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The nature and ontogeny of Na+-dependent L-alanine transport was examined in mouse eggs and preimplantation 
conceptuses. Mediated L-alanine uptake was not detected in fertilized or unfertilized eggs, but a small amount of 
Na+-dependent L-alanine transport was detected in 2-cell conceptuses. Na+-dependent alanine transport was more rapid 
at the 8-cell stage of development, and more than 10-fold faster in blastocysts than in 8-cell conceptuses. Analog 
inhibition analyses were consistent with the interpretation that L-lysine-sensitive and L-lysine-resistant components of 
transport were present at the 2-cell, g-cell and blastocyst stages of development. The range of amino acids and their 
analogs that inhibited the most conspicuous component of alanine transport in blastocysts was consistent with the 
conclusion that system B °'+ is largely responsible for L-alanine uptake in these conceptuses. Moreover, system B °'+, but 
not other known systems in blastocysts, became susceptible to activation as these conceptuses approached the time of 
implantation, so this activation could be involved in implantation. Although the data are consistent with the possibility 
that system B °'+ is also present in 2-cell and g-cell conceptuses, the relatively slow L-alanine transport in conceptuses at 
these earlier stages of development precluded more detailed study of their ability to take up alanine. Similarly, the less 
conspicuous L-lysine-resistant component of L-alanine transport in blastocysts also may be present in conceptuses as 
eady as the 2-cell stage. The L-lysine-resistant component of L-alanine transport could not be attributed to residual 
system B °'+ activity, however, because it was inhibited more strongly by trans-OH-L-proline than L-arginine, whereas 
the reverse was the case for system B °'+. Similarly, L-tryptophan and L-lencine each inhibited system B °'+ more strongly 
than L-serine or L-cysteine, whereas all four of these amino acids inhibited the L-lysinc-resistant component equally 
well. Moreover, a Hofstee plot for L-alanine influx was consistent with the interpretation that at least two mediated 
components of Na+-dependent L-alanine transport are present in blastocysts. The less conspicuous component of 
L-alanine transport in blastocysts was relatively susceptible to inhibition by L-leucine and L-tryptophan, but it resisted 
inhibition by the 'model' system A substrate, MeAIB, and the system ASC inhibitors, L-penicillamine and cationic 
amino acids. Therefore, the zwitterion-preferring Na+-dependent transport process in blastocysts appears to be 
sufficiently distinct from systems A and ASC as well as from B °'+ to warrant its own provisional designation as system 
B. 

lnWodnction 

Fertilized and unfertilized mouse eggs and 2-cell 
conceptuses take up amino acids via several system- 
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ylic acid; BCO, 3-ammo-endo-bicyclo[3.2.1]octane-3-carboxylic acid; 
HCG, human chorionic gonadotropin; MeAIB, 2-(methylamino)iso- 
butyrate. 
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mediated processes. These processes include the Na +- 
dependent transport system Gly [1,2] and the Na+-inde - 
pendent systems L, b °'+ and b + (Ref. 3, and unpub- 
fished data). System Gly prefers glycine and sarcosine 
as substrates, whereas system L selects for bulkier zwit- 
terionic amino acids. System b °'+ accepts some cationic 
and zwitterionic amino acids about equally well as 
substrates, although it prefers bulky amino acids whose 
carbon skeletons do not branch at the a- or t-posit ions 
[3,5]. Like the better-known system y +, system b + selects 
for cationic amino acids in the absence of Na+; but 
unlike system y+, system b + does not interact with 
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certain zwitterionic amino acids, such as homoserine, in 
the presence of Na + (Ref. 5, and unpublished data). 
Therefore, except for system Gly, the mediated amino 
acid transport that has been characterized so far in eggs 
and 2-cell conceptuses appears to be entirely Na+-inde- 
pendent [3]. Nevertheless, a small amount of otherwise 
uncharacterized Na+-dependent L-alanine uptake was 
detected repeatedly in conceptuses at the 2-cell stage of 
development [6], and Na+-dependent L-alanine uptake 
also has been detected in 4-cell conceptuses [7]. There- 
fore, one goal of the present study was to examine the 
nature and ontogeny of this Na÷-dependent component 
of t.-alanine transport. 

Na+-dependent uptake of amino acids increases 
dramatically in mouse conceptuses between the 2-cell 
and blastocyst stages of development [1,2,7-10], and 
this increase apparently results from an increase in the 
activity of system B °'+ [1,11]. System B °'+ accepts a very 
broad scope of both cationic and zwitterionic amino 
acids as substrates, although it rejects amino acids that 
have an a-N-methyl group [1,11]. Na+-dependent L- 
alanine uptake has been studied in blastocysts activated 
from ovariectomy-induced delay of implantation in situ, 
and it is transported by system B °'+ in these con- 
ceptuses [11]. Nevertheless, except for reports that 
Na+-dependent L-alanine uptake appears to depend on 
Na+/K+-ATPase  activity [1,12], alanine transport has 
not been studied in blastocysts from intact mice. We 
wanted not only to characterize further L-alanine trans- 
port via system B °'+, but also to determine if blastocysts 
contain other Na+-dependent transport systems for L- 
alanine uptake. More than one Na+-dependent trans- 
port system for glycine uptake has been observed in 
8-cell conceptuses and blastocysts, although only system 
Gly was detected in 2-cell conceptuses and fertilized or 
unfertilized eggs [1]. Furthermore, system B °'+ increases 
in activity 3-fold within 20 min when blastocysts 
activated from delay of implantation are disturbed (e.g., 
flushed from uteri in culture medium) near the time of 
implantation, but such is not the case for blastocysts 
during delay of implantation [13]. The ability of 
blastocysts and the uterus to rapidly change the cata- 
lytic activities of the enzymes and transport processes 
they contain while they are receptive to attachment to 
each other, could be an important part of the mecha- 
nism of implantation [8,13]. Therefore, we determined if 
uptake of amino acids via system B °'+ and other amino 
acid transport processes also changes in blastocysts 
from intact mice when these conceptuses are disturbed 
near the time of implantation. 

