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Fuel-mediated Teratogenesis
Use of D-Mannose to Modify Organogenesis in the Rat Embryo In Vivo

T. Buchanan, N. Freinkel, N. J. Lewis, B. E. Metzger, and S. Akazawa
Center for Endocrinology, Metabolism and Nutrition, and Departments of Medicine, Molecular Biology and Biochemistry,
and Cell Biology and Anatomy, Northwestern University Medical School, Chicago, Illinois 60611

Introduction

The unique embryotoxic properties of D-mannose have been
used as the basis for a new technique to secure precise temporal
correlations between metabolic perturbations during organo-
genesis and subsequent dysmorphogenesis. Conscious, pregnant
rats were infused with D-mannose or equimolar amounts of D>
glucose by "square wave" delivery during the interval in which
the neural plate is established and early fusion of neural folds
takes place, that is, days 9.5-10.0 of gestation. Infusions of
mannose to maternal plasma levels of 150-200 mg/dl did not
elicit any toxicity in the mothers: motor activity, eating behavior,
and serum components (electrolytes, osmolality, bilirubin) did
not differ in glucose- vis-a-vis mannose-infused dams. Embryos
were excised by hysterotomy on day 11.6 for evaluation of
development. Examination with a dissecting microscope did
not disclose developmental abnormalities in any of the 136
embryos from glucose-infused mothers or in 62 additional
embryos from mothers that had not received any infusions. By
contrast, dysmorphic changes were seen in 17 of 191 embryos
(8.9%) from mannose-infused mothers. 14 of the 17 had
abnormal brain or neural tube development with incomplete
neural tube closure in 9 instances. Abnormal axial rotation
was present in 8 of the 191 embryos (4.2%) and lesions of the
heart or optic vesicles were seen in 4 (2.1%) and 3 (1.6%),
respectively. Embryos from mannose-infused mothers displayed
significant retardations in somite number, crown-rump length,
and total protein and DNAcontent. These stigmata of growth
retardation were more marked in the 17 dysmorphic embryos.

The experiments indicate that D-mannose may be employed
in model systems with rodents for precisely timed interruptions
of organogenesis in vivo. Initial applications are consistent
with our earlier suggestion that multiple dysmorphic changes
may supervene after interference with communally observed
metabolic dependencies during organogenesis. The studies do
not identify the vulnerable site(s) within the conceptus (e.g.,
investing membranes, embryos, or both). However, the findings
suggest that dysmorphic events are manifest most markedly in
a general setting of embryo growth retardation.
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Although congenital lesions are present in 3% of all births, the
etiologic basis remains unexplained in -60% of cases (1). We
have suggested that some dysmorphogenesis could be mediated
via interference with fuel metabolism in the conceptus, espe-
cially during the periods of embryogenesis in which metabolic
flexibility is limited (2, 3). As yet, this hypothesis has not been
examined in vivo. Indeed, relatively few attempts have been
made to correlate precisely timed exposures of offspring to an
abnormal metabolic environment in utero with subsequent
developmental abnormalities (4-11). In most of these, the
period of metabolic disruption has been too long relative to
the rapid development of the conceptus and/or too imprecisely
documented to allow exact temporal assessments. Moreover,
all previously employed perturbing agents have effected met-
abolic disturbances in the mother as well as in the conceptus,
precluding differentiation between teratogenesis arising via
direct effects in the offspring or as a secondary consequence
of disturbed maternal metabolism.

