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Abstract Feto-maternal transfer of lipophilic nutrients is
an important factor in the normal development of the fetus
and may be mediated by lipoproteins as carriers of these
nutrients. Two proteins that may be important in this pro-
cess are apolipoprotein B (apoB, the major structural
protein of secreted lipoproteins) and microsomal triglycer-
ide transfer protein (MTP) whose normal activity is re-
quired for the secretion of apoB-containing lipoproteins.
Although no abnormalities of conception and embryonic
lethality are known in humans who inherit genetic deficien-
cies of either of these proteins, homozygous mice bearing
knockouts of either apoB or MTP show early embryonic le-
thality. To characterize the ontogeny of MTP expression
during embryonic mouse development, we have used in situ
hybridization to characterize the pattern of expression. By
using microwave heating of tissue sections to optimize hy-
bridization, we show that there is robust MTP expression in
the yolk sac tissues followed by expression in the primordial
liver cell nests as early as day 9 post-coitum (E9.5). Intesti-
nal expression is detected around E12.5 and attains full
adult expression patterns by E14.5. No expression in any
other tissues was observed, including developing heart, kid-
ney, placenta, and maternal decidua.  Thus the pattern of
MTP expression is compatible with a role in the transfer of
lipophilic nutrients from the yolk sac, prior to hepatic de-
velopment and to the liver, once the circulatory system has
been established.

 

—Shelton, J. M., M-H. Lee, J. A. Richard-
son, and S. B. Patel.
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The secretion of lipoproteins by the liver and the intes-
tine is dependent upon two proteins: apolipoprotein B
(apoB) and microsomal triglyceride transfer protein
(MTP) (1, 2). Genetic deficiency of MTP in humans results
in the autosomal recessive condition of abetalipoproteine-
mia (3). A similar condition, homozygous hypobetalipopro-
teinemia, results from defects involving the major struc-
tural protein of liver or intestinally secreted lipoproteins,

 

apoB(4). MTP is an ER protein whose function is to transfer
neutral lipids, particularly triglyceride and cholesteryl ester,
into the nascent apoB and thus form a lipoprotein for se-
cretion. Such lipoproteins are important for transport of
both triglycerides, which allow for delivery of energy to
the periphery, but also carry vital fat-soluble vitamins and
essential fatty acids important for normal cell function.
Thus, in the human condition of abetalipoproteinemia, it
is the impaired absorption and peripheral delivery of vita-
mins A and E that are responsible for much of the patho-
physiology of this inherited condition (1, 5). Therapeutic
replenishment of such vitamins can ameliorate, if not en-
tirely prevent, almost all of the complications when ther-
apy has been initiated early in the course of this disease.
Interestingly, although no formal studies have been re-
ported, there does not appear to be an increased inci-
dence of early fetal loss or apparent infertility in couples
that are obligate carriers for this disease (1). A similar
clinical pattern is also present in homozygous hypobetali-
poproteinemia, where the defect involves the structural
gene for apoB, but also results in very impaired lipopro-
tein secretion (4, 6). Affected individuals also exhibit fat-
soluble vitamin deficiencies. Early studies of human em-
bryos 5–11 weeks post-fertilization showed the expression
of apoB RNA in the yolk sac, fetal liver, and intestine, but
not other embryonic tissues, detected by in situ hybridiza-
tion as well as by metabolic labeling studies (7–9). In con-
trast, a number of studies have now been reported that
show that complete disruption of apoB or MTP in mice re-
sult in embryonic lethality (10–15). One explanation for
this difference may be the dependence of the developing
mouse embryo on the yolk sac for early nutrient delivery
and thus the need for lipoprotein-mediated synthesis and
secretion of the fat-soluble nutrients from the yolk sac to

 

Abbreviations: MTP, microsomal triglyceride transfer protein; apo,
apolipoprotein; ER, endoplasmic reticulum; RPA, ribonuclease protec-
tion assay; RT-PCR, reverse transcription-polymerase chain reaction.
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the embryo as proposed by Farese et al. (16). In the devel-
oping human embryo, it would appear that the yolk sac
may be a vestigial remnant.

