18264122 12843 305 . 201 1.8 zuuz.m o ~«*—i*’\'30552391 ©*29.09 1 5.04
oC 2428257, um*"soz 1980168 19752182 2790+ 2. " 29.71 £6.05
8 . 840047 7032189, . $58+032 L1888 w439 1136’“32**' 12,65 £ 098
Hi, o 18142408 . 9982 214, 12182083 13.2311.‘:0 173821885 L8772 1.89
T . 136621337 100622.32 Lo mede ~;-f2316:u9 : -|9os:2.u~w T 2062 £ 1.54
S S M .1318£050°  1030% 1.80 171120217 U 189942407 2454295 25261242
] ~CS . 14012051 . .1089%250" nnzu?“ “0 1888 141 ’~t2sxuan nu U29.92 £ 4.44
: Oy 160521007 105322090 (2414 £1.88 TP YIT 2989k 08 ¢ 4021 £ 4.07
PM - nss7+:.4o L0Z2 191 T 21384058 - w«sone* 21:53&3;1:~\«.~=-'=29.67:4.9z
Cerb . 2675+ 187 18.70 £ 1.66 222962 198" 21:59'% 1:39° 28.80.2:242 0. :31.44 £3.66

P Elch value i is the mean. = SEM -of three 10 four mdmdual dacmunauons |n the IUGR and cumrol ;roup& Vncultr space as calculated -
. UC.sucrose ih: independent experiments in uL/g of fresh tissue in IUGR and conu'ol ammals for 13 cerebnl structires: oifactory bulbs (¢

“_colliculus superior (CS). colliculus-inferior (C1), ppas-medulla (PM), and cembellum (Cerb),’ ﬁzusugzi analysis was' ‘performed

hypodnhmusrtl-h). parictal cortex (PC), froatal cortex (FC), occipital cot\ex (0C), striatum (S), luppoampus (Hr), thalamus (T), midbrain
with { test 10 com

régional differences abd values between IUGR animals and controts (1 = thme 1o four ammﬁ; per youp) NO miﬁ&’ﬂ?ﬂaﬂ'mnoe was obse:
(p <0.0%). .
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7d aﬁcr bisth 21 d afier buth 60 d after birth
e ILGR Com.rol IUGR. Coatrol IUGR Control

OB - 383253 .. 222 3,51 . ND 246+21° 63=x1.1° 11.4 £ 1.4

o Hy . 300%25° - 345223 257+ 1.6° 2581 1.6° 123+1.2° 134 1.5

- PC 46.6 ' 5.3° 479+ 3.5° 30.7 £ 3.3 306+26" . 8.6x£06° 85205

FC. 436+78° 576 £ 5.7 - 293« 3.6 - 268+ 1.5, . 83209, 107 £0.7¢

:0C - 434250 - 499%49° . 28432 . 30328 . 93205 116 £ 0.4°
- . 284+38° 355+ 3.6° . . 2951 34 249+ 1.8 . 69£09 100 £ 0.8¢

oM 88+ 45 ¢ 497 438 - 269 x 3.3 26.1 £0.5* . 8921 84 £ 0.8
T 356=132° 409 £ 5.3 - .- 305+42c - 23719 ., 72205 59 £0.6¢
‘Mo 309+« 34 335+ 3, 3‘ C 292 »3.?‘,; .. 270225 L 1.6+06° 78+£0.7°
HC8 es 339+ 48" 36.5¢ 3. 9“ Ca 28.1 £ 3.6 276 +2.5 . 92+05° 7.1 £0.3%

Bt & N 348 +43° - 31935 . 318 +3.6° 340 +3.2¢ 9.4x08* 9.8 £09°

©LPM T 373 49 50.5-+ 3.8 - - 359+ 4.0 364128 I3 1+0.8° 133+ 1.1

<. Cetb 6913:'77‘$ 746:68't - 341242 322+ 2.7 ) 10.1 £ 0,4¢ 114212

* Each value is thc»meap +SEM in, uL mm -1, .g~" of four 10 ¢ight.individual determinations in the JUGR and control groups. Evolution of amino

acid transfer coefficients in IUGR and control -animals for 13 cerebnl structures: olfactory bulbs, hypothalamus, parietal cortex, fromtal cortex,

occipital cortex, striatum, hippocampus, thalamus, midbrain, colbcyl

us superior, colhcuhsml‘eno: pons-medulh.andecrebellum See brain region

abbreviations in Table ). Analysis of vaniance with Boaferonni adjustment for mulnple comparisons was used 10 observe transfer coefficients
evolution with age. All values with a different superscript letter are significantly different. A nmﬁcant threshoid of p < 0.05 chosen for all statistical

analyses. ND, not done.

t Statistical analysis performed with 1 test to mepan values between IUGR animals and oonuolt.