Mannose may constitute an ideal tool for overcoming
some of these problems. Its turnover in vivo appears to
simulate that of glucose (12), so that brief and well-defined
periods of exposure may be established. It also does not seem
to have adverse effects in adult rats in vivo (13) or on isolated
tissues from adult animals in vitro (14-21), whereas it has
inordinate toxic actions in rat embryo culture (2, 3). In the
latter, additions of 1.5 mg/ml mannose to incubation media
containing -1.2 mg/ml glucose during culture from day 9.5
to 10.5 or from day 9.5 to 11.5 of development effects neural
tube defects in about half of exposed embryos. To take
advantage of these properties of mannose for the study of
dysmorphogenesis in vivo, we have developed an equilibrium-
infusion technique that allows delivery of rigidly controlled
amounts of mannose during a finite phase of organogenesis.
In the present initial effort with this approach, we have infused
D-mannose in amounts designed to maintain plasma levels
between 150 and 200 mg/dl in conscious, pregnant rats during
the 12-h interval encompassing the establishment of the neural
plate and the early fusion of the neural folds, that is, days 9.5-
10.0 of embryonic development (22-25). At hysterotomy on
day 11.6 of development, we found a significant incidence of
dysmorphogenesis and growth retardation in the embryos.
This experience has enabled us to secure the first well-docu-
mented temporal characterizations of the postulated causal
interrelationships between altered intermediary metabolism in
the conceptus and developmental anomalies. A preliminary
account of these findings has been presented previously (26).

Methods

Animals. Virgin female rats of the Sprague-Dawley strain were obtained
from Charles River Breeding Laboratories, Inc., Wilmington, MA.
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After at least 3 d of stabilization in an artificially lighted, controlled
environment chamber (dark cycle: 1800-0500 hours) with free access
to laboratory diet (Purina Rat Chow, Scientific Animal Feed, Chicago,
IL) and tap water, females weighing 250±25 g were housed overnight
with normal males of the same strain. Vaginal smears were examined
for sperm at 0900 hours the following morning. Midnight of the night
of mating was designated as day 0 of embryonic development; the
subsequent 24-h period was considered the first day of gestation (27).
Sperm-positive females were housed singly in cages with free access to
water and laboratory diet except during infusions (see below). Animals
and food were weighed daily between 0800 and 1000 hours to assess
the effects of experimental procedures on body weight and food
consumption.

Catheters for chronic blood sampling. Between 1600 and 1800
hours on the seventh day of gestation, that is, at day 6.7 of embryonic
development, chronic indwelling venous catheters were inserted. Each
animal was placed in supine position under ether anesthesia and a 1/2
in. skin incision was made over the right jugular vein cephalad to the
clavicle. A 5-in. segment of sterile polyethylene tubing (PE 50; Clay
Adams, Div. of Becton, Dickinson & Co., Parsippany, NJ) was
inserted through a small nick in the ventral surface of the vein and
the proximal tip was advanced to the junction of the vena cavae (28).
The catheter was sutured in place, flushed with heparin solution (100
U/ml in 0.9% saline) and the distal tip was plugged with a straight pin.
This tip was tunneled subcutaneously behind the right ear and exter-
nalized through a skin incision over the occiput. Animals were returned
to the controlled environment chamber after incisions were closed.
Catheter patency was subsequently maintained by twice-daily flushings
with 0.1 ml of heparin solution.

Catheters for acute infusions. At 0800 hours on the 10th day of
gestation, that is, at day 9.3 of embryonic development, rats were
returned to the laboratory and a 12-in. segment of polyethylene tubing
(PE 10; Clay Adams) was introduced percutaneously through a 20-
gauge needle into a lateral tail vein while each animal was briefly
restrained in a towel. This catheter was advanced cephalad to the level
of the caudal vein, flushed with 0.05 ml of heparin solution, and its
exposed portion affixed to the tail with adhesive tape. The distal
portions of both tail and catheter were then drawn through a small
hole in the side of the cage and secured there by placement of a one-
hole rubber stopper around the tail. This arrangement precluded access
by animals to the unprotected portions of tail catheters while permitting
them to remain conscious and move freely about during hexose
infusions. Catheter patency was maintained by a continuous infusion
of 0.9% saline (0.1 ml/h) until initiation of hexose infusions (see
below).