In the mouse, disruption of the apoB gene leads to resorp-
tion of the embryos by 11.5 days post-coitum (E11.5) and his-
tological analyses at earlier stages showed an increased inci-
dence of hydrocephalus and exencephalus (10, 11). In the
MTP knockout animals, a similar phenotype was also identi-
fied and the increase in exencephalus was noted by E10.5
(14). Interestingly, using a sensitive RN

 

9

 

ase protection as-
say, Raabe et al. (14) were able to show the presence of
MTP message in not only liver and intestine, but also in
kidney and heart of normal embryonic mice.

We report here application of a modification to conven-
tional methodology that has allowed us to improve upon
detection of MTP mRNA in situ in the developing mouse
embryo, and augment previous biochemical developmen-
tal data (16, 17). Utilizing microwave heating RNA re-
trieval to improve in situ hybridization in paraffin-embedded
tissues (18–22), we demonstrate that expression of MTP is
initially present in the yolk sac membranes, followed by
the primordial liver, with intestine as the last tissue to
show robust expression. No detectable expression was
noted in the developing cardiac and renal tissues, nor in
the developing placenta and maternal decidua.

MATERIALS AND METHODS

 

Preparation of mouse tissues and embryos

 

Tissues were harvested from ICR mice (Harlan, Indianapolis,
IN) according to NIH and institutional guidelines for animal use.
Timed pregnant female animals were anesthetized and then
killed by cervical dislocation. Embryos were dissected from the
uterus, rinsed in cold DEPC-saline, and immediately fixed in
chilled 4% paraformaldehyde/DEPC-PBS, pH 7.4. Early embryos
(E9.5) were dissected intact within the maternal decidua, while
later embryos were dissected free of extraembryonic membranes
prior to fixation. Adult tissues were dissected from anesthetized
non-pregnant female mice after transcardial perfusion with cold
heparinized DEPC-saline followed by chilled 4% paraformalde-
hyde/DEPC-PBS, pH 7.4. Samples were fixed for 16 h with rocking
at 4

 

8

 

C before transfer to DEPC-saline. Tissues were then dehy-
drated, paraffin embedded, sectioned at 4 

 

m

 

m onto microscope
slides treated with Vectabond (Vector Laboratories, Burlingame,
CA). Slides were stored desiccated at 4

 

8

 

C.

 

Vector cloning and riboprobe synthesis

 

Two probes (probe A, 3

 

9

 

 and B, 5

 

9

 

) were selected from mouse
MTP cDNA and were amplified by PCR. The oligonucleotide se-
quences used for amplification are as follows;

Probe A (

 

,

 

277 bp)
mouse MTP1 (forward) 5

 

9

 

 GAG TTC ATC TCC ACA GTG
CAG

mouse MTP2 (reverse) 5

 

9

 

 TGG TGG AAG GGA ACC CAC
Probe B (

 

,

 

540 bp)
mouse MTP3 (forward) 5

 

9

 

 GGA AGC TTA TGTG GCA GAG
GGA GC

mouse MTP4 (reverse) 5

 

9

 

 CCC AGA GAT ATC TAC CTC

For probe A, the PCR products amplified from mouse full-
length MTP cDNA (kind gift from Dr. Hariharan, Bristol-Myers-

Squibb, Princeton, NJ) were subcloned into pBluescript II KS
(Stratagene, La Jolla, CA) at the EcoRV site, using TA cloning
(23, 24). Two positive clones, in sense and anti-sense orientation
with respect to the T7 promoter were identified, verified by se-
quencing, linearized with Hind III, and used to synthesize sense
and antisense probes by in vitro transcription (see below).