Materials and Methods 

Several descriptions of the methods for obtaining 
eggs and conceptuses and measuring their abilities to 
take up amino acids have been published recently 

[1,3,5,11,13]. Sexually mature, 8-11 week old Swiss ICR 
mice (Harlan Sprague Dawley, Inc.) that had been 
acclimated to a 14 h light: 10 h dark cycle for at least 
two weeks in our animal facility, were treated with 
gonadotropins to induce them to ovulate [14]. In most 
experiments, unfertilized eggs were removed from 
oviducts in Brinster's medium [15] approximately 17 h 
after administration of human chorionic gonadotropin 
(HCG) at about 1600 h the preceding day. Eggs were 
freed from cumulus cells by exposing them to 145 IU of 
hyaluronidase (Sigma Chemical Co.) in 1.0 ml of Brin- 
ster's medium for less than 5 min. In a few experiments 
unfertilized and fertilized eggs were isolated and used in 
experiments within less than 16 h after administration 
of HCG, but the results of these studies were indis- 
tinguishable from results obtained with eggs obtained 
about 17 h after injection of HCG (data not shown). 
Conceptuses were removed from oviducts about 17 (1- 
cell stage), 41 (2-cell stage), and 66 (8-cell stage) h after 
HCG administration or from uteri about 94 or 114 h 
after administration of this hormone (blastocysts). No 
attempt was made in the studies reported here to dis- 
tinguish between 8-cell conceptuses before and after 
compaction. Detection of a copulatory plug the morn- 
ing after injection of HCG and observation of sperm 
were the only criteria used to designate eggs as ferti- 
lized, so some eggs that we assumed to be fertilized 
probably were not. Nevertheless, since most such eggs 
develop in situ (unpublished observation), most eggs 
were probably fertilized after mice mated. Eggs and 
conceptuses were washed and stored for less than 6 h in 
Brinster's medium in a humidified atmosphere of 5% 
CO 2 in air at 37°C (pH 7.4). Except for blastocysts 
obtained near the time of implantation (see results), 
transport was not observed to change in eggs or con- 
ceptuses during incubation for 6 h in vitro. 

Eggs or conceptuses were incubated with a 3H-labeled 
form of L-alanine, L-leucine, or L-iysine (20-60 
Ci /mmol ;  ICN Pharmaceuticals or Amersham) and 
various concentrations of nonradioactive amino acids as 
indicated in figures and tables. Amino acids were dis- 
solved in a modification of Brinster's medium (NaHCO 3 
replaced with KHCO 3 and sodium salts of pyruvate and 
lactate replaced with NaC1), a modification of Spindle's 
[16] flushing medium-I (Na + salts of lactate and pyru- 
vate replaced with NaCI, Na2HPO 2 replaced with 
K2HPO 4, and Phenol red deleted) or phosphate- 
buffered NaC1 (pH 7.1; Refs. 1, 3, 5, 11, 13). Amino 
acid uptake by eggs and conceptuses was measured over 
time periods that approximated initial velocities (i.e., 5 
or 20 min) as indicated in the legends of the figures and 
table (Refs. 1, 3, 11 and unpublished data). Uptake was 
about the same when it was measured in Brinster's 
medium, modified Brinster's medium, modified flush 
medium-I or phosphate-buffered NaCI (Refs. 1, 3-5, 11 
and unpublished data), but modified flush medium-I 
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Fig. 1. Effect of various amino acids on uptake of L-{3H]alanine by eggs and preimplantation conceptuses (10 mM BCO replaced 5 mM BCH in 
experiments with eggs). Eggs or conceptuses were incubated with 1.0/xM L-[3H]alanine (50 Ci/mmol) for 20 min in modified Brinster's medium or 
this medium in which Li + was substituted for Na +. The mean uptake+ S.E. was calculated from four replicate determinations (approximately five 
eggs or conceptuses/determination) obtained in two independent experiments. Uptake of radiolabcl by blastocysts, 8-cell conceptuses and eggs or 
2-cell conceptuses in the absence of added, nonradioactive amino acids was about 5400%, 315% and 78%, respectively, above the approx. 30 counts 
per rain detected in samples of the final wash medium. Statistically significant inhibition is indicated with single (P < 0.05) or double (P < 0.01) 
asterisks as determined with analysis of variance. Analysis of variance could not be used to show statistically significant inhibition by some of the 
strongest inhibitors because some of the relevant variances were unequal, but in these cases it was clear without analysis that inhibition was 
significant (e.g., inhibition by L-serine, glycine, L-alanine, and L-leucine in blastocysts). Although uptake by 2-cell conceptuses in medium that 
contained no added Na + was not found to differ statistically from uptake in the presence of Na +, alanine uptake can be shown to be 
Na+-stimulated when enough replicate determinations are obtained (P <0.01). Blastocysts were obtained from uteri about 94 h after HCG 

injection. MeAIB, 2-(methylamino)isobutyrate; Pip, L-pipecolate. 

