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A b s t r a c t  Glucose-6-phosphatase is a multicomponent 
endoplasmic reticulum system comprising at least six 
different proteins, including a lumenal enzyme and sev- 
eral transport proteins. One of the transport proteins, 
T2~3, transports the substrate pyrophosphate and the 
product phosphate and its genetic deficiency is termed 
type lc glycogen storage disease. We have used anti-T213 
antibodies for immunohistochemistry with image analy- 
sis and kinetic analysis of the glucose-6-phosphatase 
system to study for the temporal and spatial development 
of T2~3 in human embryonic and fetal kidney. In meta- 
nephric kidney, there is an early predominance of T2~3 
expression in the ureteric bud derivatives and this chang- 
es with ontogeny such that developing nephrons, particu- 
larly proximal tubules, become dominant by mid-gesta- 
tion. T2~3 has the same spatial and temporal pattern as the 
glucose-6-phosphatase enzyme in both mesonephric and 
metanephric kidney. Pyrophosphate transport capacity is 
appropriate for the amount of glucose-6-phosphatase ac- 
tivity present in mid-gestation fetal kidney, in contrast to 
liver, where pyrophosphate transport capacity is develop- 
mentally delayed. Increasing knowledge of the temporal 
and spatial expression of the glucose-6-phosphatase pro- 
teins and their catalytic roles in early human develop- 
ment is essential for the elucidation of the aetiology of 
renal disease in both type I glycogen storage diseases 
and the developmental disorders of the glucose-6-phos- 
phatase system. 
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Introduction 

The liver and, to a lesser extent, the kidney play a major 
role in regulation of blood glucose levels [25]. The two 
pathways by which they can make glucose are glycoge- 
nolysis and gluconeogenesis [24, 25]. One enzyme, mi- 
crosomal glucose-6-phosphatase, catalyses the terminal 
step of both pathways [4, 6]. The importance of glucose- 
6-phosphatase in the regulation of blood glucose levels 
first became obvious in 1952 from the debilitating effects 
of the complete absence of the enzyme in type Ia glyco- 
gen storage disease [14, 17]. The genetic deficiencies of 
the glucose-6-phosphatase transport proteins for glucose- 
6-phosphate, phosphate and glucose are termed type lb, 
lc and ld respectively [t4]. Renal disease is now a well- 
recognised complication of type I glycogen storage dis- 
ease (for recent review see [14]). It has also been sug- 
gested that in the kidney, glucose-6-phosphatase may 
play other roles, such as the regulation of calcium ho- 
meostasis in tubular cells [18] and in the transport of glu- 
cose across tubular cells, in addition to other established 
glucose transport mechanisms [24]. 

Liver glucose-6-phosphatase is a multicomponent 
system comprising at least six different proteins. These 
include the catalytic subunit of the glucose-6-phospha- 
tase enzyme, which is situated on the lumenal side of the 
endoplasmic reticulum membrane and is associated with 
a regulatory calcium binding protein (Fig. 1A), [12]. In 
addition, there are at least four transport proteins, termed 
T 1 (or glucose-6-phosphate transport protein), T2c~ and 
T2~3 (phosphate and pyrophosphate transport proteins) 
and T 3 (a glucose transport protein). All six proteins 
(Fig. 1) are required for normal glucose-6-phosphatase 
activity in vivo when glucose-6-phosphate is the sub- 
strate (Fig. 1B) [6]. Glucose-6-phosphatase will also hy- 
drolyse a number of other substrates such as pyrophos- 
phate and carbamyl phosphate and when pyrophosphate 
and carbamyl phosphate are the substrates, the only en- 
doplasmic reticulum transport required is that of T 2 
(Fig. 1C) [6, 26]. Recent studies in the liver have indicat- 
ed that there are two different endoplasmic reticulum 