For probe B, amplified products were digested with Hind III
and EcoRV and cloned into Hind II and EcoRV digested pBlue-
script II KS vector. Template DNA for antisense and sense were lin-
earized with Hind III and EcoRV restriction enzymes, respectively,
and riboprobes were generated by in vitro transcription with the
Ambion Maxiscript kit (Ambion, Austin, TX) according to the kit
instructions. Briefly, in 20 

 

m

 

l reactions, 200 ng of template DNA
was transcribed with T7 (antisense) or T3 (sense) polymerase in
the presence of 280 

 

m

 

Ci of [

 

a

 

-

 

35

 

S]-UTP (800 Ci/mmol) (Amer-
sham, Piscataway, NJ) for 30 min at 37

 

8

 

C. After DN’ase digestion
and termination of all enzymatic activity, the transcription prod-
ucts were suspended in final volumes of 75 

 

m

 

l (DEPC-H

 

2

 

O) and
purified over G-50 spin columns (5

 

9

 

–3

 

9

 

, Boulder, CO). Pre- and
post-column samples were assessed for quality by scintillation
counting and denaturing polyacrylamide gel electrophoresis, and
the remainder of the transcription products were stored at 

 

2

 

80

 

8

 

C.

 

In situ hybridization

 

For pre-hybridization, slides were heated to 58

 

8

 

C for 30 min.
Utilizing RN’ase-free glass staining dishes and metal racks (Shan-
don, Pittsburgh, PA), slides were deparaffinized in xylene and hy-
drated through a series of graded ethanol/DEPC-saline rinses
(95%, 85%, 60%, 30%) to DEPC-saline. To accomplish microwave
RNA retrieval, the slides were transferred to upright plastic racks
and immersed in plastic containers (Miles Tissue-Tek, Elkhart, IN)
filled with DEPC-1X Antigen Retrieval Citra pH 6.0 (Biogenex,
San Ramon, CA). Empty slots were filled with blank slides, and the
plastic slide dish was covered loosely. The slides were heated in a
750 watt microwave at 90% power for 5 min. Any evaporated solu-
tion was replaced with DEPC-H

 

2

 

O, and the container was heated
at 60% power for an additional 5 min. The slides were cooled for
20 min, then returned to their metal racks and washed twice in
DEPC-PBS, pH 7.4, for 5 min each. Subsequently, the slides were
fixed for 20 min in 4% paraformaldehyde/DEPC-PBS, pH 7.4, and
washed twice in DEPC-PBS, pH 7.4, for 5 min each. To further un-
mask RNA, the slides were permeabilized for 7.5 min with 20 

 

m

 

g/
ml pronase-E in 50 m

 

m

 

 Tris-HCl, pH 8.0/5 m

 

m

 

 EDTA, pH 8.0/
DEPC-H

 

2

 

O. Excess pronase-E was removed by a 5-min DEPC-PBS,
pH 7.4, wash before re-fixing in 4% paraformaldehyde/ DEPC-
PBS, pH 7.4, for 5 min. Slides were washed in DEPC-PBS, pH 7.4,
for 3 min. The slides were then acetylated in 0.25% acetic anhy-
dride/0.1 

 

m

 

 triethanolamine–HCl, pH 7.5, twice for 5-min. Next,
the slides were equilibrated in 1 

 

3

 

 SSC, pH 7.0, for 5 min followed
by incubation in 50 m

 

m

 

 n-ethylmaleimide/1 

 

3

 

 SSC, pH 7.0, for 20
min. Five-min washes in DEPC-PBS, pH 7.4, and DEPC-saline fol-
lowed and then the slides were dehydrated through graded
ethanol/DEPC-saline rinses (30%, 60%, 85%, 95%) to absolute
ethanol, and dried under vacuum for 2 h.

Riboprobes and hybridization mixture containing 50% forma-
mide, 0.3 

 

m

 

 NaCl, 20 m

 

m

 

 Tris-HCl, pH 8.0, 5 m

 

m

 

 EDTA, pH 8.0,
10 m

 

m

 

 NaPO

 

4

 

, pH 8.0, 10% dextran sulfate, 1 

 

3

 

 Denhardt’s, and
0.5 mg/ml tRNA were thawed from 

 

2

 

80

 

8

 

C storage. Probes were
diluted in aliquots of hybridization mixture sufficient to achieve
7.5 

 

3

 

 10

 

3

 

 cpm/

 

m

 

l and the mixture heated to 95

 

8

 

C for 5 min. Di-
luted probes were then cooled to 37

 