and  phospha te -buf fe red  NaCI  are  more  convenien t  for 
ma in ta in ing  the des i red  p H  dur ing  relat ively shor t  (e.g., 
5-min) incuba t ion  per iods  [1,3,5]. In  some cases N a  ÷ in 
the med ium was rep laced  with chol ine or  Li ÷ dur ing  
label ing in o rder  to measure  N a + - i n d e p e n d e n t  amino  
acid  uptake.  

In many  exper iments  amino  acid up take  was ex- 
amined  at subs t ra te  concen t ra t ions  near  1 btM for two 
pr inc ipa l  reasons.  Firs t ,  this app roach  increases the 
p robab i l i t y  that  low-Kin, low-capac i ty  t r anspor t  systems 
will be de tec ted  in the presence of h igher -K m, higher-  
capac i ty  systems [17], wi thout  hamper ing  the abi l i ty  to 
de tec t  h igher-K m t ranspor t  activities.  Second,  amino  
acid  t r anspor t  systems with K m values for some sub- 
s t rates  near  1 /~M have been de tec ted  in p r e imp lan t a -  
t ion conceptuses  [1,3]. In  contras t ,  init ial  inh ib i t ion  
s tudies  were conduc ted  with concen t ra t ions  of  po ten-  

t ial ly inh ib i to ry  a m i n o  acids  of  abou t  10 m M  in order  
near ly  to maximize  any effect they may  have (such 
concen t ra t ions  of  po ten t ia l  inhib i tors  are c o m m o n l y  
used in t r anspor t  s tudies,  e.g., Refs. 17-19) .  The  experi-  
menta l  a p p r o a c h  of  test ing the effects of  po ten t ia l  in- 
h ib i tors  on up t ake  at relat ively low subs t ra te  concent ra -  
t ions does  not  increase  the poss ib i l i ty  that  con t aminan t s  
ra ther  than  inh ib i tors  will affect  uptake .  As for po ten-  
tial inh ib i tors  themselves,  the poss ib le  effects of  con- 
t aminan t s  d e p e n d  p r imar i ly  on the K i values of  possi-  
b le  c o n t a m i n a n t s  regardless  of  whether  the subs t ra te  
concen t ra t ion  is at  or  far be low the Km value for 
subs t ra te  uptake .  F ina l ly ,  we have shown that  up take  of 
a lan ine  and  o ther  a m i n o  acids  at  concen t ra t ions  near  1 
/xM canno t  be  a t t r i bu ted  to b ind ing  of  the amino  acids  
to the p l a s m a  m e m b r a n e  ra ther  than to uptake;  vir tu- 
al ly no up take  or  b ind ing  could  be de tec ted  in eggs and 
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conceptuses that had been killed by exposing them to 
ultrasound in a Bransonic 12 ultrasonic cleaner 
(SmithKline Co.) for 5-25 min at 2 5 - 3 0 ° C  in 150 
mosmolar phosphate-buffered NaC1 also containing 10 
mM KCN (data not shown). Although the latter treat- 
ment disrupted most conceptuses inside their zona pel- 
lucidae, it was not excessively harsh since some con- 
ceptuses survived the treatment as determined visually 
and by their ability to accumulate radiolabeled amino 
acids. 

2-(Methylamino)isobutyrate (MeAIB), L-glutamate, 
L-serine, L-lysine, taurine, L-phenylalanine, L-aspara- 
gine, trans-4-OH-L-proline, cis-4-OH-L-proline, sarco- 
sine, L-penicillamine, L-cysteine, glycine, L-pipecolate, 
L-proline, L-leucine, L-valine, L-tryptophan, L-alanine 
and L-arginine were purchased from Sigma, and 2- 
amino-endo-bicyclo[2.2.1]heptane-2-carboxylic acid 
(BCH) was purchased from Behring Diagnostics. 
3-Amino-endo-bicyclo[3.2.1]octane-3-carboxylic acid 
(BCO) was a gift from Professor Carmen Avendaho 
[20]. The concentrations of radiolabeled and nonlabeled 
amino acids in the medium did not change significantly 
in the presence of eggs and conceptuses as discussed 
previously [1,5]. After incubation with amino acids, eggs 
or conceptuses were processed [1,3,5,11,13] to determine 
how much of the substrate they had taken up. Samples 
of the final wash medium, equal to the volume of 
medium in which eggs or conceptuses were finally col- 
lected, contained near background levels of radioactiv- 
ity except for data reported in Fig. 1. In the latter case, 
samples of media contained 30 counts per min instead 
of the approx. 20 counts per min detected as back- 
ground. Various statistical methods, such as analysis of 
variance [21,22] were used to assess the data as indi- 
cated in the legends of the figures and tables. 