B 

pP Pi 

576 

Fig. 1 Schematic representation of the proteins necessary for glu- 
cose-6-phosphatase activity A in fully disrupted microsomes, B in 
intact microsomes with glucose-6-phosphate as substrate, C in in- 
tact microsomes with pyrophosphate as substrate. (TI The micro- 
somal glucose-6-phosphate transport protein, T2 the microsomal 
phosphate and pyrophosphate transport proteins, T3 the microso- 
mal glucose transport protein, Pi inorganic phosphate, SPa regu- 
latory Ca 2+ binding protein, Enzyme the glucose-6-phosphatase 
enzyme, G glucose, PP pyrophosphate, G6P glucose-6-phos- 
phate) 

proteins capable of transporting phosphate. One of these, 
T213, also transports carbamyl phosphate and phosphate 
and its deficiency results in impaired glucose-6-phospha- 
tase activity, i.e. type Ic glycogen storage disease [23, 
26]. The hepatic microsomal glucose-6-phosphatase 
system has been characterised extensively in the last few 
years [6, 12] and recently, development of the glucose-6- 
phosphatase enzyme has been described in human kid- 
ney [21]. Little is known about the other components of 

the renal glucose-6-phosphatase system and nothing is 
known about kidney T2~. 

In normal term infants the activity of the liver glu- 
cose-6-phosphatase enzyme increases around 10-fold 
over the first 3 postnatal days [10], but in many preterm 
infants this developmental rise fails to occur with resul- 
tant impaired glucose homeostasis which may persist, 
certainly into childhood [19]. In addition, we have de- 
scribed three preterm infants who died and on analysis of 
hepatic autopsy samples, one was found to have abnor- 
mal glucose-6-phosphatase enzyme and two to have no 
T215 transport capacity [20]. In one of the T2lS-deficient 
infants, a renal autopsy sample showed T215 deficiency 
[20]. In view of the fact that we have subsequently 
shown that developmental disorders of this enzyme 
system are common [19], it is likely that these two cases 
of T2~ deficiency have a developmental rather than ge- 
netic basis. The long-term renal consequences of T215 de- 
ficiency are likely to be similar, however, whether genet- 
ic or developmental in origin. 

We have shown that in human fetal liver the develop- 
ment of T2~3 is delayed when compared with other com- 
ponents of the glucose-6-phosphatase system [10], but 
nothing is known of the temporal or spatial appearance 
of kidney T213 or whether T2~3 development in human 
kidney is similarly delayed. 

Materials and methods 

Chemicals 

Glucose-6-phosphate (monosodium salt), mannose-6-phosphate 
(disodium salt) and histone type IIA and type II-AS were obtained 
from Sigma, Poole, UK. Sodium dodecyl sulphate (especially pu- 
rified for biochemical work) and tetrasodium pyrophosphate were 
purchased from BI)H, Poole, UK. Cacodylic acid was from Sigma 
and was recrystallised from 95% ethanol. 

Tissue samples 

Human embryonic tissue was obtained within 1 h following termi- 
nation of pregnancies of less than 56 days amenorrhoea using Mif- 
epristone (Roussel, Uxbridge, UK) and Gemeprost vaginal pessar- 
ies (May and Baker, Dagenham, UK). Stages of embryonic devel- 
opment and the approximate postovulatory days of age were es- 
tablished according to current morphological criteria [28]. Fetal 
tissue was obtained within 6 h following termination of pregnancy 
using Gemeprost vaginal pessaries. Fetal developmental age was 
carefully estimated based on size, including crown-heel, crown- 
rump and heel-toe measurements [33], menstrual history and ultra- 
sound dating of pregnancy, Normality of fetuses was confirmed by 
autopsy. Adult and infant tissue was obtained at routine postmor- 
tem within 12 h of certification of death. The study was approved 
by the Paediatric Reproductive Medicine Ethics of Medical Re- 
search Sub-Committee of Lothian Health Board and the Ethics 
Committee of Tayside Health Board. 