8

 

C and 1 

 

m

 

 DTT was added to
achieve a final concentration of 10 m

 

m

 

 DTT. Riboprobe was ap-
plied directly over the section, and slides were placed in a Nalgene
utility box lined with 5 

 

3

 

 SSC/50% formamide-saturated gel blot
paper. Each slide was coverslipped with parafilm. The box was
sealed and slides were hybridized for 14 h at 55

 

8

 

C.
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After hybridization, parafilm coverslips were removed and the
slides were placed in upright plastic racks and immersed in a 5 

 

3

 

SSC/10 m

 

m

 

 DTT wash at 55

 

8

 

C for 40 min. Subsequently, the
slides were washed for 30 min at 65

 

8

 

C in HS (2 

 

3

 

 SSC/50% for-
mamide/100 m

 

m

 

 DTT), followed by three 10-min washes in NTE
(0.5 

 

m

 

 NaCl/10 m

 

m

 

 Tris-HCl, pH 8.0/5 m

 

m

 

 EDTA, pH 8.0) at
37

 

8

 

C. Slides were transferred to a fourth NTE wash containing
RN

 

9

 

ase-A (2 

 

m

 

g/ml) and incubated 30 min at 37

 

8

 

C. Excess

RN’ase-A was removed in a fifth NTE wash for 15 min at 37

 

8

 

C, be-
fore the slides were returned to HS for another 30 min at 65

 

8

 

C.
After this second HS, the slides were washed for 15 min at 37

 

8

 

C
each in 2 

 

3

 

 SSC and 0.1 

 

3

 

 SSC. Finally, the slides were dehy-
drated in graded ethanol rinses (30%, 60%, 85%, 95%) to abso-
lute ethanol, and dried under vacuum.

 

Darkroom

 

Dried slides were dipped in dilute Ilford K.5 nuclear emulsion
(Polysciences, Warrington, PA) pre-warmed to 42

 

8

 

C. Slides were
hung vertically and slowly dried at room temperature at 75% hu-
midity for 3 h. The slides were placed into 25-count microscope
slide storage boxes with desiccant. The boxes were sealed with
tape, wrapped with foil, and placed at 4

 

8

 

C. After 28 days autora-
diographic exposure, the slides were developed in D19 (Eastman
Kodak, Rochester, NY) at 14

 

8

 

C and the latent image was fixed
with Kodak Fixer. The slides were thoroughly rinsed, counter-
stained with hematoxylin (Richard-Allen, Kalamazoo, MI), dehy-
drated, and coverslipped with permanent mounting media.

 

Microscopy and photomicrography

 

Visualization of MTP expression was achieved with a Leitz
Laborlux-S microscope stand equipped with Plan-EF optics, a stan-
dard bright-field condenser, and a Mears low-magnification dark-
field condenser. Photomicrographic record was made with an Op-
tronics VI-470 CCD camera and a Power Macintosh G3 equipped
with a Scion CG-7 frame grabber and Scion Image 1.62 software.

 

RESULTS AND DISCUSSION

Initial attempts using probe A as template on adult liver
sections were consistently unsuccessful and resulted in
both a high background and an anti-sense signal indistin-

Fig. 1. In situ hybridization detection of MTP expression in adult
tissues. Figure 1 shows the expression pattern of MTP in adult
mouse liver and small intestine visualized by dark-field microscopy,
using antisense (panels A and C) and sense (panels B and D)
probes; (c) central vein, (lp) lamina propria, (m) muscularis; (pv)
portal vein; bars of measure equal 150 mm.