Results 

L-Alanine uptake by eggs and cleavage stage conceptuses 
Little or no substrate-saturable L-alanine uptake was 

detected in unfertilized or fertilized eggs (Fig. 1). When 
enough replicate determinations were accumulated for 
alanine uptake by 2-cell conceptuses, however, a small 
saturable, and apparently Na+-dependent component 
has been detected consistently (Fig. 2, data not shown, 
and Ref. 6). L-Alanine uptake in 2-cell conceptuses was 
inhibited by BCH, L-serine, L-pipecolate (an analog of 
proline), L-leucine, L-lysine, sarcosine and glycine (Figs. 
1 and 2). Na÷-dependent L-alanine transport was more 
conspicuous in 8-cell conceptuses (Figs. 1 and 3), and it 
was inhibited better by trans-4-OH-L-proline than by 
the corresponding cis isomer or by L-lysine (Fig. 3). 
BCH, L-serine, glycine, t,-pipecolate and L-leucine also 
inhibited t-alanine uptake by 8-cell conceptuses (Fig. 
1). Moreover, a cOmponent of Na+-dependent L-alanine 
transport in 2-cell and 8-cell conceptuses appeared to 
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Fig. 2. Effect of sarcosine, glycine and L-lysine on L-[3H]alanine 
uptake by 2-cell conceptuses. Conceptuses were incubated with 1.1 
~aM L-[3H]alanine (47 Ci/mmol) and the indicated concentrations of 
nonradioactive amino acids for 5 rain in phosphate-buffered NaCl. 
The mean uptake :1: S.E. was calculated from six replicate determina- 
tions (approximately seven conceptuses/determination) obtained in 
three independent experiments. (Uptake in phosphate-buffered LiCI 
or choline chloride is indicated by the dashed lines.) Uptake of 
radiolabel in the absence of added, nonradioactive amino acids was 
about 38% above background. Uptake of L-[3H]alanine was sigrtifi- 
cantly slower in the presence of sarcosine, glycine, or L-lysine (P < 
0.05) or nonradioactive L-alamne (P < 0.01), and it was apparently 

Na *-stimulated (P < 0.01) as determined with analysis of variance. 

resist inhibition by L-lysine (Fig. 3). L-Alanine uptake 
by 2-cell and 8-cell conceptuses was not inhibited by 
MeAIB or L-glutamate (Fig. 1). 

Transport of L-alanine in blastocysts 
L-Alanine uptake was predominantly Na+-dependent 

in blastocysts and inhibited by BCH, L-serine, L-lysine, 
glycine, L-pipecolate, L-leucine, L-tryptophan, L-cy- 
steine, L-arginine and trans-OH-L-proline but not cis- 
OH-L-proline, L-penicillamine, MeAIB and L-glutamate 
(Figs. 1 and 4). A relatively inconspicuous, Na+-depen - 
dent component of t-alanine transport which resisted 
inhibition by L-lysine and L-arginine was also detected 
in blastocysts (Fig. 4). The latter component of L-alanine 
transport appeared to have a slightly more restricted 
ability to interact with zwitterionic amino acids than the 
predominant component of uptake (i.e., system B °'÷), as 
indicated by its resistance to inhibition by BCH and 
L-proline (Fig. 5). Moreover, the less conspicuous com- 
ponent of alanine transport could not be attributed to 
the same transport process as the predominant compo- 
nent of alanine uptake because the former component 
was more susceptible to inhibition by trans-OH-L-pro- 
line than by arginine, whereas the reverse was true for 
the predominant component (Fig. 4). Similarly, L-tryp- 



tophan and L-leucine were better inhibitors of total 
L-alarLine uptake than either L-serine or L-cysteine, 
whereas all four of these amino acids inhibited the 
L-lys ine- res i s tan t  c o m p o n e n t  o f  N a + - d e p e n d e n t  a l a n i n e  

u p t a k e  equa l l y  wel l  (Fig .  4). In  add i t i on ,  a H o f s t e e  p lo t  

for  in f lux  was  cons i s t en t  wi th  the  p r e s e n c e  o f  at  least  

two  c o m p o n e n t s  o f  N a + - d e p e n d e n t  L-a lan ine  t r a n s p o r t  

in b las tocys t s  (Fig.  6). O n e  sys tem,  c o r r e s p o n d i n g  to t he  

less c o n s p i c u o u s  c o m p o n e n t  o f  t r a n s p o r t  d i scussed  

above ,  had  an  a p p a r e n t  K m va lue  o f  app rox .  3 8 0 / t M  

a n d  a Vma x va lue  o f  a b o u t  25 fmol  • b l a s t o c y s t -  1. r a i n -  t, 

whe rea s  these  va lues  for  u p t a k e  v ia  sys tem B °'+ were  

a b o u t  26 ~ M  and  16 f m o l .  b l a s t o c y s t -  1. m i n -  a, respec-  

t ively,  as d e t e r m i n e d  wi th  the  m e t h o d  d e s c r i b e d  by  

Spea r s  et al. [23]. I n h i b i t i o n  o f  the  less c o n s p i c u o u s  

c o m p o n e n t  o f  L-a lan ine  u p t a k e  in b las tocys t s  by  s o m e  

a m i n o  ac ids  c a n n o t  be  a t t r i b u t e d  to  an  o s m o t i c  o r  

a n o t h e r  non - spec i f i c  e f fec t  o f  up  to 36 m M  of  a d d e d  

a m i n o  acids,  s ince n o  i nh ib i t i on  was  d e t e c t e d  in the  

p r e s e n c e  o f  o t h e r  a m i n o  ac ids  such  as cis-4-OH-L-pro- 
l ine,  L-arginine,  M e A I B ,  L -g lu t ama te  and  t au r i ne  (Figs .  