Estimation of mannose "space" and turnover. To guide the devel-
opment of a standard infusion protocol, attempts were made to
quantify the turnover and virtual volume of distribution ("space") for
mannose in the gravid rat. Derivations were secured according to the
formulations of Newman et al. (29) as adapted for steady state
conditions (30, 31): distribution compartment ("space") = total clear-
ance/k. Total clearance of mannose from the mannose "space" (IV/
P) was calculated on the basis of the mannose concentration in the
infusate (I; milligrams/milliliter), the infusion rates (V; milliliters/
minute), and the plasma mannose concentrations at equilibrium (P,
milligrams/milliliter) during 12-h mannose infusions. Plasma specimens
were secured at 3-h intervals during infusions to document equilibrium
and at four successive 10-min intervals after cessation of infusions to
ascertain the fractional rates of mannose disappearance from the
circulation (k,).

Hexose infusions. Animals were paired for concurrent equilibrium
infusions of either D-mannose or D-glucose administered between days
9.5 and 10.0 of embryonic development. Infusions were initiated with
a priming bolus of 0.54 mg/g body weight of the appropriate hexose
delivered as a 30% solution in water (wt/vol) over -30 s. This was
followed immediately by a 12-h sustaining infusion of the appropriate

hexose, as a 5% solution in water (wt/vol), at the rate of 1.3 mg/g
body weight per hour.

Infusions were delivered through tail catheters by a syringe infusion
pump (model 355; Sage Instruments Div., Orion Research Inc.,
Cambridge, MA) and were designed to maintain plasma mannose
levels between 150 and 200 mg/dl, as based on the prior estimates of
mannose distribution space and fractional turnover described above.
Rats were given free access to water throughout the infusions. Hepa-
rinized blood samples were obtained from indwelling jugular catheters
at 0, 1, 3, 6, 9, and 12 h; plasma was stored at -20'C for subsequent
analysis.

At the termination of hexose infusions, saline infusions were
resumed. Animals were maintained with free access to food and water
subsequent to hexose infusions.

Examination of embryos. Between 1600 and 1800 hours on the
12th day of gestation, that is, at day 11.6 of embryonic development,
gravida were sacrificed by cervical dislocation. Uteri were excised
rapidly, rinsed, and immersed at room temperature in 20 ml of 0.9%
saline contained within a petri dish (100 mmDiam). Individual
"embryo units" consisting of the embryo and associated membranes
were freed of surrounding decidua and introduced into a second petri
dish containing 20 ml of saline. Embryos and investing membranes
were teased apart with fine jewelers' forceps during visualization with
a stereomicroscope (model M5A; Wild Heerbrugg Instruments, Inc.,
Farmingdale, NY). Embryos were then inspected for crown-rump
length, somite number, and dysmorphogenic features according to a
detailed checklist (2, 3). The efficacy of such inspection for detecting
gross abnormalities at this stage of gestation has been amply docu-
mented (32).

After visual inspection, individual embryos were introduced into
0.5 N NaOH for subsequent determination of total protein (33) and
DNA(34, 35) content.

Materials and analytical methods. D-Mannose (Lot. No. 83F-0634;
Sigma Chemical Co., St. Louis, MO) and D-glucose (Lot. No. KHMG;
Mallinckrodt, Inc., Paris, KY) were prepared as solutions of 5% and
30% (wt/vol) in distilled water, sterilized by autoclaving and validated
for hexose content by direct analysis before intravenous administration.
Glucose (glucose analyzer II; Beckman Instruments, Inc., Palo Alto,
CA) and mannose (36) concentrations were determined enzymatically;
specimens were deproteinized with perchloric acid before mannose
assay. Plasma immunoreactive insulin (IRI)' was measured by double-
antibody radioimmunoassay using rat insulin standard (Novo Labo-
ratories, Bagsvaard, Denmark). Plasma concentrations of creatinine,
urea nitrogen, and electrolytes (ASTRA; Beckman Instruments, Inc.,
Brea, CA), and bilirubin (CentrifiChem System, Union Carbide Corp.,
Pleasantville, NY) were measured by automated techniques. Plasma
osmolality was determined by freezing point depression (MOsmette;
Precision Systems, Inc., Natick, MA).