4 Sutistical analysis performed wnh 11€5t 16 compare n:ponal d:ﬂ'crcnwt

Table 3. T:me course of taurine trqnsfer coefficient in IUGR and control animals*®

v 7d after birth 21 d after birth 60 d after birth
IUGR Control IUGR Coatrol IUGR Control
v OB 15437 160 = 3.2¢ 56+1.1° ND 49+08* 6.6 £0.7*
, 0 Hy! R 127223 103+ 1.7¢ 58+0.6° 6.6 +04 841 1.7°¢ 10.3 £ 1.2%¢
oL PG ¢~ 1142 2.6° 89+2.1° ST+ 1.1+%- 641206 45+03 4210.6°
i FC 10.7 £ 2.6 13.1 £ 2.6* 532098 55107 39+05* 54108
Trooc 109 £ 2.3 126 + 2.1 60%1.1¢ 65 1.1%: 5.3£05¢ 5003
'8 (62%1.4° 65%1.1¢ - 45£08° 32205 31£04° 29+03°
Hi" 1002 1.7° 102£20% 4308 37206 31202 2920.1°
T 20T 170 - 9142100 52212 3307 39£0s* 4.0 + 0.08+*
M 11.3+1.9° 90x 1.2¢ 60 1.1° 6.3 £09% 43+04° 4.7+02*
s N0 LS 103 £2.0° 5.6 £0.6% 64 £09% 45%0s° 4.7+05°
23 e Q17 1301 2.3¢ 99+ 1.3 79%1.24? 19+ LI° 5.6 £0.5° 5.9 £0.5°
..PM 13928 157+ 3.1° C15% 14 9.41!.3“ 5106 68+03°
Cerd 170229 0 16317220 5008 6.1+09 39 +£03% 40+02°

‘EachvaluelsthemmtSEMmuL min™'. g"offourtoc:dmndmdualdctmnmuonsm ﬂJGRandcontrolmups.SeeWuTablel

Io:thbuvnuonsSeelepndloTabIerorexphmuonofsupeucnp(lenm

fmwﬁuﬂmm:ummmmowdm

2T

T;bk 4. Time course of (ryptophan xransfer ooeﬂiam in IUGR and control ammuls‘

1«g!aﬁabmh o . 21d afgr birth. - wdaﬁerhﬂh
L IUGK " Control O IUGR & T eumt‘ UIYGR . ' Costrol
OB s _;79.3»:;9;,_1“' S 709 % 1120 39.8:6,3,‘_(1;;_ 072885 . 25936 - 19.7 £24%
: . S21%46° . 416x5.0° 356£49%. . 395172°.. = 20121% - 16.5+28
. 7133%7,1° 637£76° 463%69 | . S06:101°. .226+247 . 163 £30%
. L7025 . T252110° - . 40726.1% . 44989 21524 . 150228
. 134:11-,, L. 75221120 1, 450265 03£104¢ . . 238232 . . 159221
LiTIAE19Y T s84x72¢ 425£59 42817 21.3£325° 7 180+ 26"
RES) L 12 1050 390+ 54 4321295 20.6 £2.6° 148 £ 2.4%
688+65% % 636%56° 41.7£56° 406193 202123 17.6 £ 3.4%
S1BxS6% 457150 452£8.1° 428:88° 19421 14.6 £ 2.6°
TUstr£88e T 0 s 3x 52 CM8E6ST  S2S+112¢° 226%24° 174128
. 56658 5632 6.5 4572 67% " ' 51.T 121 <. 242+ 40° L 176230
73681 61727247 448265 - 49.7£10.4° 218224 172238
~ 96.3% 7.8 860£9.5° - 42361 415 £97% 234224% 176 £ 2.7

