significant amounts of lower molecular
weight apoB and apoA-IV in contrast to
corresponding normal lipoprotein frac-
tions. The resilts of immunodiffusion
studies (Fig. 2) indicate the absence of
apoE in the proband’s plasma, and its
presence in normal plasma and in the
plasma of the proband’s offspring: The
proband’s plasma contained apolipopro-
teins A-I, A-II, B, C-I, C-II, and C-III as
tested by radial immunodiffusion with a
mean apoC-II plasma concentration of
6.0 mg/dl (normal, 2.5 = 1.5 mg/dl).

Chylomicrons released by intestinal
epithelial cells contain apolipoproteins
B, A-1, A-II, and A-IV (12, 14, 15). Most
lymph chylomicron apoB is comprised of
lower molecular weight apoB or ‘‘B-48"’
(12). Chylomicrons in lymph appear to
acquire significant quantities of the C
apolipoproteins, presumably as a result
of transfer from HDL which has filtéred
from plasma into lymph (/6). After entry
into plasma, lymph chylomicrons are
acted on by lipoprotein lipase, resulting
in the hydrolysis of triglyceride and the
transfer of apoA-I, apoA-II, the C apoli-
poproteins, and lipid to HDL (/5), and
the formation of chylomicron remnants
within the VLDL and IDL density region
(17). Chylomicron remnants contain
both apoB and apoE (5). On the basis of
studies with radioactively labeled chylo-
microns in man, only a very small frac-
tion of chylomicron apoB is transferred
to LDL (15). The chylomicron remnants
are rapidly removed from the circulation
by the liver, and this catabolic process
appears to be mediated in part by an
apoE receptor in the rat. The importance
of this receptor-mediated process in man
is unknown (5). This uptake phenome-
non is enhanced by estrogen administra-
tion (18). Estrogens have been reported
to ameliorate the hyperlipidemia in type
III HLP female subjects in contrast to
other forms of hyperlipidemia (/9). Most
patients with type III HLP have in-
creased plasma concentrations of an ab-
normal apoE as demonstrated by IEF
(6), and this protein abnormality results
in a delayed catabolism of triglyceride-
rich lipoproteins because of a decreased
hepatic uptake (6, 7).

Members of the kindred with type III
HLP described herein, because. of their
lack of detectable plasma apoE, differ
from other known type III HLP kin-
dreds, all of which have shown increased
amounts of an abnormal apoE. In addi-
tion, these subjeets had only mild hyper-
triglyceridemia, incréased LDL choles-
terol, and a much higher ratio of VLDL
cholesterol to plasma triglyceride than
reported in other type III HLP subjects.
Apolipoprotein A-IV and lower molecu-
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lar weight apoB (B-48), two lymph chy-
lomicron apolipoprotein c¢onstituents
generally not found in normal plasma
IDL and LDL, were present in signifi-
cant quantities in the IDL and LDL of
these patients with apoE deficiency.
These data are consistent with the fol-
lowing concepts: (i) apoE is important
for the catabolism of chylomicron rem-
nants; (ii) apoE deficiency results in the
accumulation of chylomicron remnants
in plasma, type III HLP, tubo-eruptive
xanthomas, and premature coronary ar-
tery disease; and (iii) apoE deficiency
represents a new disease entity.
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Intestinal Diffusion Barrier: Unstirred Water Layer or

Membrane Surface Mucous Coat?

Abstract. The dimensions of the small intestinal diffusion barrier interposed
between luminal nutrients and their membrane receptors were determined from
kinetic analysis of substrate hydrolysis by integral surface membrane enzymes. The
calculated equivalent thickness of the unstirred water layer was too large to be
compatible with the known dimensions of rat intestine. The discrepancy could be
reconciled by consideration of the mucous coat overlying the intestinal surface
membrane. Integral surface membrane proteins could not be labeled by an iodine-
125 probe unless the surface coat was first removed. The mucoprotein surface coat
appears to constitute an important diffusion barrier for nutrients seeking their
digestive and transport sites on the outer intestinal membrane.