Statistical analysis. All data are presented as group means±SEM.
Intergroup differences in the prevalence of morphologic lesions were
assessed by Fisher's exact test or x2 analysis (37). All other comparisons
were performed using unpaired or paired t tests with corrections for
multiple samples where appropriate (37).

Results

Mannose distribution and turnover in the gravid rat. Infusions
of mannose from day 9.5 to 10.0 of gestation effected constant
blood levels in gravid rats; disappearance of mannose from
the circulation after the termination of infusions conformed
to first-order kinetics. Analyses from three separate experiments
disclosed clearance rates of 3.8±0.2 ml/min during infusions
at mannose plasma levels of 184±4 mg/dl and postinfusion

1. Abbreviation used in this paper: IRI, immunoreactive insulin.
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disappearance rates of 0.04±0.001 per min-', corresponding
to a mean half-time for mannose removal from the circulation
of 17.5±0.35 min. Derived values for the virtual volumes of
mannose distribution in these three 10.0-d pregnant rats

averaged 32.3±0.8% of body weight. A representative experi-
ment is depicted in Fig. 1. The above estimates formed the
basis for the priming injections and infusion rates employed
during subsequent standard infusion protocols.

Paired mannose and glucose infusions. 13 paired 12-h
hexose infusions were carried out in 26 sperm-positive animals
during days 9.5-10.0 of embryonic development. All mannose

infusions were technically successful and all mannose-infused
animals were found to be pregnant at hysterotomy on day
11.6, so that data from all 13 are included in the analyses that
follow. Contrariwise, 2 of the 13 glucose-infused animals had
to be excluded from analysis, one because jugular catheter
occlusion precluded blood sampling during the glucose infusion
and the other because there were no signs of pregnancy at
hysterotomy on day 11.6.

Concurrent values for plasma concentrations of glucose
and mannose achieved during 12-h hexose infusions are de-
picted in Fig. 2. Plasma mannose concentrations were quantified
only in the mannose-infused animals because plasma mannose

has not exceeded 3% of concurrent glucose levels in nongravid
or gravid rats in other experiments (Akazawa, S., and N.
Freinkel, unpublished observations). Glucose infusions (Fig. 2,
upper panel) elicited only slight and transient elevations of
maternal glucose above preinfusion levels. Equimolar infusions
of mannose (Fig. 2, lower panel) resulted in mean maternal
plasma mannose levels that varied between 168±7 and 188±5
mg/dl over the course of infusions, as was predicted from our

preliminary kinetic studies. Concurrent plasma levels of glucose
declined from 145±3 mg/dl preinfusion to 84±3 mg/dl during
the first hour of mannose infusions, then fell more slowly to
a nadir value of 64±3 mg/dl during the last 3 h of the 12-h
infusion period. Resultant mannose/glucose ratios varied from
2.1±0.1 at 1 h to 2.9±0.1 after 9 h of infusion.

These excursions in plasma hexoses were not attended by
meaningful differences in plasma osmolality between mannose-
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Figure 2. Plasma glucose and mannose concentrations during equilib-
rium infusions of glucose or mannose. Infusions were administered as

described in Fig. 1. Significant changes in plasma glucose from
preinfusion levels have been denoted as * = P < 0.001.

and glucose-infused animals. Values measured at the end of
the 12-h infusions averaged 282±3 mosmol/kg and 284±3
mosmol/kg, respectively.

Both mannose and glucose elicited significant increments
in plasma IRI (Fig. 3). However, the magnitude and duration
of these increments were significantly greater in glucose-infused
animals. Thus, threefold increases above basal levels were

achieved within 1 h in the glucose group and were maintained
near that level throughout the subsequent 11 h of glucose
infusion. Contrariwise, IRI rose to =50% above base line
during the first hour of mannose infusions and declined to
preinfusion levels thereafter, despite the persistently higher
total hexose concentrations (i.e., mannose plus glucose) in that
group (Fig. 2).