* Each value is the mean + SEMin uL- min™'- g~ of five 10 nmc “individual delcmnnauon; in the IUGR and control groups. See legend 10 Tabie

1 Statistical analysis performed: with / test to compare regional dnﬂ'cn:nces

. H‘of abbreviations. See legend to Table 2 for exphmuon of superscript letters. -
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Table S. Time course of tyrosine transfer coefficient in [L'GR and control animals*

7 d after birth * 21 dafieranh 60 d afier birth
IUGR Control IUGR - o Conuol IUGR Control
(o}:] 109.5 % 113 90.1 £ 11.0° 84.2 £ 18.5° 9038 + 20:2¢ 63.0%5.2¢ 59.3 + S 4
Hy 70.3 £ 4. 8° 685+ 58 686 £ 13.4° ~. 830+ 179 - 44 8 +16.2* 46.5 + 3.6°
PC 92.0 £ 7.4 78.5 + 8.2 81.7£ 1564 - 101.0'% 22.6° $1.0°#73.8 45.1+4.1"
FC . 989263 ° 930+ 1227 - 767%152¢* 7 940 209° 51.2%73.4% 428 + 34"
ocC 97.4+56° 95.8 £12.7° "~ 80.1 £156%° - 98.5 '+ 24.4° 52.8.£'4.3% 439 27"
s - 8392 73" 69.3 797 75.4 £13.54* 83.7°% 18.1* 48.1 £13.8° S0.7+6.1°
Hi 88.1 £9.3¢ 86.1 % 11.4°" TL2 27130t 847 £ 197 46.1 £3.7° 408+ 3.1°
T 86.6 + 7.3° 77.1 £10.2* - 76.0 £ 13.6%* > 88.7 + 21:4¢ 473237 455+ 4.1°
M . 6942670 59.8 + 6.2%° 80.6 £ 15.9¢ 918+ 21.2° 46.4 '3 8¢ 417230
cs 76368 - 6441697 8524159 109.4 £27.0°<. 54.7.¢:4.4¢ 51.2x4.0°
ci 73859 " 7|4:79"';g 87.1 164" 7.3+ 265 . 58.4 £5.6 528=24¢
PM '95.5£9.0° 86.1 £9.54% -~ 87570 - |060+23 5 52.9-4:42¢ 49343
Ceib 1214+ 10.5°F = - 1086 £ 1.0 -  BI.1 158" 102.7 £ 23:6*° 57.0£:4.3° 519 243"

e Each va]ue is xhc fitean + SEM in yL min~'-g " of ﬁve«!o pine‘individual detemmauoﬂnn‘lhe!UGR lnd canlrol grbups See legend to T

l for abbrcvuuons See legend o Tible 2 for explamuons of supérscmn lctm:.
1 Sunsual lnalysns perfmnéd Md\ ’ :5: o companc répbnal d:ﬂ‘aem

\J —
7 days

map

““7‘ ha’nuda‘c

Fig I. Plasma ahnme and mosme trcnd with ue Devdoprncnul duues in plasma pwlio acid concenmhons in TUGR and control {

: :ms Each point represents the mean + SEM of nine to 18 independent phsma samples. AminG.acid. epmmu’bn:
by HPLC detérmihations. Suntisiical comparisons-are ruhzed acoowdm( 1o test: **. p < 00& ST

valuesformostammoauds.thesedldnotmehsmﬁﬂm

threshold, probably because of heterogeneity in some groups.
Theammoac:dnnﬂuxumecpuneobscrvedsmdgrpmam

tcthosedacrﬂndfmmnsfﬂcoeﬂiaemﬂeawplm

" stid qukntification results were-similar in-eontrol and TUGR
animals and.because of ihe clear decreasing trend for transfer

cocflicients in both groups, a good correlation is logically found ™

" between thehom:xsponpaﬁmetm'musanguhrdeause

for the influx of the two neturotfansmitter pleanson, trypiophan -
and tyrosine, is evident from early life 10 adulthood (Figs. 3 and
4). Taurine and alanine présent differential haturatidn, with the:
greatest decrease occurring aftet weaning for ahnme and before :

“ this penod for taunne (Figs. 5 and 6).