Before a solute in the small intestinal
lumen can interact with receptors for
hydrolysis or transport, it must pass
through a diffusion barrier, which modi-
fies the kinetics of nutrient assimilation
(I). It has been suggested that this barri-
er is an unstirred water layer located at
the intestinal lumen—-membrane interface
().

We have examined the intestinal diffu-
sion barrier by means of a kinetic analy-
sis of the surface membrane hydrolases,

sucrase, lactase, and aminooligopepti-
das€. These enzymes are known to oper-
ate at the luminal-cell intérface of the
intestinal mucosal cell (2, 3); when the
kinetics of rat jejunum enzymes in vivo
are compared to those of the isolated,
pure enzymes (4-7), the effective thick-
ness of the overlying water diffusion
barrier can be calculated (8).
Carbohydrates were made up to 0.3M
in deionized water and diluted with buff-
er (0.14M NaCl and 0.01M sodium, po-
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Table 1. Kinetic and physical parameters for three substrates, and values calculated for the
thickness of the unstirred water layer from Eq. 1.

. Substrate
Physical
parameters™ Sucrose Lactose Gly-Leu-Gly-Gly
Vimax (mole sec™' cm™2) 1.6 x 107% 1.6 x 107° 1.9 x 107°
Ko, (mM) 96 27 9.0
K (mM) 20 (5) 20 (4. 6) 0.5(7)
D x 107 (cm?/sec) 7.4 = 0.1 7.3 0.1 6.9+ 0.2
8 (mm) 0.70 0.64 0.62

*Kqp is the observed half-saturation constant for intact intestine in vivo: Ky, is the true K, for appropriate
pure isolated intestinal hydrolase; D is the diffusion coefficient: and 3 is the unstirred layer thickness
assuming it consists of water at a viscosity of 0.695 centipoise.

tassium phosphate, pH 7.4) to maintain
osmolality at 300 mosmole/kg. From
male Sprague-Dawley rats (150 to 200 g)
we prepared 10-cm jejunal segments. We
performed the perfusion studies on these
segments at 0.4 ml/min (9), except when
we measured lactose. Because of the
relatively low capacity of brush border
lactase for surface hydrolysis, we in-
creased the segment for the measure-
ment to 20 cm and decreased the perfu-
sion rate to 0.2 ml/min. Peptide concen-
tration was determined by an automated
ion exchange system (9). Disaccharide
concentration was determined by scintil-
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lation counting of '“C-labeled glucose
disaccharides (New England Nuclear)
corrected for free luminal glucose deter-
mined by a glucose oxidase method (4).

Since disaccharide substrates are not
absorbed intact and disappear only by
virtue of surface hydrolysis by their ap-
propriate brush border hydrolase, the
rate of substrate disappearance from the
lumen can be equated with hydrolytic
rate of the enzyme (9).

Kinetic parameters were calculated
from six concentrations of each sub-
strate. Individual hydrolysis rates for
each concentration, based on disappear-

Fig. 1. An electron
micrograph of the sur-
face region of a rat
jejunal cell.  The
lighter area in the
lower half of the
photograph is the cell
cytoplasm with its
fingerlike microvillus
projections. The
preparation was first
stained with rutheni-
um red (27) (prior fix-
ation in osmium te-
troxide and staining
with uranyl acetate
lead citrate) to identi-
fy the glycocalyx at
the microvillus sur-
face (arrow) and the
thick overlying sur-
face coat (4.3 = 1.0
pm; mean * standard
error). The dimen-
sions can be appreci-
ated by comparing
with the microvillus
length (1.6 = 0.2 pwm)
(x40,000).

ance of substrate from the lumen, repre-
sent the mean of three consecutive col-
lections following a 20-minute equilibra-
tion perfusion in each of four animals (N
= 12). Hydrolysis of sucrose, lactose,
and Gly-L-Leu-Gly-Gly displayed typical
hyperbolic kinetics, and values for the
Michaelis constant and maximum veloci-
ty were determined from Lineweaver-
Burk plots (10) by least-squares fitting
(r = .9 or higher).