No apparent adverse effects were observed in mannose-
vis-a-vis glucose-infused mothers. Animals in both groups

Infusion: Glucose o..-o; Mannose
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Figure 1. Plasma mannose concentrations (mg/dl) during and after a

12-h equilibrium infusion of mannose into a pregnant rat. The
infusion was administered from day 9.5 (O h) to day 10.0 (12 h) of
embryo development and blood samples were secured as described in
the text.

Figure 3. Plasma concentrations of IRI (microunits per milliliter)
during equilibrium infusions of glucose or mannose. Infusions were
administered as described in Fig. 1. Significant changes in plasma IRI
from preinfusion levels have been denoted as * = P < 0.01 and **
= P < 0.001.
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Table I. Effects of D-Mannose during Embryogenesis
In Vivo: Frequency of Dysmorphogenesis*

Embryos with lesions of:
Embryos

Neural Axial Optic
Infusion Total Dysmorphic Brain tube rotation Heart vesicle

n n n n n n n

Glucose 136 0 0 0 0 0 0
Mannose 191 17 13 9 8 4 3

* Mothers were infused with equimolar amounts of D-glucose or D-
mannose during days 9.5-10.0 of embryonic development as de-
scribed in the text. Embryos were excised by hysterotomy on day
11.6 of development and examined for gross dysmorphogenesis. "To-
tal (n)" denotes number of embryos in each group; "dysmorphic (n)"
denotes number with morphologic abnormalities; "embryos (n) with
lesions" refers to number with specific lesions and includes multiple
listings for embryos with multiple abnormalities.

demonstrated apparently normal behavior during infusions
including daytime sleep, increased activity during darkness,
and appropriate arousal at times of blood sampling. Patterns
of food intake and weight gain, as assessed by daily weighings
of food and animals were likewise similar in the two groups
both during and after the infusion interval. Comparisons of
plasma samples which were pooled at the end of the hexose
infusions (for microestimations) from three sets of mannose-

infused and three sets of glucose-infused mothers disclosed no
significant intergroup differences and uniformly normal values
with regard to (mannose-infused vs. glucose-infused, respec-
tively) sodium (137±2 vs. 135±1 meq/liter), potassium (4.1±0.1
vs. 4.0±0.1 meq/liter), urea nitrogen (8.3±0.4 vs. 7.9±0.4 mg/
dl), creatinine (0.42±0.04 vs. 0.50±0 mg/dl), and calcium
(9.8±0.1 vs. 9.6±0.1 mg/dl). Serum bilirubin levels did not
increase over the course of mannose infusions (0.1±0 mg/dl
preinfusion vs. 0.1±0.05 mg/dl after 12 h of infusion).

Embryo analysis. Hysterotomy on day 11.6 of gestation
provided 136 embryos from 11 glucose-infused mothers and
191 embryos from 13 mannose-infused mothers. The frequency
of absorbed conceptuses (6.2% for glucose vs. 6.8% for mannose)
did not differ between these groups.

Detailed gross inspection did not disclose morphologic
abnormalities in any of the embryos from the glucose-infused
mothers (Table I). All had completely closed neural tubes;
normal brain, heart and facial development; well-formed otic
and optic vessicles; and completed axial rotation with a
ventrally concave C-shaped curvature (Fig. 4, far left embryo).
By contrast, 17 or 8.9% of the 191 embryos from 8 of the 13
mannose-infused dams had morphologic abnormalities in one
or more organ systems (Table I). Embryos with dysmorpho-
genesis were distributed in all parts of the uterine horns.

Abnormalities of brain or neural tube development were
present in 14 of the 17 dysmorphic embryos (i.e., 7.3% of the
191 embryos). Incomplete neural tube closure was present in

Figure 4. Dysmorphogenic effects of o-mannose in vivo. Embryos were removed on day 11.6 of development from mothers that had
received 12-h equilibrium infusions of glucose (embryo on the left) or mannose (three embryos on the right) during days 9.5-10.0 as
described in Fig. 1. Mannose-related lesions are described in the text.
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nine instances (4.7%) and involved the entire neural tube in
two cases, the midportion of the rhombencephalon in three
others, and only the posterior neuropore in four embryos. 13
embryos (i.e., 6.8% of the 191 embryos) exhibited anomalous
brain sphere development consisting of microencephaly (n
= 8; Fig. 4, second embryo from left) and/or a type of blood-
filled outpocketing of the ventrolateral walls of the prosen-
cephalon ("bleb-formation"; n = 6) analogous to what we have
observed during embryo culture with mannose in vitro (2, 3).
Faulty neural tube closure was present in 8 of these 13
embryos.