Tissue fixation and processing 

Eight embryos (postovulatory age 32-56 days) were fixed in 10% 
buffered formalin for 5 days and processed routinely to paraffin 
wax. In a similar manner, kidneys were fixed and processed from 
nine fetuses (9-23 weeks' gestation), one spontaneous abortion at 
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27 weeks' gestation, two stillborn infants at 34 and 39 weeks' ges- 
tation. In addition kidneys from four fetuses 16-19 weeks' gesta- 
tion were snap-frozen at -70°C. 

Images and data were routinely stored on optical discs and im- 
ages captured in Colourvision were transferred through Adobe 
Photoshop 1.0.7 prior to printing by a Kodak XL-7700 colour 
printer. 

Antibody 

Monospecific polyclonal antisera to T2~ was raised in a Cheviot 
sheep by three subcutaneous injections of 80 mg purified rat liver 
microsomal T2~ protein [35] and Freund's complete adjuvant as 
previously described [7, 9]. Pre-immune serum was obtained prior 
to the injection with antigen. T2~ protein used as antigen was iso- 
lated from starved Wistar rat hepatic microsomes. Antiserum was 
further purified by (NH4)2SO 4 fractionation and affinity purifica- 
tion using protein G columns and the resultant antibody prepara- 
tion was used at protein concentrations described below. The anti- 
body preparation, although raised against a rat liver protein, has 
been shown many times to cross-react well with the respective hu- 
man proteins, e.g. [9, 26], as judged by immunoblot analysis fol- 
lowing SDS PAGE. 

Immunohistochemistry 

Formalin-fixed, paraffin-embedded tissue was cut at 3-gm sec- 
tions. The first section was stained with haematoxylin and eosin to 
confirm normality and developmental characteristics [31]. Immu- 
nohistochemistry was performed on sequential sections using the 
methods previously described in human liver, brain, kidney and 
adrenal [5, 11, 21, 22] with T2~ antibody preparation diluted to 
0.3 mg/ml. On further sections, negative controls were made by 
replacing each of the individual primary antibody preparations by 
non-immune serum. A standard peroxidase-antiperoxidase (PAP) 
technique was used incorporating 3,3-diaminobenzidine as devel- 
oping agent [34] Sections were lightly counterstained with haema- 
toxylin, dehydrated through graded alcohols, and cleared in xylene 
prior to coverslipping in synthetic resin. 

Image analysis 

The acquisition of light microscopic immunohistochemical images 
was made by a Zeiss microscope - JVC KYF 30-E 3 chip colour 
camera linked to an Apple Macintosh Quadra 950 computer, with 
a HR-24 RBG card (Improvision, University of Warwick) to allow 
capture of images up to 700x572 pixels in size and for control of 
the high-resolution monitor. Colourvision software (Improvision, 
University of Warwick) was used for video rate capture of 24-bit 
images with the ability to individually adjust red, green or blue 
threshold limits to allow thresholding and detection of different 
coloured populations. For precipitated 3,3-diaminobenzidine prod- 
ucts on immunohistochemical sections, this was restricted to dark- 
brown staining (thresholds R1B1G1) monitored as a false red 
channel and medium-brown (thresholds R2B2G2) captured as a 
false green channel with analysis of the area occupied by each 
channel per total selected image area. 

Sequential embryonic and fetal metanephric kidneys sections, 
made transversely through the hilum, were immunostained at the 
same time with the T2~ antibody preparation, A series of image 
sections, 100x572 pixels, were sequentially captured across each 
of the stained kidney sections from the capsule to the pelvis. Indi- 
vidual image sections were then colour analysed, using the thes- 
holds R1B1G1 and R2B2G2, and areas (pixels) of 3,3-diamino- 
benzidine product staining per total image section derived. The in- 
dividual areas occupied by primitive glomerulo-tubular complex- 
es, glomeruli, proximal tubules, distal tubules, loops of Henle, col- 
lecting ducts and papillary ducts of Bellini epithelium were com- 
puted for each serial image and colour analysis of the total area for 
each component kidney structure from all the serial images was 
accumulated. A measure of the intensity of T2~ immunostaining in 
each renal component was derived from the area (pixels) of immu- 
nostaining divided by the epithelial area (pixels) for each compo- 
nent. 