4b  and  5). 
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Fig. 3. Effect of cis- or trans-4-OH-L-proline and L-lysine on L o 
[3H]alanine uptake by 8-ceil conceptuses. Conceptuses were incubated 
with 1.0 ~tM L-[3H]alanine (50 Ci/mmol) and the indicated con- 
centrations of nonradioactive amino acids for 20 rain in modified 
Brinster's medium or this medium in which choline was substituted 
for Na +. The mean uptake± S.E. was calculated from eight replicate 
determinations (approximately eight conceptuses/determination) ob- 
tained in five independent experiments. (Uptake in Na+-depleted 
medium is indicated by the dashed line.) Uptake of radiolabel in the 
absence of added, nonradioactive amino acids was more than 400% 
above background. Inhibition by each amino acid was statistically 
significant (P < 0.01; analysis of variance), and trans-4-OH-L-proline 
was a more effective inhibitor than the c~s isomer of this amino acid 

(P < 0.01; 't '-test). 
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TABLE I 

Effect of incubation in vitro on amino acid uptake by mouse blastocysts 

Approximately half of the blastocysts from 1-3 mice were incubated 
with 0.4 ~M L-[3H]alanine, 0.4 ~aM L-[3Hllysine, or 0.8 /~M 
L[3H]iencine (20-60 Ci/mmol) beginning within 5 min after the mice 
were killed (5.22±0.16 blastocysts were utilized per determination). 
The other half of the blastocysts were incubated for 1 h in Brinster's 
medium prior to incubation with the same 3H-labeled amino acid in 
phosphate-buffered NaCI or LiCI for 5 min. The number of replicate 
experiments for each row is indicated under column 'n'.  

Type of Transport Substrate n Uptake before (0 h) or 
blastocyst processes after 1 h incubation a 

Oh l h  

Early b B °'+ and c L-alanine 7 98±17 96±10 
Late a B °'+ and c L-alanine 44 153±22 ** 498±34 

b °'+ and • L-lysine 21 141±12 136±15 
¢ L-lysine 23 24-t- 2 * 18± 2 
b °'+ and f L-leucine 16 210+18 272±31 
r L-leucine 16 89+18 112±29 

Implanting s B0.+ h L-alanine 38 150±20 ** 1140:1:90 
b °'+ and • L-lysine 10 110± 9 101±11 
¢ L-lysine 10 29± 3**  15± 1 

° Mean ± S.E. (10-18 mol. blastocyst - i. rain - 1). Statistically signifi- 
cant differences between 0 h and 1 h are indicated with single 
(P < 0.02; pairing design 't "-test) or double (P < 0.01; group com- 
parison 't'-test) asterisks. 

b Early blastocysts were obtained from uteri about 94 h after adminis- 
tration of HCG (i.e., about 82 h post coitum and 26 h before 
implantation). 

c L-Alanine uptake (approx. 5% of the total at 0.4 #M exogenous 
alanine) via the combination of the L-lysine-resistant saturable 
component and the nonsaturable component. 

d Late blastocysts were obtained from uteri about 114 h after admin- 
istration of HCG (i.e., about 102 h post coitum and 6 h before 
implantation). 

¢ Lysine uptake via the combination of system b +, which is the 
cation-preferring component in Ref. 5, and the nonsaturable com- 
ponent (i.e., total Na+-independent uptake in the presence of 20 
mM L-ieucine). 

f Leucine uptake via the combination of system L, which is the 
zwitterion-preferring component in Ref. 5, and the nonsaturable 
component (i.e., total Na +-independent uptake in the presence of 20 
mM L-lysine). 

s Implanting blastocysts were obtained from the uterus 20-25 h after 
administration of estrogen to mice that had been ovariectomized 
and treated with progesterone as described previously (Refs. 11, 13). 

h Data for this row is from Table II of Ref. 13. 

Changes in amino acid transport in blastocysts as they 
approach the time of  implantation 

W e  h a v e  n o t  d e t e c t e d  q u a l i t a t i v e  changes  in the  

a m i n o  ac id  t r a n s p o r t  sys t ems  p r e s e n t  in b l a s tocys t s  

b e t w e e n  26 a n d  6 h p r io r  to  i m p l a n t a t i o n  (Refs .  8 a n d  