R DIS(‘USSIONI

The mm of \he present study was 10 mvesuptc sblood- bmn
amino acid transport in [UGR animals during development and

. also toattempt 1o correlate our findings with a general mecha- -
8 = .- ofl GR animals. N“evenhelas, we could have expected si.

nism of brain specific protection during the undernutrition state,

JIUGR animals exhibit pronounced loss of body weight, at
Jeast 25% in Gur study, with several organs and bnbchemlal
factors still presenting highly significant modifications many
weeks after undernutrition and ofien until adulthood. Thus,

] showedsgmﬁqnlandeomstmtd:
. control animals'al an 'age considered (Tables 2 through 5

are ;wen in uM as expr:
A ]

ommsuch as the hver. han. orspleen or beWn fatty tis
muhhtme&an”%dmﬂ:tredmaﬁcrunde
frition u,uury £{29). The brain seems markedly protected c.
" pared with other structures, with at most a 20% weight reduc’
and ity some ¢cases with physolopc integrity preserved. How:
,although the brajn, appears well preserved, many biocher
' parameters still present marked modifications several weeks
undemutrition occurs.” The brain’ tholinergic system (30),
adrenergic pathways (6}, and serotdnin and dopamine cer:
metabolism (9, 10) present marked alterations in concentra

or metabolite pathways after severé undernutrition.

’ mﬂnmtmmmﬁ)nedlhefourammo
transfer coefficiénts or influx for an ¢ of the 13 cerebral struc-
between IUGR

¢an thus emphaszc the origin' of alterations for amino
or monoamme concentrations found in some TUGR brai
ng (13) is not related to modified influx properties at the

cant difference between. young TUGR and control anima!
pecially for tryptophan transfer -coefficient and influx. L
n'orimal phys:olobc conditions, ‘approximately 30% of tr
phan is free'in plasma’ of 8-d-old-rats, whereas afier in



e R ——— - = v —— e

BLOOD-BRAIN AMINO ACID TRANSPORT IN IUGR

200 1
5 1
e ‘s:
S Y ‘
3 1504
.
4
6' ) ; —e— UGR Tay
1:N4 —— Qi Tau
4 \ —x— NGRTp
75 4 D —a— CuTp
soj o —3
25
£ . [N
- o B

L A
7 days -

LA
'21“',1.

1
60 days Postnatal age

Fig. 2. Plasma taurineand tryptophan trend with age. Developmental changes in piasma amino acid concentrations in IUGR and control (C
rats. Each point represents the mean + SEM of nine to 18 independent plasma samples. Amino acid concentrations are given in M as express

by HPLC determinations.
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Fig. 3. Tryptophan influx trend with age. Developmental changes in ammoacndhlood-hmn tnnsfer coefficients in TUGR and controt ({7
rats. Three representative brain regions in each group are reported: pafictal cortex (PC), Mippocampus (Hi), and cerebellum (Cereb). Each value
the mean & SEM of four to nine independent determinations for cach age, cercbral structwe, and ITUGR or control groug; 7 test was applied
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blood supply restriction the free fraction reaches 55% of the total
tryptophan (16). If we consider that tryptophan bound to alﬁu
min does.not cross the BBB, logically such an increase in
ﬁeetrypt ophan fracticn should have induced a higher

Table 4, no statistical difference appears between IUGR and
contmlgmups.ﬁxsmhsmaccordanccmthmoussmdis
suggesting that a fraction of tryptophan bound to albumin could

participate to blood-brain transfer process (31, 32). As hypothe- . trypt
» and 5), an important decrease—50% or average. [Values ¢

sized, a fraction of bound tryptophan could be readily dissocisted
in contact with brain microWssels add be available for transen-
dothelia) transpont (33). Moreover, low cerebral. piood flow re-
ported for young rats (34)'could markqdly enhance tryptophan
endothelial  teansport. ndeed, Smith-er
higher effective free fraction for tnvlophan whent perfused:in
vivo at low cerebfakblood flow. This factor; along with matura-
tion of neutral arhino acid carrier (36). could account for a higher
tryptophan transfer coefficient in young animals compared with
adults. .