Microsomal preparation 

Microsomes were prepared from 10% homogenates of ten human 
fetal kidney samples (15-25 weeks' gestation) in 0.25 M su- 
crose/5 mM Hepes (pH 7.4) by differential centrifugation as previ- 
ously described [8]. 

Assays 

Glucose-6-phosphatase, mannose-6-phosphatase and pyrophos- 
phatase activities were assayed in both untreated and disrupted mi- 
crosomes for up to 30 rain and calculated [8] and results are ex- 
pressed as nanomoles of substrate hydrolysed per minute per mil- 
ligram of microsomal protein. All assays were linear with respect 
to incubation time. The concentrations of the substrate glucose-6- 
phosphate used to calculate the kinetic constants were 1.0, 1.4, 
2.0, 2.6, 5.0 and 30 mM and 0.5, 1.0, 1.4, 2.0, 2.6 and 5.0 mM 
were the concentrations of pyrophosphate used as a substrate. All 
Vma x and K m values given in this paper were calculated using a 
BBC computer program of non-linear multiple regression analysis 
[16]. Microsomes isolated from kidney homogenates (untreated 
microsomes) are a mixture of intact and disrupted structures. The 
proportion of intact microsomes were determined in all prepara- 
tions by assays of low K m mannose-6-phosphatase activity which 
is only expressed in disrupted structures [2, 3]. All of the microso- 
mal preparations used in this paper were more than 90% intact. 
We have previously shown that in microsomal preparations which 
are greater than 75% intact no significant proteolysis of endoplas- 
mic reticulum proteins occurred [11]. Latency is defined as the 
percentage of activity in disrupted microsomes which is not ex- 
pressed in intact microsomes. Protein concentrations were estimat- 
ed by the method of Lowry as modified by Peterson [30]. 

Results 

Immunohis tochemi  stry 

Pilot work in human fetal kidneys (16-19  weeks '  gesta- 
tion) established that the T2~ antibody preparation was 
strongly and consistently expressed in formalin-fixed 
paraff in-embedded material as well as cryostat  sections. 

In the developing mesonephric  kidney of  the earliest 
embryos  available, the most  primitive caudal condensa-  
tions o f  nephritic tissue are T2~3 immunonegat ive  
(Fig. 2A). As nephric vesicles develop progressively ros- 
trally, weak focal T2~3 immunoposi t ivi ty  is present in 
some cells. With further development  of  the mesonephric  
kidney, which is present up to 9 -10  weeks '  gestation, 
mesonephric  tubules, occasional  cells o f  the parietal epi- 
thelium of  B o w m a n ' s  capsule and the mesonephric  duct 
are T2~3 immunoposi t ive  with some glomerular  cells 
weakly immunoreact ive  (Fig. 2B). 

The ureteric bud arising f rom the mesonephric  duct at 
32 postovulatory days elongates to form the ureter and 
renal pelvis (Fig. 2C) and then sequentially divides into 
calyxes and collecting ducts of  the developing metaneph-  
ric kidney (Fig. 2I)). In the ureteric bud derivatives, T2~3 
immunosta ining has a distinct caudal to rostral pattern o f  
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reactivity. In embryos and fetuses up to 10 weeks' gesta- 
tion the columnar epithelium of the pelvis (Fig. 2D) and 
ureter (Fig. 2E) are strongly T2~ immunopositive, but 
this decreases through the length of the developing ca- 
lyxes and collecting ducts such that the most rostral cells 
at the growing ends of the ducts are weakly T213 ira- 

munopositive (Fig. 2D). This caudal to rostra1 gradient 
of reactivity is still obvious in the collecting ducts and 
tubules until the end of the period of nephrogenesis at 
around 34-36 weeks' gestation. In embryos and early fe- 
tuses, the cellular distribution of T2~ immunoreactivity 
in ureteric bud derivatives has no obvious pattern 