13 a n d  d a t a  n o t  shown) .  B las tocys t s  d id  d i f fe r  at  these  

two  t imes  o f  d e v e l o p m e n t ,  however ,  in the  re la t ive  

q u a n t i t i e s  o f  the  m a j o r  t r a n s p o r t  ac t iv i t ies  t hey  c o u l d  

express ,  a n d  in w h e t h e r  the  quan t i t i e s  o f  these  ac t iv i t ies  

c h a n g e d  q u i c k l y  w h e n  b la s tocys t s  w e r e  r e m o v e d  f r o m  

uter i .  T h e  Vma x va lues  for  u p t a k e  o f  L-leucine,  L-alanine ,  

a n d  L-lysine v ia  s y s t e m  B °'+ i nc rea sed  2 - 3 - f o l d  d u r i n g  
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Fig. 4. Effect of various concentrations of several amino acids on (A) total L-[3H]alanine uptake (primarily system B °'+ ) and (B) L-lysine-resistant 
L-[3H]alanine uptake by blastocysts. Conceptuses were obtained from uteri about 94 h after HCG injection and incubated with 0.85 (A) or 2.1 (B) 
txM L-[ 3H]alanine (47 Ci/mmol) for 5 min in phosphate-buffered NaCI. The effects of L-penicillamine, L-cysteine, L-leucine and cis-OH-L-proline 
on alanine uptake were determined in the presence of 10 mM dithiothreitol, and dithiothreitol appeared to have no effect on alanine uptake. The 
mean ± S.E. uptake was calculated from three to seven replicate determinations (approximately five blastocysts/determination) obtained in two to 
four independent experiments. Uptake in phosphate-buffered LiCI is indicated by the lines labeled 'No Na + '. Uptake of radiolabel in the absence 
of added, nonradioactive amino acids was more than 150070 above background in panel A and about 26070 above background in panel B. Total 
L-[3H]alanine uptake (A) was significantly slower in the presence of L-argmine, trans-OH-I.-proline, L-cysteine, L-leucine, L-lysine, L-alanine, 
L-tryptophan and L-serine (P  < 0.01). [3H]Alanine uptake in the presence of 20 mM L-lysine (B) was inhibited significantly by trans-OH-L-proline, 
L-cysteine, L-leucine, L-tryptophan and L-serine (P  < 0.01). In some cases where inhibition was strongest, analysis of variance could not be used to 
compare the means because the relevant variances were unequal; but in those cases it was clear without analysis that inhibition was significant (e.g., 
inhibition by L-cysteine, L-serine, L-tryptophan and L-leucine). Inhibition by trans-OH-L-proline or L-arginine was tested at the same time in the 
same experiments and these two groups were significantly different in the presence (B) and absence (A) of 20 mM L-lysine (P  < 0.01; ' t '  tests). 
Similarly, inhibition by L-tryptophan or L-leucine, respectively, was greater than by L-serine or L-cysteine in the absence of 20 mM L-lysine 

(P  < 0.01). 
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Fig. 5. Effect of various amino acids on L-lysinc-resistant L-[ 3H]alamn¢ 
uptake by blastocysts. Conceptuses were obtained about 94 h after 
HCG injection and incubated with 2.1 pM L-[3H]alanine and 20 mM 
L-lysine for 5 min in phosphate-buffered NaCI or this medium in 
which Li + was substituted for Na +. The mean+S.E, uptake was 
calculated from five replicate determinations (approximately eight 
blastocysts/determination) obtained in four independent experi- 
ments. Uptake of radiolabel in the absence of added, nonradioactive 
amino acids was about 45070 above background. Statistically signifi- 
cant inhibition is indicated with double asterisks (P  < 0.01) as de- 
termined with analysis of variance. MeAIB, 2-(methylamino)iso- 

butyrate; Tau, taurine. 
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Fig. 6. Hofstee plot of Na+-dependent L-alanine uptake by blasto- 
cysts. Conceptuses were obtained from uteri about 94 h after HCG 
injection and incubated with the indicated concentrations of L-alanine 
(1.1 #M L-[3H]alanine; 47 Ci/mmol) for 5 min in modified flush 
medium-I (see Materials and Methods) to determine the mean uptake 
of eight replicate determinations (approximately five blastocysts/ 
determination) obtained in three independent experiments. Na+-inde- 
pendent uptake (Li + substituted for Na + ) was subtracted from total 
uptake to produce the data presented. At least two components of 
transport appeared to be present, and the values of K m and Vm~, were 
estimated utilizing the method of Spears et al. [23] to be 26 and 380 

#M and 16 and 25 fmol-blastocysts- 1. min-  1 respectively. 
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(or more) in vitro, whereas no similar increase occurred 
in blastocysts obtained 26 h before implantation (early 
blastocysts in Table I). Moreover, uptake of L-lysine by 
system b + (in combination with nonsaturable uptake) 
decreased when late blastocysts were incubated for 1 h, 
while no changes in uptake of L-lysine or L-leucine by 
system b °'+ or of L-leucine by system L were observed 
during the same incubation period (Table I). Similar 
quantitative changes occurred in the transport activities 
of systems B °'+ and b ÷ in blastocysts that had been 
activated from delay of implantation with estrogen 20- 
25 h earlier (implanting blastocysts; Table I), but no 
such changes have been observed in blastocysts main- 
tained during delay of implantation with progesterone 
tl3l. 