Fig. 2. In situ hybridization detection of MTP expression E9.5. Figure 2 shows the expression pattern of MTP in E9.5 embryonic mouse tis-
sues, using antisense (all panels except B) and sense probes (panel B). Panels A –C were acquired using dark-field microscopy while panels
D–F are bright-field. Panels C–F are high magnifications of panel A; (am) amnion, (at)atrium, (b) blood island, (d) decidua, (e) embryo,
(gc) giant cell trophoblast, (h) hepatic primordium in septum transversum, (p) placenta, (v) ventricle, (ve) visceral endoderm, (y) yolk sac;
bars of measure equal 800 mm (panels A and B); 150 mm (panels C–F).
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guishable from the sense probe (data not shown). Al-
though an improvement in the signal was obtained
after microwave heating of the sections prior to hybrid-
ization, switching to the riboprobes generated from
probe B located at the 5

 

9

 

 end of the cDNA gave a much
more robust and reproducible signal from adult tissues
(

 

Fig. 1 A–D

 

), and hence probe B was used in all ensu-
ing experiments. Sense probe B served as the negative
control and no specific hybridization was detected. A
strong signal was obtained with adult liver (Fig. 1A)
compared with the control sense probe (Fig. 1B). While
all hepatocytes expressed MTP, there was a subtle heter-
ogeneity of expression across the lobule. Hepatocytes
associated with the central vein had a higher level of ex-
pression than those in the portal region. Northern
analyses of mouse liver showed the abundance of MTP
to be comparable to that of hepatic lipase (data not
shown).

MTP expression was also detected in the small intestine
as expected (Fig. 1C). Note that for the intestine, a very

clear demarcation of the MTP signal was evident, the ex-
pression being in the enterocytes lining the villi but not in
lamina propria or the muscularis layers. This finding con-
firms the cell-specific expression pattern for MTP in the
small intestine.

At the earliest time point examined, E9.5, the yolk sac
showed well demarcated robust MTP expression (

 

Fig.
2A

 

); the sense control was negative (Fig. 2B). No signifi-
cant expression was detected in the amnion, nor the ma-
ternal decidua and developing placenta, and only the yolk
sac showed expression (Fig. 2C and D). Expression in the
yolk sac was limited to the visceral endoderm, and no ex-
pression was detected in the adjacent extraembryonic meso-
derm containing the developing blood islands (Fig. 2E).

Evaluation at this early stage of development (E9.5) also
revealed MTP expression in the hepatic primordium. Al-
though the liver is not recognizable as a separate organ at
this time, nests of primordial cells destined to form the
liver could be distinguished within the septum transver-
sum (Fig 2F).

Fig. 3. In situ hybridization detection of MTP expression in later developing tissues. Figure 3 shows the expression pattern of MTP in
E12.5 (panels A–C), E13.5 (panels D and E), E14.5 (panel F), E16.5 (panel G) embryonic, and day 1.5 (panels H and I) post-natal mouse tis-
sues, using antisense probe. All images were acquired using dark-field microscopy except for panel C (bright-field); (hc) hepatic cords, (hp)
hematopoetic nests, (l) liver, (m) muscularis, (s) small intestine; bars of measure equal 150 mm.
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Figure 3

 

 is a composite of the in situ expression pat-
terns during later development using embryonic tissues
from E12.5 to E16.5 (panels A–G) and post-natal tissues at
1.5 days (panels H and I). At E12.5, the liver is well devel-
oped and consists of both hepatocytes as well as nests of
hematopoietic cells (Fig. 3A). Where clear distinction be-
tween these two types of cells could be made, no signal
over the hematopoietic cells was detected (Fig. 3B and C).
A positive signal in the intestinal epithelium was also evi-
dent at this stage of development (Fig. 3A).

Although in situ hybridization is not applicable to pre-
cise quantitation, it does provide qualitative data regard-
ing relative gene expression. At E12.5, MTP expression
was much more evident in the liver than in the developing
intestine (Fig. 3A); this pattern remained at E13.5 (Fig.
3D and E). By E14.5, the expression in the liver and intes-
tine were similar (Fig. 3F). But at E16.5, MTP expression in
the liver was dramatically overshadowed by up-regulation of
gene expression in the intestine (Fig. 3G). This relative
expression pattern was maintained at post-natal day 1.5
(Fig. 3H and I) and into adulthood (Fig. 1A and C). This
pattern of greater intestinal expression relative to liver is
compatible with previous studies using Northern analyses.