(Fig. 2C-E) but with further maturation and between 12 
weeks' gestation and late fetal life immunoreactivity is 
displaced, predominantly to the apices of cells, by peri- 
nuclear glycogen deposits (Brigette Kaissling, personal 
communication), particularly obvious in collecting duct 
epithelium (Fig. 2F). The ureter and pelvis become T~[3 
immunonegative with the development of an early transi- 
tional epithelium between 10 and 20 weeks' gestation. In 
the ureteric bud derivatives of late fetal kidney, T213 im- 
munoreactivity is confined to the epithelium of renal pa- 
pillae, ducts of Bellini and collecting ducts (Fig. 2F). 

During the period of active nephrogenesis from 8 to 
34 weeks' gestation the subcapsular cells and cellular 
masses which constitute the metanephric blastema are in 
general T;[3 immunonegative (Fig. 2D), although occa- 
sional cells are immunopositive (Fig. 2C). Renal vesicles 
and S-shaped bodies are immunonegative and only with 
the appearance of a primitive glomerulus do the corre- 
sponding tubules develop weak focal positivity in some 
cells (Fig. 2G). With further development, the develop- 
ing proximal tubules become intensely Ta~3 immunoposi- 
tive (compare Fig. 1G and 1H from the same 16-week 
gestation fetal kidney). The parietal layer of Bowman's  
capsule is reactive at the urinary pole of the renal corpus- 
cle (Fig. 2H). As nephrons elongate and differentiate 
from around 12 weeks' gestation, all segments (proxi- 
mal, loop of Henle and distal tubule) retain T2~ immuno- 
reactivity with the most intensive staining in proximal 
tubules, where this has a widespread distribution within 
the cell (Fig. 2H,I). In addition, some glomerular cells 
adjacent to the urinary space are also reactive confirming 
that the podocytes of the visceral layer of Bowman's  
capsule are T2~3 immunopositive (Fig. 2H,I). 

Fig. 2 Immunohistochemistry of T213 in: A a 32 postovulatory 
day embryo showing that developing renal vesicles in mesoneph- 
ric kidney (arrow) are immunonegative~ x230; B a 56 postovulato- 
ry day embryo showing that reactivity is present in mesonephric 
tubules (arrow) and mesonephric duct (arrowhead), x230; C a 37 
postovulatory day embryo showing that the epithelium of the first 
division of the ureteric bud (arrow) is focally immunopositive and 
that some cells of the metanephric blastema are reactive (arrow- 
head), x230; D a 10-week gestation fetal metanephric kidney 
showing that immunoreactivity is present in the ureteric bud deriv- 
atives and this decreases from central to peripheral (arrow direc- 
tion) and that developing renal vesicles are immunonegative (ar- 
rowheads), x230; E a 9-week gestation metanephric ureter show- 
ing immunoreactivity in the columnar lining cells (arrow), x230; 
F a 19-week gestation fetal kidney showing that staining is pre- 
dominantly displaced apically in collecting duct epithelium by 
perinuclear glycogen deposits (arrowhead) and that loops of Hen- 
le are less reactive (arrows), x460; G the sub-nephrogenic zone of 
a 16-week gestation fetal kidney showing that cells in developing 
tubules are focally reactive (arrows) and developing glomeruli are 
immunonegative (arrowheads), x460; H the inner cortical zone of 
a 16-week gestation fetal kidney (same as G) showing proximal 
tubules are intensely positive (arrows), distal tubules less reactive 
(arrowheads) and only occasional cells in the glomerulus are im- 
munopositive, x230; I false colour image of the intensity of T213 
immunoreactivity in a 16-week gestation fetal kidney (same as H) 
showing that the most intense staining (red) is in proximal tubules 
(arrows) with lesser reactivity (green) in distal tubules (arrow- 
heads), x230. A-E, H, I Bar=50 gm, F, G bar=25 ~tm 
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Threshold settings R1B1G1 for false red and R2B2G2 
for false green were selected using T2~ immunostained 
proximal tubules which allows capture of approximately 
90% of 3,3-diaminobenzidine staining in this the most 
intensely immunoreactive renal component, yet without 
significant background interference (Fig. 2H,I). 