Abnormalities of axial rotation were observed in eight
embryos (4.2%) and ranged from failure to complete ventral
flexion of the tail in seven embryos (Fig. 4, third embryo from
the left) to complete dorsiflexion with "squirrellike" (38) fusion
of the anterior to the posterior neural folds in one case (Fig.
4, far right embryo). Incomplete neural tube closure was
present in five of these eight embryos.

Cardiac lesions consisting of S-shaped cardiac primordia
were discernible in four (2.1 %) of the mannose-exposed embryos
and abnormal development of the optic vessicles was present
in three (1.6%). All of these had brain and/or neural tube
defects as well.

In addition to these gross disruptions of organogenesis,
mannose infusion during days 9.5-10.0 of development resulted
in a more generalized interference with embryo growth and
differentiation. At examination on day 11.6, embryos from
mannose-infused mothers displayed significantly lower mean
values for somite number, crown-rump length, and total
protein and DNAcontent than did embryos from the glucose
group (Table II). Cell size, as estimated by protein/DNA ratios,
appeared to be unaffected by mannose. These findings were
not confined to the embryos with gross dysmorphogenesis.
Significantly reduced values for somite number, crown-rump
length, and protein and DNA content were still present,
although to a slightly lesser degree, when the 171 nonmalformed
embryos from mannose-infused mothers were compared with
the embryos from the glucose group (Table II). To assess
whether these findings reflected a true interference by mannose
with normal growth as opposed to a failure of the mannose-
exposed embryos to match supranormal growth caused by
glucose infusions, 62 embryos were excised on day 11.6 from

five mothers that had received no infusions of any kind, but
only continuing access to standard laboratory chow. Their
values for somite number, crown-rump length, and protein
and DNAcontent did not differ from those of the embryos
from glucose-infused mothers (P > 0.05) and significantly ex-
ceeded the values in the embryos from mannose-infused
mothers (P < 0.001) (Table II).

Discussion

In the present studies, we have attempted to use the relatively
unique embryotoxic properties of D-mannose as part of a new
approach for affixing precise temporal dimensions to the
induction of dysmorphogenesis in vivo. Several technical prob-
lems had to be resolved to render such an approach feasible.
An infusion technique had to be developed by which mannose
could be delivered to gravid animals in early gestation without
causing disruption of consciousness or activity patterns. Intra-
venous administration was particularly critical in view of the
capricious absorption of mannose through the gastrointestinal
tract (13). By using a combination of established techniques
for chronic catheterization of the jugular (28) and tail (39)
veins we were able to devise a dual catheter system for
concurrently infusing gravid rats and sampling blood while
they remained conscious and were able to move about. Pre-
sumably, this technique will prove to be equally useful for
testing the effects of other agents upon embryonic development
in vivo without seriously perturbing maternal activity. We
additionally had to characterize mannose distribution and
metabolic clearance in the pregnant rat so as to establish an
expeditious protocol for achieving precisely timed and defined
levels of mannose in maternal plasma by "square-wave"
delivery. We obtained this information by an application of
the principles of Newmanet al. (29) and hope to apply these
characterizations to future endeavors with different mannose
challenges.