Diffusion coefficients (D) were deter-
mined in perfusion buffer at 37°C by a
modification of the agar gel diffusion
method (/1) at substrate concentrations
which resulted in half maximum hydroly-
sis in vivo. In this system, disaccharides
were determined by scintillation count-
ing and peptides by the fluorescamine
reaction (/2). The D values (Table 1)
closely approximated those calculated
by the Stokes-Einstein equation or, for
lactose and sucrose, values determined
by othérs under similar conditions (/3).

When the Kinetic values of isolated
pure brush border enzymes and those
determined from intact intestine in vivo
are known, the equivalent thickness of
an aqueous unstirred diffusion layer,
which would reconcile differences in the
Michaelis constants for the two systems,

can be calculated by rearranging
Winne’s equation (8):
_ D (Kob = Kin)

%= 7705 Vi ()
where K, is the Michaelis constant of
the pure enzyme; K, that of the surface
membrane enzyme in vivo; V., is the
maximum rate for the surface-bound en-
zyme; and J is the effective thickness of
the unstirred layer.

Table 1 shows the calculated values of
8 for each of the three substrates. These
enzymes reflect three distinct combina-
tions of Kinetic parameters; high K,
high Vpax; high Ko, low Vo and low
Kob, low V. Yet, in each instance,
substitution of the experimental K,,’s
and known K,,’s into Eq. 1 yielded an
equivalent aqueous unstirred layer of 0.6
to 0.7 mm. This value is somewhat great-
er than that determined by nonenzymatic
techniques in vitro where vigorous agita-
tion was used to minimize stasis over the
intestinal membrane (/4-16); but our re-
sults agree closely with a recent study
performed in human jejunum in vivo
(17). Notably, an unstirred layer of 0.65
mm requires that more than one-quarter
of the internal diameter and nearly one-
half of the volume of the rat intestinal
lumen is occupied by the diffusion barri-
er. This implies more intestinal fluid sta-
sis than is generally believed to exist
when fluid flows through a hollow cylin-
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der such as the gut. This relatively thick,
unstirred water layer is based on an
intestinal surface area given by the mini-
mum cylinder model (1.57 cm? per centi-
meter in length) (9, 15). If the villar
convolutions are also considered, the
surface area would be about ten times
greater and the calculated equivalent
thickness of the unstirred layer would
then be 8 mm, a value greater than the
total interior diameter of rat jejunal lu-
men. That the minimum cylinder model
best represents intestinal microanatomy
is also supported by studies of Boom et
al. (18) demonstrating that osmium te-
troxide, a small neutral molecule, binds
to intestinal cells at the villar tips; access
to cells further down the villus is limited
to that occurring:in the deeper regions of
solid organs by virtue of slow diffusion
through the tissue.

Although a change in tertiary structure
and consequent alteration in enzyme ki-
netics might occur when a protein is
separated from its membrane environ-
ment, intestinal hydrolases display the
same kinetic mechanisms after being sol-
ubilized from the membrane (/9). Fur-
thermore, each of the intestinal enzymes
yielded similar values for the unstirred
layer thickness (Table 1). Thus compara-
tive kinetic analysis of surface hydro-
lases of intact intestine with those puri-
fied to homogeneity appears to be a valid
means of estimating the diffusion barrier.

