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branch, respectively. The tissue was processed 
in the same way as the heart tissue. Many capil- 
laries at the border region between the two col- 
ors were double-filled with red and white Micro- 
fil. These results demonstrate that numerous 
capillary anastomoses are present in skeletal 
muscle, in contrast to the capillary beds in the 
heart, which are discrete. They further imply 
that our finding of end-capillary beds in the heart 
is not a technical artifact, for the same technique 
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The transmission of maternal immuno- 
globulins across fetal and neonatal tis- 
sues is essential for the survival of 
mammalian offspring (1). In this way, 
developing mammals passively acquire 
immunity until their own immune sys- 
tems mature. In the neonatal rat, mater- 
nal immunoglobulins that occur in the 
milk are transported across the proximal 
small intestine during the first 3 weeks 
after birth. The transport process is high- 
ly selective for immunoglobulin G (IgG). 
Other immunoglobulin classes, as well as 
other serum and milk proteins, are trans- 
ferred in much smaller amounts or not at 
all and instead are digested intracellular- 
ly by absorptive cells in the distal jeju- 
num and ileum (2). The transport of IgG 
is a saturable process, can be com- 
petitively inhibited, and requires the 
presence of the Fc (crystallizable frag- 
ment) region of the IgG molecule (2, 3). 
This evidence is consistent with the hy- 
pothesis that transport of maternal IgG is 
mediated by cell membrane Fc receptors 
(1-4). 

Potential antigens within the mother 
are in some instances also transferred to 
the young and can lead to the suppres- 
sion or enhancement of the immune re- 
sponse (5-7) or, if the antigen is a patho- 
gen, active infection of the young (8). 
However, the mechanisms whereby anti- 
gens are passed to the young are poorly 
understood. By using the electron micro- 
scope we have documented the transfer 
of antigens in the form of antigen-anti- 
body complexes across the proximal 
small intestine of the suckling rat. 
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Horseradish peroxidase (HRP), a 
globular protein (40,000 daltons) that can 
be readily visualized in the electron mi- 
croscope, was used as the antigen for our 
transport experiments. We obtained an 
antiserum to HRP by immunizing adult 
rats and rabbits with HRP in complete 
Freund's adjuvant. Control antiserums 
were obtained from animals immunized 
with dinitrophenylated bovine-y-globulin 
(DNP-BGG). The IgG fractions of the 
antiserums were purified by precipitation 
with ammonium sulfate and then by 
chromatography with diethylaminoethyl 
(DEAE) cellulose. The antigenic speci- 
ficity of each IgG fraction was assessed 
by immunodiffusion, and the concentra- 
tion of specific antibody to HRP present 
in each of the antiserums was estimated 
by quantitative precipitation. The con- 
centration of total IgG in each prepara- 
tion was then adjusted to 10 mg/ml in 
0. 1M phosphate buffer, pH 6.0. Soluble 
immune complexes of HRP and antibody 
to HRP (PAP) were prepared by adding a 
twofold molar excess of HRP to the anti- 
serum to HRP. An equal amount of HRP 
was added to the antiserum to DNP- 
BGG to obtain a control mixture of HRP 
and IgG (Pig). Neonatal rats (10 days 
old) were anesthetized with ether, and a 
2- to 3-cm segment of proximal jejunum 
was ligated in situ. A 0.1-ml sample of 
either PAP or PIg was injected into the 
lumen of the segment. After 15, 30, 60, 
or 120 minutes, pieces of ligated jejunal 
tissue were excised and fixed in 2 per- 
cent buffered glutaraldehyde, and then 
incubated in a mixture of H202 and di- 
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aminobenzidine (DAB) to reveal the loca- 
tion of HRP (9). After postfixation in os- 
mium tetroxide, the tissue was dehy- 
drated, embedded, and sectioned for ex- 
amination in the electron microscope. 
We followed a similar procedure in as- 
sessing HRP transport in the jejunum of 
22-day old rats. 