There are two assumptions intrinsic to the use of the
present technique for the study of dysmorphogenesis in vivo.
First, one has to assume that the relationship between mannose
and glucose in the maternal circulation constitutes a valid
reflection of the conditions that prevail within the conceptus.
Although we have no direct proof that this is the case, the

Table II. Somite Number, Crown-Rump Length, Total Protein, Total DNA, and Protein/DNA Ratios
of 11.6-d Rat Embryos from Uninfused, Glucose-infused, and Mannose-infused Mothers*

Protein

Infusion Embryos Somites Crown-rump Protein DNA DNA

n n mm 9g Ag

None 62 29.8±0.2 4.02±0.04 364±10 43.4±1.2 8.38±0.08
Glucose 136 30.1±0.1 4.05±0.01 375±5 45.5±0.7 8.33±0.07
Mannose

No dysmorphosis 174 28.3±0.1 t 3.81±0.02t 262±4t 31.3±0.5t 8.37±0.06
With dysmorphosis 17 24.6±l.3t§ 3.38±0.15#§ 191±22f§ 22.7±2.4t§ 8.28±0.21

* Mothers were infused with D-glucose or D-mannose and embryos subsequently excised as described on Table I. "None" refers to additional
control group of embryos in which mothers had received no infusions of any kind during days 9.5-10 of embryonic development. Offspring
from mannose-infused mothers (n = 191) have been subdivided into embryos without any gross evidence of dysmorphogenesis ("no dysmor-
phosis") and embryos "with dysmorphosis." Significance of differences between groups have been denoted as the following: f = P < 0.001 vs.

embryos from uninfused or glucose-infused mothers; and § = P < 0.001 vs. embryos with "no dysmorphosis" from mannose-inftLsed mothers.
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premise is not ill-founded. Weadministered hexose infusions
during the day 9.5-10.0 period of embryonic development,
before the establishment of the allantoic placenta and the full
development of the yolk-sac circulation (40). During this
interval, maternal plasma has direct access to the conceptus at
the level of the visceral yolk sac (41). This situation is
analogous to the conditions that prevail during rat embryo
culture in vitro, where we have demonstrated that mannose
and glucose are taken up by the conceptus in proportion to
their relative concentrations in the culture medium (2, 3).
Thus, maternal mannose and glucose concentrations should
have accurately reflected the levels of these sugars directly
available to the conceptus during infusions. The second as-
sumption, that mannose toxicity is selective for the conceptus
and not shared by the mother, is supported by substantial
direct evidence. In confirmation of the findings of Wood and
Cahill (13) in the nongravid adult rat (and contrary to their
experiences with mannose administration in humans), we did
not observe any elevation of serum bilirubin during mannose
administration to rodent mothers. Maternal activity and feeding
patterns were likewise not affected adversely. Moreover, man-
nose administration did not elicit abnormalities in other
objective parameters, such as plasma electrolytes, urea nitrogen,
creatinine, or osmolality. We did encounter a lowering of
plasma glucose during mannoso administration, as has been
reported previously (13). The precise mediation remains un-
certain and direct effects of mannose on the liver cannot be
excluded. However, our finding that mannose infusions main-
tained plasma insulin at preinfusion levels despite concomitant
decrements in plasma glucose suggests that mannose promoted
insulin secretion by virtue of its well-documented insulin
secretagogic potential (42, 43) and thereby may have restrained
hepatic glucose output via a physiological rather than a toxic
mechanism. In any event, neuroglycopenia and peripheral
glucose deprivation can be excluded as significant complications,
because infused mannose maintained the circulating hexoses
(i.e., the sum of mannose plus glucose) above preinfusion
levels and it has been shown that mannose, like glucose, can
sustain energy metabolism in brain (20, 21) as well as in other
tissues (14-19) of adult animals. It thus seems unlikely that
the embryotoxicity of mannose in vivo was secondary to
adverse effects of mannose on maternal functions which could
delimit the effectiveness of the mother as an "incubator" (44)
for the conceptus. Rather, the developmental defects that we
have demonstrated in vivo may well constitute a replication
of our experiences with mannose during culture of the intact
conceptus in vitro (2, 3). However, and in keeping with our
earlier caveat (3), we cannot differentiate between the effects
of mannose on embryos, on their nurturing membranes (i.e.,
the visceral yolk sac), or on both of these, either in vivo or in
vitro.