In the metanephric kidney before 8 weeks' gestation 
and the onset of nephrogenesis, all T213 immunostaining 
is confined to ureteric bud derivatives (Fig. 2D). The lo- 
calisation of T2~3 immunostaining changes with develop- 
ment and analysis of individual serial image sections 
(100x572 pixels) collected sequentially across transverse 
sections from the hilum to the capsule of three fetal kid- 
neys (16-20 weeks' gestation) shows that the majority of 
T213 immunostaining is confined to the cortical zone co- 
localising with proximal tubules, distal tubules and the 
developing glomerulo-tubular complexes of the nephro- 
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Fig. 3 A The epithelial areas (pixels) of renal components in a se- 
ries of 100x570 pixel transverse image sections from the pelvis 
(section 0) to the capsule (section 27) in a 16-week gestation fetal 
kidney. Proximal tubules (39.8%; 1.0) [] ...... []; distal tubules 
(10.1%; 0.85) O--O; primitive glomerulo-tubular complexes 
(1.4%; 0.22); loops of Henle (12.2%; 0.38) ©---©; collecting 
ducts (21.1%; 0.32) A---A; papillary epithelium-ducts of Bellini 
(11.5%; 0.50) 1 - -1 .  The figures in parenthesis are (a) the per- 
centage of total T2~3 epithelial immunoreactive area per renal com- 
ponent and (b) the ratio of T2~ immunoreactive area: epithelial ar- 
ea of each component with proximal tubules as nominal value 1.0. 
B Summation of red and green threshold areas of Tz~ epithelial 
immunostaining (pixels) in the same series of 100x570 pixel im- 
age sections as A ~--[~. Variations in cortico-medullary thickness 
did not allow overlap of equivalent graphical data from two other 
fetal kidneys, but similar patterns of T2~3 immunoreactivity were 
observed 
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Table 1 Glucose-6-phospha- 
tase activity in human fetal kid- 
ney microsomes. Data are 
rnean-+SEM (age range 15-25 
weeks' gestation, n=l 0) 

Substrate Intact microsomes Disrupted microsomes 

Vm,x Km Vmax Km 
nmol/min/mg mM nmol/min/rng mM 

Glucose-6-phosphate 20.4+5.6 3.9+_0.6 21.7_+4.5 1.4_+0.3 
Pyrophosphate 19.1_+7.9 3.0___0.7 24,4+5.7 1.1+0.2 

genic zone. Figure 3A shows the distribution of the epi- 
thelial areas of individual renal components and Fig. 3B 
the total immunostaining in the same series. The summa- 
tion of the areas of T2~ immunostaining, equivalent to 
the false red and green channels, for individual kidney 
components shows that proximal tubules contribute the 
greatest epithelial area of immunoreactivity (approxi- 
mately 40%). However, surprisingly, around 45% of T213 
immunostaining is present in the medulla, co-localising 
with the distribution of collecting ducts, loops of Henle 
and ducts of Bellini (Fig. 3A,B). This relatively high 
medullary percentage contribution to immunostaining is 
not obvious by visual inspection alone. The ratio of T213 
immunoreactive area: epithelial area as a measure of the 
relative intensity of staining in each renal component, 
with proximal tubules having a nominal value of 1.0, is 
widely variable throughout the kidney parts (Fig. 3A,B). 
For example, although collecting ducts contribute around 
21% of the total immunoreactivity they have a relative 
intensity of staining which is only one third that of prox- 
imal tubules (Fig. 3A,B). 