Discussion 

Na +-dependent amino acid transport prior to blastocyst 
formation 

Other than system Gly [1], we have not detected 
statistically significant Na÷-dependent amino acid 
transport in conceptuses prior to the 2-cell stage of 
development. At the 2-cell stage, Na+-dependent L- 
leucine, L-lysine or L-arginine uptake has not been 
detected consistently in conceptuses when either choline 
or Li + has been substituted for Na ÷ in medium [3], so 
Na+-dependent uptake of these amino acids is either 
negligible or obscured by larger components of media- 
ted Na÷-independent transport. Although barely per- 
ceptible, the pattern of inhibition of Na+-dependent 
L-alanine uptake in 2-cell conceptuses (Figs. 1 and 2) is 
consistent with the possibility that this amino acid is 
taken up by: (a) system B °'+ (which can be recognized 
because it is inhibited by L-lysine and BCH), (b) system 
Gly (which is inhibited by sarcosine), (c) a L-lysine-re- 
sistant component other than system Gly (see next 
section), or (d) any combination of these transport 
processes at this stage of development. We have not 
detected a sarcosine resistant component of glycine 
transport in conceptuses at the 2-cell stage [1], and this 
finding supports the hypothesis that these conceptuses 
take up L-alanine through a weak interaction of this 
amino acid with system Gly. It is also possible, how- 
ever, that sarcosine and glycine react relatively weakly 
with the 'sarcosine-resistant' component of transport [1] 
which begins to appear at the 2-cell stage, and that 20 
mM sarcosine obscures detection of this small compo- 
nent in 2-cell conceptuses when glycine is the substrate. 
Alanine uptake may also be Li+-stimulated in 2-cell 
conceptuses, although the difference between uptake in 
choline- and Li÷-containing media could not be dis- 
tinguished statistically (Fig. 2). If it is nevertheless the 
case that Li + can partially replace Na + to stimulate the 
small amount of mediated alanine uptake in 2-cell con- 
ceptuses, then this transport activity would be distinct 

from system Gly which, in 2-cell conceptuses [1] and in 
pigeon erythrocytes [24], is not stimulated by Li ÷. A 
substantial component of Na÷-dependent L-alanine up- 
take has been detected in 4-cel! conceptuses [7], and we 
show here that Na÷-dependent alanine uptake becomes 
relatively conspicuous in conceptuses by the 8-cell stage 
of development (Figs. 1 and 3). We tentatively attribute 
the L-lysine sensitive portion of this transport to system 
B °'÷, as we did when glycine was the substrate [1]. 
Similarly, as for our studies with glycine [1], a L-lysine- 
resistant component of L-alanine uptake is also present 
at this stage (Fig. 3) as well as in blastocysts (Fig. 4). 
The somewhat greater inhibition of the L-lysine-re- 
sistant component of L-alanine uptake by trans-4-OH- 
L-proline than by the cis isomer of this amino acid in 
8-cell conceptuses (Fig. 3) is consistent with the possi- 
bility that it is the same as the less conspicuous of two 
Na÷-dependent systems in blastocysts. These systems 
may appear first in conceptuses at the 2-cell stage of 
development, but it is at the blastocyst stage that the 
systems are most conspicuous. 

Two novel components of NA +-dependent L-alanine trans- 
port in blastocysts 

Relatively strong inhibition of L-alanine uptake by 
L-leucine, BCH, L-lysine and L-arginine (Figs. 1 and 4) 
is consistent with the interpretation that the novel sys- 
tem B °'+ [11,13] is primarily responsible for L-alanine 
uptake by blastocysts obtained from intact mice. A less 
conspicuous, L-lysine-resistant, Na+-dependent compo- 
nent of L-alanine transport was also detected in blasto- 
cysts (Fig. 4) as reported previously for glycine trans- 
port [1]. The L-lysine resistant component of L-alanine 
transport cannot be attributed to residual system B °'+ 
activity because it is inhibited more strongly by trans- 
OH-L-proline than by L-arginine, whereas the reverse is 
true for inhibition of system B °'+ (Fig. 4). Similarly, 
L-tryptophan and L-leucine inhibit system B °'+ more 
strongly than do L-serine and L-cysteine, but all four of 
these amino acids inhibit the L-lysine-resistant compo- 
nent equally well (Fig. 4). Furthermore, the results of 
kinetic analysis are consistent with the presence of at 
least two Na+-dependent L-alanine transporters in 
blastocysts (Fig. 6); a higher affinity system (K m -=-26 
#M and Vm~ ~ 16 fmo1. blastocysts -1 • min -I) which 
appears to be system B °'+ [11] and a lower-affinity 
system (Km -=- 380 #M and Vma x ------- 25 fmol .  
blastocysts -1- min-a) which, like B °'+, appears to be 
novel. 