Within this framework, we found that sustained elevations
of maternal plasma mannose to between 150 and 200 mg/dl
(and mannose/glucose ratios to between 2 and 3:1) during the
12-h interval between days 9.5 and 10.0 of development
resulted in grossly detectable morphologic defects in 8.9% of
embryos subsequently examined on day 11.6. The abnormalities
encountered were qualitatively similar to, although somewhat
less frequent than those that we encountered after culture of
rat conceptuses in vitro in the presence of similar mannose
concentrations for longer intervals-i.e., 24 or 48 h, from day
9.5 of development onward (2, 3). Conceivably, detailed

histologic examinations might have disclosed additional ab-
normalities in both situations, but these were precluded by
our desire to use the intact embryos for chemical characteriza-
tions. The 17.5 min half-life of mannose indicates that >90%
should have been cleared from the maternal circulation within
1 h after stopping infusions so that the total period for direct
exposure to increased mannose in vivo could not have exceeded
13-14 h. Since it seems unlikely (although it remains to be
proved) that intracellular increases in mannose metabolites
such as mannose-6-phosphate would persist much beyond this
interval, interference with programmed organogenesis by man-
nose should not have lasted beyond day 10.1 of development.

What steps of normal embryogenesis take place during this
interval? With regard to neural tissue, the neural plate is
established and neural folding begins; however, full closure of
the anterior neuropore does not occur until day 10.7-10.8 and
the posterior neuropore does not close until day 11.3-11.5,
coincident with the completion of neural tube closure (22-
25). Clearly, therefore, the period of exposure to mannose
coincided with the early phases of neural tube formation but
preceded the periods for programmed anterior and posterior
neuropore closure. Yet, at day 11.6 we encountered gross
defects in neural development involving both of these structures.
It is tempting to postulate that metabolic disruption within
the conceptus between days 9.5 and 10.1 simply retarded the
overall developmental sequence, displacing programmed events
backward in time. The manifest reductions that we observed
in the DNAand protein content of the embryos are consistent
with this hypothesis. However, 13 of the 17 embryos exhibited
lesions that never occur during the normal sequence of organo-
genesis, such as focal brain sphere defects, dysynchronous
neural tube closure, and fusion of the anterior to the posterior
neural folds. Development in these embryos must be considered
to have been truly anomalous, suggesting that exposure to
mannose during days 9.5-10.1 may have exerted some lasting
effects on the anlage of neural tube structures. Thus, it seems
more appropriate to hypothesize that the dysmorphogenesis
may have been another and perhaps more extreme expression
of the factors that produced the general retardation of embryo
growth, and to extend thereby the suggestion (45-47) that
birth defects occur more frequently in a setting of impaired
embryo growth.

The above experiments still do not identify the primal
process or processes that mannose compromises and from
which such myriad changes would be derived. Earlier, we have
suggested that mannose may act by interfering with glycolytic
flux at a time when the conceptus has a limited capacity to
generate energy by alternative metabolic pathways (2, 3). In
this respect, mannose may serve as a prototype for the thesis
that multiple, seemingly unrelated aspects of embryogenesis
may be impaired when communally shared metabolic depen-
dencies are compromised. Although other possible mechanisms
of mannose action have been proposed by ourselves (3, 48)
and others (49, 50), the present findings are still consistent
with that proposition. Indeed, the temporal relationships that
we have observed in the present studies would indicate that
the putative actions upon "communally shared metabolic
dependencies" may exert effects which extend beyond the
actual period of exposure to mannose by affecting anlage
within the nurturing membranes and/or embryo that underlie
subsequent general cell replication as well as more specific
steps in organogenesis and/or differentiation. However, none
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of these speculations explain why only 17 of 191 mannose-
exposed embryos were dysmorphic; why dysmorphogenesis
was present in the embryos of only 8 of the 13 mothers; and
why some embryos from the same mother were spared while
others were affected. Obviously, biologic factors other than
"shared metabolic dependencies" must be operative and the
examination of such fine nuances must await more targeted
future studies by methods as yet to be defined.
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