The seeming unphysiological depth of
the hypothetical unstirred water layer
prompted us to consider another possi-
ble intestinal interfacial diffusion barrier.
The solute most intimately juxtaposed to
the intestinal cell membrane is a special-
ized mucous coating, a complex suspen-
sion of mucoproteins, glycoproteins, gly-
colipids, and probably membrane pro-
teins in the process of being degraded
(19). The gastrointestinal mucous coat
forms a tightly bound gel that appears to
severely restrict the diffusion of protein
molecules (20), but little information is
available on the role of mucus as a
barrier to smaller molecules such as the
final nutrient peptide or saccharide prod-
ucts which must diffuse to their hydro-
lase or transport sites on the membrane.
Recently, gastric mucus has been shown
to constitute a major diffusion barrier for
hydrogen ions (21). Although the mu-
cous coat forms a highly viscous gel (22),
it is highly hydrated and its barrier prop-
erties probably are also a function of the
effective size of the water-filled pores
established by its extended carbohydrate
chains.

As shown in Fig. 1, there is a generous
mucous coat overlying the convoluted
intestinal surface membrane that is more
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than twice the thickness of the microvil-
li. We attempted to study intact intestine
devoid of its mucous coat, but removal
of the surface coat from everted intesti-
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Fig. 2. (A) Sodium dodecyl sulfate acrylamide
electrophoresis of intestinal brush border
membrane proteins labeled with '**1-lactoper-
oxidase. In parallel experiments, the intact
everted intestinal sac (Intact intestine) (23)
and isolated brush border membrane (BBM)
vesicles (24) were exposed to Na'?’I-labeled
lactoperoxidase (26). Brush border mem-
branes, prepared from the gut sac, and the
directly labeled membrane vesicles were then
solubilized with 0.1 mg of papain per 100 mg
of tissue weight for 1 hour (28), and the
supernatant obtained after centrifugation at
100,000¢ for 1 hour was passed through a 2.5
by 45 cm bed of Bio-Gel P-60 to remove free
radioligand and small peptides. After concen-
tration by vacuum dialysis and exposure to 1
percent sodium dodecyl sulfate at 100°C for 30
minutes a portion [80 pg of protein (29) in 50
wl] of solubilized membranes from the gut sac
experiment (intact intestine) and from the
isolated vesicle experiment (BBM vesicles)
was applied separately to 7.5 percent gels
containing 0.1 percent sodium dodecyl sulfate
(30). After electrophoresis, 2-mm slices were
cut and dissolved in 30 percent hydrogen
peroxide for analysis of radiocactivity. (B) A
representative duplicate gel of the final mem-
brane preparation was stained with Coomas-
sie blue G250 and analyzed in a Gilford 250
scanning spectrometer. Positions of standard
proteins (B-galactosidase, 116,000; phospho-
rylase, 92,000; catalase, 58,000; ovalbumin,
43,000) are shown in (A); BPB, bromphenol
blue.

nal sacs (23) by treatment with neur-
aminidase, proteases, or detergents was
unsuccessful because the underlying
membrane was concomitantly damaged.
However, isolated brush border mem-
branes (24) with luminal surface facing
outward (25) were found to be free of the
mucous coat when examined by electron
microscopy (not shown). We exposed rat
everted small intestinal sacs and isolated
brush border surface membrane vesicles
to Na'*I-labeled lactoperoxidase (26) in
parallel experiments. As Fig. 2 shows,
many membrane proteins were readily
labeled in isolated brush border mem-
branes, but no significant labeling oc-
curred when the intact intestine was ex-
posed to the probe. Hence, tyrosine resi-
dues of integral intestinal membrane pro-
teins do not appear to be available to the
12%].]abeled lactoperoxidase at the sur-
face of intact intestine, probably because
they are protected by the overlying mu-
cous coat.

Our experiments indicate that the dif-
fusion barrier at the intestinal surface
cannot be accounted for solely by a
simple unstirred water layer. Instead, on
the basis of both the kinetics of surface
hydrolysis and the surface protein label-
ing with a radioactive ligand probe, we
conclude that the intestinal mucous coat
is an important diffusion barrier for nutri-
ents and other oligomers that have to be
digested, transported, or bound to recep-
tor sites on the outer intestinal mem-
brane.
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Integration and Stable Germ Line Transmission of

Genes Injected into Mouse Pronuclei

Abstract. Genetic material has been successfully transferred into the genomes of
newborn mice by infection of that material into pronuclei of fertilized eggs. Initial
results indicated two patterns of processing the injected DNA: one in which the
material was not integrated into the host genome, and another in which the injected
genes became associated with high molecular weight DNA. These patterns are
maintained through further development to adulthood. The evidence presented
indicates the covalent association of injected DNA with host sequences, and
transmission of such linked sequences in a Mendelian distribution to two succeeding

generations of progeny.