Our results reveal strikingly different 
patterns for the cellular distribution of 
HRP between tissue exposed to PAP and 
control tissue incubated with Pig. Within 
30 minutes of exposure to PAP, HRP 
was identified throughout the columnar 
epithelial cells of the jejunum (Fig. la). 
Reaction product was found within en- 
docytotic pits at the microvillar surface 
and within small underlying tubules and 
vesicles. HRP was also apparent near 
the Golgi region of the cell in small vesi- 
cles that have previously been identified 
as coated vesicles (2, 3). Most important, 
after incubation for 30 minutes or longer, 
HRP reaction product was seen with 
progressively increasing concentration 
in the extracellular spaces between epi- 
thelial cells. Coated vesicles containing 
antigen were frequently observed in 
close proximity to the lateral border of 
epithelial cells and at times appeared to 
be discharging HRP into the extra- 
cellular space. Identical results were ob- 
tained when immune complexes were 
prepared with rabbit IgG, a heterologous 
Ig that is transported across the intestine 
of the suckling rat (1). Thus, the cellular 
distribution of HRP that results from the 
exposure of jejunal cells to PAP is essen- 
tially the same as the distribution of ma- 
ternal IgG in the absence of antigen with- 
in these same cells (2-4). 

In the neonatal tissue exposed to Pig, 
HRP was found only in apical regions of 
the cell regardless of incubation time 
(Fig. lb). The HRP occurred predomi- 
nantly in large apical vacuoles and multi- 
vesicular bodies and, when compared to 
PAP-exposed cells, was qualitatively 
much less abundant overall within the 
cells. After incubation of the cells with 
PIg HRP was never observed in the more 
basal regions of the cells, within coated 
vesicles, or within the extracellular 
spaces. When jejunal segments of 22- 
day-old rats were exposed to either PAP 
or PIg, HRP was not detected within or 
on the surface of any of the absorptive 
cells examined. 

To investigate whether immune com- 
plex transport in newborn rats is mediat- 
ed by the Fc region of the IgG molecule 
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gested with pepsin (10). Although the 
F(ab')2 fragments were able to bind and 
precipitate HRP as demonstrated by im- 
munodiffusion, no transport of HRP by 
neonates was observed when intestinal 
segments were exposed to these immune 
complexes. These results suggest that 
the membrane receptors for uncom- 
plexed IgG are probably also responsible 
for the transport of immune complexes. 
Accordingly, specific antibody can link 
the bound antigen to the receptor and 
thus can cause the antigen to be carried 
piggyback fashion through the cell. 

The results from our experiments with 
Pig demonstrate that some free antigen 
can enter immunoglobulin-transporting 
cells. We believe that pinocytosis stimu- 
lated by the presence of nonspecific IgG 
could account for the nonselective up- 
take of HRP in the fluid volume of pino- 
cytotic vesicles. However, free HRP 
that fortuitously enters the cell is not 
linked to the IgG receptor and therefore 
is not transported. Instead, this HRP is 
confined to apical vacuoles and multi- 
vesicular bodies. The segregation of free 
antigen from the IgG transport pathway 
must serve to protect, in part, the vulner- 
able neonate from antigenic contamina- 
tion. In contrast, in the adult rat, small 

amounts of free antigen are apparently 
transferred across the intestine to the cir- 
culation, but immune complex formation 
appears to decrease significantly such 
antigen transfer (11). 

It is not clear what influences the ab- 
sorption of immune complexes might 
have on the neonate. The antigen in the 
complex may (i) dissociate and possibly 
infect the newborn, (ii) suppress or en- 
hance an active immune response, or (iii) 
induce tolerance. There is evidence that 
any one of these three alternatives might 
occur. Uhr and Baumann (12) have dem- 
onstrated the possibility of immune com- 
plex dissociation. Complexes of diph- 
theria toxin and antitoxin were injected 
into adult rabbits or guinea pigs and, in 
some cases, resulted in death or diph- 
theric paralysis. Gill and co-workers (5) 
discovered that radioactive antigens in- 
jected into female rats before mating are 
transferred to the litter. In these experi- 
ments, the offspring of genetically high 
responding strains demonstrated a sup- 
pressed antigen-specific response when 
challenged by antigen. Litters from low 
responders expressed an enhanced re- 
sponse. 