Enzyme activities 

Glucose-6-phosphatase activity in fully disrupted mi- 
crosomes is a measure of the activity of the catalytic sub- 
unit of the glucose-6-phosphatase enzyme without the 
rate limitations imposed by the transport proteins. The 
levels of human fetal kidney glucose-6-phosphatase en- 
zyme activity (Vmax) with both glucose-6-phosphate and 
pyrophosphate as substrates were found to be very simi- 
lar (Table 1) to those previously reported in human fetal 
liver [10] and are about 10% of the values previously re- 
ported in normal adult human liver (e.g. [10, 29]). The 
K m of the human fetal kidney glucose-6-phosphatase en- 
zyme is within the range of K m values that we have pre- 
viously found in both fetal and adult human liver glu- 
cose-6-phosphatase enzymes, mean 0.8 raM+_0.04 (SEM) 
(n=222) [10]. 

Glucose-6-phosphatase activity in intact microsomal 
vesicles with glucose-6-phosphate as substrate is a mea- 
sure of the combined rates of the glucose-6-phosphatase 
enzyme and its associated microsomal glucose-6-phos- 
phate, phosphate and glucose transport proteins. The 
Vma X of the glucose-6-phosphatase system in intact hu- 
man fetal kidney microsomes with glucose-6-phosphate 
as substrate (Table 1) is very similar but slightly lower 
than the Vma X in disrupted microsomes, the latency being 
6%. This demonstrates that the transport proteins (for 

glucose-6-phosphate, phosphate and glucose) are all 
functional in fetal kidney microsomes. 

Glucose-6-phosphatase activity in intact microsomes 
with pyrophosphate as substrate is a measure of the com- 
bined rates of the glucose-6-phosphate enzyme and the 
T2 transport system for phosphate and pyrophosphate. 
The activity (Vma×) with pyrophosphate as substrate was 
22% latent with a K m of 3.0 mM (Table 1) confirming 
that T 2 is present in human fetal kidney and that it has a 
similar K m to that previously found in human liver [10, 
26]. 

Discussion 

A patent mesonephric duct and nephric tubules are pres- 
ent in human embryos from stage 12, 26 post-ovulatory 
days [28] and although glomerulo-tubular units are reab- 
sorbed, rostral to caudal, in late embryonic-early fetal 
life, individual units are still present at 9-10 weeks' ges- 
tation, when glomeruti and tubules are beginning to ap- 
pear in the developing metanephric kidney (Fig. 2D). 
The most rostral segments of the mesonephric duct and 
tubules are T213 immunopositive from as early as 32 post- 
ovulatory days and this spatial and temporal expression 
of the T2~ protein is similar to that of the catalytic unit 
of the glucose-6-phosphatase system [21]. Derivatives of 
the ureteric bud, namely ureter, pelvis and calyces, are 
transiently T2~3 immunopositive in the early metanephric 
kidney, as is the catalytic unit of the glucose-6-phospha- 
tase system [21]. 

Our studies show that in metanephric kidney, by mid- 
gestation, the proximal tubules contribute the greatest 
epithelial area of Tz~3 immunoreactivity as well as inten- 
sity of immunostaining. In addition, we have shown that 
there are lesser degrees of T;~3 immunoreactivity, in 
terms of both area of contribution as well as intensity of 
staining, in other tubular components and collecting 
ducts. Overall, T~3 immunoreactivity is greater in the 
cortex (mainly proximal and distal tubules) compared to 
medulla (predominantly loops of Henle and collecting 
ducts). However, the cellular and regional predominance 
of T213 immunoreactivity in the metanephric kidney 
changes with ontogeny~ In embryos and early fetuses, the 
developing pelvis, calyxes and collecting ducts are the 
principal structures which are T2~3 immunopositive and 
only with the development of nephrons in later gestation 
does this early predominance of Ta[3 immunoreactivity to 
ureteric bud derivatives change, such that by mid-gesta- 
tion the reactivity in collecting ducts is a small propor- 



tion of the total. These changes in spatial and temporal 
expression of the T2~3 protein are also similar to that of 
the catalytic unit of the glucose-6-phosphatase system 
[21]. 