The lower-affinity system for L-alanine transport in 
blastocysts can be distinguished from better-known, 
broad scope, Na+-dependent systems for zwitterionic 
amino acid transport in several ways. System A accepts 
a-N-methylated amino acids as substrates [8,17-19], but 
the 'model' system A substrate, MeAIB, failed to in- 
hibit alanine uptake by blastocysts (Fig. 5). Moreover, 
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bulky amino acids, such as L-leucine and L-tryptophan, 
interact with the L-lysine-resistant, zwitterion-preferring 
L-alanine transporter in blastocysts relatively strongly 
(Figs. 4 and 5), whereas these amino acids usually 
interact relatively weakly with systems A and ASC. 
Moreover, penicillamine is a strong inhibitor of system 
ASC in hepatocytes [25], but it inhibits alanine uptake 
by blastocysts weakly if at all (Fig. 4). Finally system 
ASC is susceptible to inhibition by L-lysine and L- 
arginine, and this inhibition has been used to infer the 
structure of the amino acid receptor site of system ASC 
[26]. The Na÷-dependent, zwitterion-preferring system 
in blastocysts was detected because it resists inhibition 
by cationic amino acids, however (Fig. 4 and Ref. 1). 
The latter observation is consistent with the theory that 
the structure of the amino acid receptor site of the 
system in blastocysts is different from the structure of 
system ASC's receptor site. More detailed kinetic stud- 
ies, such as 'ABC' testing [8,17-19], were not attempted 
for the L-lysine-resistant component of L-alanine trans- 
port. The latter component is relatively inconspicuous, 
and, even in the presence of 20 mM L-lysine to inhibit 
most of the system B °'÷ activity, system B °'÷ would 
contribute substantially to uptake at L-alanine con- 
centrations above the K m value of the L-lysine-resistant 
component. Nevertheless, we suggest that the L-lysine- 
resistant, zwitterion-preferring Na÷-dependent compo- 
nent of L-alanine and glycine transport in blastocysts is 
sufficiently distinct from systems A, ASC and B °'÷ to 
warrant its separate provisional designation as system 
B. Although its characterization is incomplete, system B 
seems to resemble broad scope transport activities in 
the brush borders of bovine kidney [27] and rabbit 
intestine [28] more than does system B °'÷, because sys- 
tem B and the broad scope activities in the kidney and 
intestine each interact relatively poorly with cationic 
amino acids. 

Possible significance of changes in amino acid transport in 
blastocysts during the day preceding implantation 

Although the quantity of system B °'+ activity that 
blastocysts can express increases by about two to 3-fold 
between 26 and 6 h before implantation [8], the amount 
of this activity that blastocysts actually express in situ 
near the time of implantation may not be as high as the 
level of activity they are capable of exhibiting. The level 
of B °'+ activity expressed by blastocysts obtained from 
intact mice about 6 h prior to implantation increases 
about 3-fold within 1 h after they are disturbed (e.g., 
flushed from uteri in culture medium; Table I). A 
similar increase is attributable mainly to an increase in 
the Vma x value for L-alanine uptake in implanting 
blastocysts obtained 20-25 h after administration of 
estrogen to their ovariectomized mothers, and the in- 
crease requires only 20 min to complete [13]. No such 

increase occurs when early blastocysts from intact mice 
(Table I) or diapausing conceptuses from ovariecto- 
mized, progesterone-treated mice [13] are disturbed in 
similar ways. Moreover, system b ÷ activity decreases 
when late normal and implanting blastocysts are re- 
moved from the uterine lumen (Table I and Ref. 13). 
The extent of the latter decrease may be greater than 
the data indicate, unless nonsaturable uptake also de- 
creases. For technical reasons associated with quickly 
obtaining and manipulating a large enough number of 
conceptuses, the nonsaturable component of uptake has 
not been subtracted from the uptake listed in Table I. 
In contrast, no changes were observed in the capacities 
of blastocysts to take up amino acids by systems L or 
b °'* when blastocysts were disturbed near the time of 
implantation. Therefore, it seems unlikely that the 
changes in transport that occur when either late normal 
or implanting blastocysts are removed from the uterus 
(i.e., disturbed) can be attributed to damage to the 
conceptuses or another nonspecific effect of the isola- 
tion procedure on amino acid transport in blastocysts. 
In fact, apparently the same increase in system B °'÷ 
activity can be elicited in implanting blastocysts in situ 
by gently massaging the uterus with a blunt instrument 
[13]. The latter treatment is known to cause a rapid 
increase in the levels of adenyl cyclase activity and 
cAMP in the rodent uterus, but only while it is receptive 
to implantation [29-32]. We suggested [13] that rapid 
changes in the activities of amino acid transport systems 
may reflect a more general susceptibility of blastocysts 
to metabolic perturbation near the time of implanta- 
tion. Such sensitivity of the metabolism of both the 
uterus and blastocyst may be needed for communica- 
tion between them, perhaps to coordinate the implanta- 
tion process. 

We also suggested previously that the increase in 
system B °'÷ activity that occurs in blastocysts when they 
are disturbed near the time of implantation could be 
secondary to an increase in the intracellular [K ÷ ] and a 
decrease in the [Na ÷ ] [13]. The present studies indicate, 
however, that if these changes in ion concentrations 
occur, they do not lead to an increase in membrane 
potential. If membrane potential increases then uptake 
of cationic amino acids via cation-preferring transport 
processes such as system b ÷ (or via nonsaturable routes) 
should also increase, not decrease (Table I). In fact, the 
velocity of L-arginine uptake via system y÷ in human 
fibroblasts correlates directly with the magnitude of the 
membrane potential [33]. Much remains to be learned 
about the mechanisms by which changes in amino acid 
transport activities occur when blastocysts are disturbed 
near the time of implantation. Nevertheless, if we can 
determine how system B °'÷ activity increases while sys- 
tem b ÷ activity (and perhaps nonsaturable uptake) de- 
creases in the latter conceptuses, then we may gain 
insight not only into how blastocysts communicate with 



the uterus, but also into biochemical mechanisms of 
amino acid transport. 
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