Developing mammals are particularly 
prone to the induction of tolerance (8). 

Benjamin and co-workers (7) have 
shown in neonatal mice that human IgG, 
which is selectively absorbed by the in- 
testine nearly as readily as homologous 
mouse IgG (1, 3), can induce specific, 
long-lasting tolerance in the neonate. 
Their experiments support the theory 
that during early development the failure 
of antigenic exposure to stimulate an im- 
mune response may represent a mecha- 
nism for the generation of self-tolerance 
(13). In addition, Auerbach and Clark (6) 
have demonstrated with mice that agents 
that induce tolerance can be passed from 
tolerant mothers to their young during 
nursing. However, when offspring from 
tolerant mothers nursed from nontoler- 
ant dams, tolerance was not induced. Fi- 
nally, antigen-antibody complexes have 
been recognized as potent inducers of 
tolerance in several humoral and cell- 
mediated immune responses (14). Thus, 
in addition to passive immunity, toler- 
ance can also be induced in the neonate, 
possibly by the transfer of immune com- 
plexes from the mother to young. 

It appears certain that the transfer of 
antigen can indeed affect the well-being 
of the newborn and the developing im- 
mune system. Our findings demonstrate 
that antigen-antibody complexes tra- 

I" ON''"M 

Fig. 1. (a) Electron micrograph ofjejunal epithelial cells from a 10-day-old rat exposed to immune complexes of HRP and antibody to HRP (PAP) 
for 60 minutes. Initially, PAP, as visualized as an electron dense reaction product of HRP, binds to the luminal plasmalemma at the bases of the 
microvilli and then enters the absorptive cells by endocytosis. The HRP is subsequently transferred to coated vesicles that fuse with the basolat- 
eral membranes of the cells (arrows) and release antigen into the intercellular spaces. (b) Cells incubated for 60 minutes with HRP and IgG 
directed against a different antigen (Pig). In the absence of specific antibody, HRP does not bind to the luminal brush border membrane and, in 
general, enters the cells in much smaller amounts than after incubation with PAP. At all time points, antigen is confined largely to vesicles in the 
apical cytoplasm immediately beneath the terminal web. Transfer of antigen to the extracellular spaces is not detected (L, intestinal lumen; scale 
bars, 2 ,tm). 
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verse a neonatal tissue formerly believed 
to transport only maternal antibodies. 
Thus, selective transport of IgG-antigen 
complexes represents a possible mecha- 
nism for entry into the neonate of a wide 
variety of antigens. We must therefore 
consider the transmission of immune 
complexes as an extremely important, 
possibly frequent event that may influ- 
ence the development of immune capa- 
bility. 

DALE R. ABRAHAMSON 
ALVIN POWERS 

RICHARD RODEWALD 
Department of Biology, University of 
Virginia, Charlottesville 22901 
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Recent explorations with a vibrating 
probe show that a wide variety of devel- 
oping systems drive strong steady elec- 
trical currents through themselves (1). 
Currents of 1 to 100 /A/cm2 traverse de- 
veloping systems from a level as simple 
as an algal egg (2) through one as com- 
plex as the regenerating stump of a newt 
limb (3). Moreover, substantial evidence 
indicates that these currents-or at least 
some of them-act back to affect devel- 
opment (4). However, an important in- 
termediate stage of developing system- 
which may be roughly called the epithe- 
lial one-has not been explored. We now 
report a first exploration of develop- 
mental currents at this stage-specifical- 
ly, through the early chick embryo. At 
the primitive streak stages, the embryo 
consists largely of two flat epithelia sepa- 
rated by a narrow intraembryonic space. 
The upper sheet, or epiblast, contains a 
1- to 2-mm long groove (the primitive 
streak) through which epiblast cells enter 
en route to forming all, or almost all, of 
the internal tissues. We have found that 
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strong steady currents pour out of the 
whole streak and return elsewhere 
through the epiblast. In the measurement 
plane, 0.2 mm above the epiblast, cur- 
rent densities of up to 10 to 20 /A/cm2 
were found; ones on the order of 100 /A/ 
cm2 are estimated to leave the streak. 