The successful introduction of exoge-
nous DNA into cultured mammalian
cells (1-4) has led to the development of
a novel gene transfer system that has
yielded new information about gene reg-
ulation in higher eukaryotes. One diffi-
culty with this system is that cultured
cells are not capable of organismal devel-
opment and differentiation. DNA se-
quences cloned by recombinant DNA
technology can be microinjected into the
pronuclei of fertilized mouse oocytes and

3
Bgll  BgiI

can be subsequently located in the DNA
of newborn mice (5). This system allows
the study of transferred gene sequences
in the context of normal embryonic de-
velopment. Since development is a pro-
cess that includes maturation to adult-
hood, reproduction, and senescence, it is
important to examine the fate of trans-
ferred genes beyond the point of birth.
We have now followed this injected ma-
terial through further stages of mouse
development.

b

ORI pom K1

Fig. 1. Simplified diagrams of recombinant plasmids used for microiﬁjéction of mouse embryos.
The Eco RI site of pBR322 is marked at 0 kb for reference.
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Two recombinant plasmids were used
for microinjection. The first, designated
pST6 (5), was composed of the Hind III
C restriction endonuclease fragment of
SV40 virus and the herpes virus thymi-
dine kinase (TK) genes cloned in plasmid
pBR322; the second, pIf (6), contained
human leukocyte interferon complemen-
tary DNA (cDNA) also cloned in
pBR322 (7). A simplified diagram of each
plasmid with its relevant restriction sites
is shown in Fig. 1. Between 1000 and
35,000 copies of each plasmid were in-
jected into each zygote. All microinjec-
tions were carried out as described (5).

The feasibility of producing such ge-
netically transformed mice, which we
call “‘transgenic’’ mice, depends upon
several factors. Qur experience has been
that higher copy number gives a higher
rate of transformation, but that the vis-
cosity of concentrated preparations in-
creases embryo mortality at the time of
injection. Injection of 1000 copies of
pST6 gave a survival rate of 50 to 70
percent with a third of the survivors
eventually giving rise to live young.
About 1 in 30 of such young retained
transferred genes (5). When 30,000
copies of this plasmid were injected,
embryo survival was reduced to 30 to 50
percent, but 1 in 15 mice retained the
sequences. The plf plasmid is smaller
than pST6 and was therefore more easily
injected. Survival of microinjection of
10,000 copies of this plasmid varied be-
tween 50 and 75 percent. Ten mice were
born from 33 embryos thus far implant-
ed, a rate which compares well with
survival rates of embryos injected with
pST6 (5). Of these ten mice, one was
transgenic. This rate appears higher than
that obtained from pST6 injections, but
statistically significant numbers allowing
a rigorous comparison of these experi-
ments are not yet available.

Southern blot hybridization has been
used to evaluate plasmid sequences in
newborn and adult mice (5, 8-10). In the
case of adults, DNA was extracted from
spleens. Whether or not the donor mate-
rial was integrated into the host genome
was assessed by three criteria: (i} the
acquisition of resriction sites in the host
genome but not in the recombinant plas-
mids, (i) the mobility of plasmid se-
quences in agarose gels when the DNA
applied to the gels was undigested, and
(iii) the ability of the plasmid sequences
to be transmitted through the germ line
to succeeding generations.

Two mice (73 and 9.02) injected with
either pST6 or pST9 (pSTI is identical to
pST6 except that the orientation of the
SV40 insert is reversed) and one mouse
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