‘and influx for young TJUGR animals. As reported ln‘

Although aﬁui:hiu_.:for young animals does not appear as
major restrictive factdr to tryptophan transport, throughout ¢
velopment we cin observe an important decrease in tryptoph
transfer cocficient and influx related to incresse in plasr
albumin conceatration or albumin maturation. Both tryptoph
and tyrosine share the same neutral amino acid transporter (
system) at the BBB with similar Km and apparent Km or bagt
fortyrosnem.JS).\Vbcnthenuoduansfaooeﬁac

ophan/transfer coefficient tyrosine is calculated (Tables

pressed as “% in average™ represent the percentage of vanau
for the mean of all the brain structummagmup(cm

af. (35) mentioned*a . cerebielum) compared with the mean of all the regions (exct

oercbellnm) in the other group consndered}—-oocurs from bt
to: adufthood. This decreasing ratio for the two amino ac
injected simultaneously tends to confirm that tryptophan bind:
10 albiitnin plays a restrictive role in tryptophan transfer frc
plasma to the brain. Consequently, a higher rate of tnyptopt
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bound to albumin leads in adult plasma to a lower readily
exchangeable fraction transportable at the BBB. o
Maturation of albumin. could also have a major effect on the

" fraction of tryptophar bound 1o the protein or on the kinetic of

.dissociation. at the transport site. This parameter could also
account for differences in tnptophan. transport properties be-

* tween young and adult groups. i
Alanine transfer coefficients for both [UGR and control groups
... present a relatively slight decrease—28¢% on average—dunng the
first. 3 wk of life, but an imporuant fall-off—67% on average—
occurs from weaning to adulthood (Table 2). Nonetheless, ala-
_ pine influx tends to be incréased for 7-d-old IUGR antmals.
_although not significantly. Because influx depends on plasma

concentration, this result has to be related to significantly higher -

plasma alanine (Fig: 1) for young IUGR animals. A decrease n

_the alanine transfer coefficient is certainly correlated to this

amino acid transport system maturation (system alanine, senne,
and cysteine), reported to be active for young rats and then
reported to lose a preponderant role in alanine transfer along
with BBB maturation (39).

In opposition to alanine, taurine transport is mainly affected
from birth to weaning with a 49% and 46% on average reduction
for [IUGR animals and controls, respectively. Then, between
weaning and adulthood, only an 18% and |1% average decrease,
respectively, occurs with development. Taurine plasma profile
and influx are not affected by the IUGR pathologic state. Only
brain taurine is modified in JUGR animals, suggesting it could
compensate for delayed maturation of prenatally underfed ani-
mals.

Interestingly, for both taurine and alanine, efflux from the
brain on the abluminal membrane is sodium dependent and
probably related to Na* K*-ATPase enzyme activity (40. 41). In
addition, Na*,K*-ATPase activity is markedly diminished after
IUGR (42). It is thus interesting and relevant to correlate a
possible decline in amino acid efflux in young IUGR animals
compared with controls with the increase in alanine and taurine
cerebral concentrations in JUGR animals.

Our entire experimental approach emphasizes protection of
the BBB transport mechanisms from irreversible effects subse-
quent to undernutrition injury. Data obtained in our study are
in accordance with the concept of “brain growth sparing™ previ-
ously observed with the undernutritional state (6). The BBB
would to a certain extent play a key role in brain protection
against severe decline in nutriment supply. All cerebral structures
seem protected by the BBB during undernutnition. Because car-
riers or transport mechanisms are not affected by undernutrition,
the BBB would still ensure normal functions and homeostasis
with no major limitation on amino acid transfer rates. Only the
cerebellum has a higher transfer coefficient for both 7-d-oid
IUGR and control rats. This regional difference is certainly
related to the delayed maturation reported for the cerebellum
(6). Indeed, the cerebellum requires more than 3 postnatal weeks
t0 elaborate its final structures and organization (43) and is
certainly more sensitive to undernutrition, as previously reported

@)

On the basis of the present study, we can consider that blood-
brain does not play any major role in the increased
amino acid or monoamine brain concentrations in our model of
undemutrition. We cannot affirm that BBB is not sensitive 0
TUGR. Indeed, we could imagine a possible recovery of the BBB
between birth and the 7th d of life or a blood restriction procedure
occurring too late in our experimental model after BBB structural
maturation. However, at the differéint ages considered, the struc-
tures do not present irreversibly altered transport properties. We
can then conclude that amino acid or monoamine modifications
previously reported are not due to a hypothetical adaptation of
the BBB 10 the pathologic state. An unmodified BBB could
account as a major mechanism leading to “brain growth spaning.”
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