Large pieces of vitelline membrane 
with an adherent embryo were peeled off 
the yolk and explanted, right side up, in- 
to a measurement chamber according to 
a modification of Nicolet and Gallera's 
method (5) together with Jaffe and Nuc- 
citelli's vibrating probe technique (6). 
The explant was supported on a dense, 
inert oil (Mediflor, Minnesota Mining 
and Manufacturing) and covered with a 
layer of thin albumen (of 92 ohm-cm re- 
sistivity) in turn covered with a light non- 
toxic oil (Klearol, Witco). The probe's 
meniscus setter was placed at the upper 
water-oil interface. The preparation was 
maintained at 38?C. Typical signals were 
0.3 to 3 /V; root-mean-square noise lev- 
els (with a 10-second time constant), 0.02 
/AV. We visualized the top surface of the 
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20- to 40-/am thick vitelline membrane by 
depositing upon it some 10 /am of crys- 
tals of the rare earth oxide, Barnesite 
(which is sold for lens grinding). We 
studied a dozen explants and succeeded 
in exploring the patterns of tangential 
currents above three of them during 
streak stages 3 to 5. These all seemed rel- 
atively healthy since they later formed 
several pairs of somites, a well-formed 
head fold, and a neural tube. 

Figure 1 shows a scan of the current 
component flowing across the streak. 
The direction of the current reversed 
sharply above the streak, with current 
flowing away from both sides of it. This 
outward current reached a peak density 
of 8 to 10 taA/cm2 at 0.1 to 0.2 mm from 
the streak and then continued, with di- 
minishing intensity, out to 1 mm from the 
streak. Farther out, toward the edges of 
the explant, the current reversed direc- 
tion again, so that it returned from these 
edges. We obtained similar results from 
all of the seven similar scans made 
across various levels of the streak (from 
front to rear) of the three explants suc- 
cessfully explored. They indicate that 
current leaves the whole streak (as well 
as the periphery) and returns elsewhere 
through the epiblast (Fig. 1C). 

Scans of the cross component were al- 
so made in several vertical lines extend- 
ing through various points, particularly 
the circled point of peak density, shown 
in Fig. 1A. This curve (not illustrated) 
fell steadily from 16 ,uA/cm2 at 0.15 mm 
above the embryo's top surface to 11 
A/A/cm2 at 0.2 mm, 6 /A/cm2 at 0.3 mm, 
and 3 /A/cm2 at 0.5 mm; this is about the 
shape predicted by potential theory. In- 
tegration of this curve indicates that 
about 1 A,A leaves each centimeter 
length of the streak. If we assume that 
current leaves a strip about 0.1 mm wide, 
it leaves with a density of the order of 
100 aA/cm2. 

Figure 2 shows a scan of the current 
component flowing parallel to the streak 
and within a line just above the streak. 
Current direction reversed sharply about 
0.2 mm behind the front end of the 
streak, that is, behind Hensen's node. 
Current flowed away from all sides of 
this central reversal point or epicenter- 
forward to the most anterior point ex- 
plored (0.2 mm in front of the node) and 
backward to the most posterior point ex- 
plored (0.6 mm behind the rear end of the 
streak) as well as laterally. The densest 
forward current (25 ,.A/cm2) lay just pos- 
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also shows the parallel component with- 
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Strong Electrical Currents Leave the Primitive 

Streak of Chick Embryos 

Abstract. The electricalfields above chick embryos were explored with a vibrating 
probe. These fields indicate that steady currents with exit densities of the order of 100 
microamperes per square centimeter leave the whole streak and return elsewhere 
through the epiblast. The epicenter of these strong exit currents lies near Hensen's 
node. They are probably pumped into the intraembryonic space by the epiblast and 
then leak out of the streak because it is a zone of junctional disruption. 
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