Although MTP expression in adult murine cardiac tissue
has been clearly demonstrated by both detection of
mRNA, as well as of the protein by immunoprecipitation
(12, 25), in our studies we did not detect hybridization sig-
nals over late (E16.5) embryonic cardiac or renal tissues
that were significantly different from the background ob-
tained with the sense probe (

 

Fig. 4

 

). While a small num-
ber of silver grains was evident over adrenal gland, the sig-
nal could not be appreciated above sense background
(Fig. 4C and D).

Our earlier attempts to detect MTP mRNA using con-
ventional in situ hybridization techniques were unsuccess-
ful and complicated by increased background when dura-
tion of autoradiographic exposure was increased. We
therefore modified the conventional technique in two ways:

 

1

 

) microwave heating of the tissue sections prior to probe
hybridization and 

 

2

 

) the addition of n-ethylmaleimide.
Microwave heating has been previously reported for aug-
menting immuno-histochemical staining of proteins (18–
22). However, this technique may also be used for improv-
ing nucleic acid detection. Although the exact mechanism
of action has not been fully characterized, one postulated
mechanism is that microwave heating may result in expo-
sure of both protein epitopes and nucleic acids that are
previously masked by proteins cross-linked by aldehyde fix-
ation. This ‘microwave retrieval’ then allows for access to
RNA or protein by riboprobes or antibodies respectively.

Much of the background seen with longer autoradio-
graphic exposure is due to disulfide bonds between sulfur
moieties of the riboprobes and tissues (26). Thus to in-
crease the exposure time of autoradiography, the addition
of n-ethylmaleimide allowed us to block non-specific sulfur-
binding sites in the tissues during the hybridization.

Even though microwave RNA retrieval significantly in-
creases in situ hybridization sensitivity and the addition of
n-ethylmaleimide increases the ratio of signal-to-noise, the
relative sensitivity of in situ hybridization remains below
that of ribonuclease protection assay (RPA) or solution
phase RT-PCR. Using in situ hybridization we were unsuc-
cessful in localizing expression in the embryonic kidney
and heart even though investigators using RT-PCR and
RPA have found MTP expression in these tissues (17).

Fig. 4. In situ hybridization detection of MTP expression in late
embryonic cardiac and renal tissues. Figure 4 shows the lack of de-
tectable MTP expression in E16.5 embryonic mouse heart (panels
A and B) and kidney (panels C and D) visualized by dark-field mi-
croscopy, using antisense (panels A and C) and sense (panels B and
D) probes; (a) adrenal gland, (k) kidney, (l) liver, (vc) ventricular
chamber, (vw) ventricular wall; bars of measure equal 200 mm.

 

TABLE 1. Summary of MTP expression during 
mouse development

 

Age Liver Gut
Yolk
Sac Kidney Heart

 

E9.5

 

1 2 1 2 2

 

E10.5

 

1 2

 

n/d

 

2 2

 

E11.5

 

1 2

 

n/d

 

2 2

 

E12.5

 

1 1

 

n/d

 

2 2

 

E13.5

 

1 1

 

n/d

 

2 2

 

E14.5

 

1 1

 

n/d

 

2 2

 

E16.5

 

1 1

 

n/d

 

2 2

 

P1.5

 

1 1

 

n/d n/d n/d
Adult

 

1 1

 

n/d n/d n/d

Table 1 shows the temporo-spatial detection of MTP expression by in
situ hybridization. MTP was initially detected in the yolk sac and primor-
dial liver at E9.5. Detection of expression in the developing intestinal
tract followed at E12.5. No expression was detectable in developing car-
diac or renal tissues; (n/d) indicates tissues/timepoints not evaluated.
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In conclusion, using an improved in situ technique,
incorporating microwave heating RNA retrieval and n-
ethlymaleimide to reduce background, we report here the
ontogeny of MTP expression in the developing mouse
summarized in Table 1. Expression is initially seen in the
yolk sac, followed by the primordial liver and subsequently
in the developing intestinal tract. Despite modifications of
standard in situ hybridization protocols to improve sensi-
tivity and to reduce background, no detectable expression
was seen in late embryonic cardiac or renal tissues, nor in
the early developing placenta and maternal decidua.
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