The common spatial and temporal expression of both 
the T2~ protein and the catalytic unit of the glucose-6- 
phosphatase system suggests that unlike human fetal liv- 
er [10], the kidney T2~ protein is not developmentally 
delayed compared to the enzyme. Consistent with this is 
the low latency of glucose-6-phosphatase activity in in- 
tact human fetal kidney microsomes with pyrophosphate 
as substrate which shows that the level of T 2 transport 
capacity is appropriate for the amount of enzyme activity 
present (Table 1). This is in complete contrast to the high 
latency (up to 100%) of glucose-6-phosphatase activity 
in intact human fetal liver microsomes with pyrophos- 
phate as substrate that we found previously in liver sam- 
ples of the same gestational range [10, 26]. The earlier 
temporal expression of the endoplasmic reticulum pyro- 
phosphate (and carbamyl phosphate) transport capacity 
in kidney compared to liver may reflect the importance 
of pyrophosphate and carbamyl phosphate as substrates 
in human fetal kidney. 

Renal disease is a well-recognised late complication 
of type I glycogen storage disease commonly including 
focal segmental glomerulosclerosis, interstitial fibrosis, 
renal stones and nephrocalcinosis and more rarely amy- 
loidosis, a Fanconi-like syndrome and distal renal tubu- 
lar acidosis [13, 14]. The presentation of overt renal dis- 
ease in type I glycogen storage disease occurs late in 
childhood or adulthood and children under 10 years of 
age usually have normal renal function [15], although 
provocative renal function tests may detect subtle chang- 
es [32]. The diagnosis of type I glycogen storage disease 
is usually made at 3-4 months postnatal age, although 
this may be delayed later into childhood, and no studies 
have answered the question at what age renal histologi- 
cal changes begin to appear in affected children [14]. In 
preterm infants, detection of subtle renal abnormalities is 
further complicated by the dysfunctions of immaturity 
and concul~'ent disease [27]. Our index case of a preterm 
infant, who was born at 30 weeks' gestation and died of 
cor pulmonale secondary to bronchopulmonary dysplasia 
(treated with furosemide) on postnatal day 182, had no 
T~ pyrophosphate translocase function in both liver and 
kidney microsomes. Postmortem revealed normal gross 
structure and normal routine renal histology. A calculus 
4 mm in diameter was found in a major calyx of the left 
kidney but with no evidence of nephrocalcinosis and al- 
though this is a commonly recognised complication of 
type I glycogen storage disease, it also occurs in some 
preterm infants treated with furosemide (e.g. [1]). 

As our index case had no T2 pyrophosphate translo- 
case function in either liver or kidney microsomes, 
whereas our control samples of kidney had T 2 pyrophos- 
phate transport capacity appropriate to their levels of en- 
zyme, it is likely that it is either a genetic deficiency af- 
fecting both liver and kidney T~, or, a developmental dis- 
order originating prior to 15 weeks' gestation (the earli- 
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est time we measured T 2 function). These possibilities 
will only be distinguished when DNA probes for T 2 be- 
come available. 

Acknowledgements This work was supported by grants from the 
National Kidney Research Fund (A.B., R.H.); Scottish Home and 
Health Department (A.B., R.H.); Wellcome Trust (R.H.); Tenovus 
(Scotland) (A.B., R.H.); A.B. was a Lister Institute Research Fel- 
low. 

References 

1. Alon US, Scagliotti D, Garola RE (1994) Nephrocalcinosis 
and nephrolithiasis in infants with congestive cardiac failure 
treated with furosemide. J Pediatr 125:149-151 

2. Arion WL Ballas LM, Lange AJ, Wallin BK (1976) Microso- 
real membrane permeability and the hepatic glucose-6-phos- 
phatase system. J Biol Chem 251:4901-4907 

3. Arion WJ, Lange AJ, Walls HE, Ballas LM (1980) Evidence 
for the participation of independent translocases for phosphate 
and glucose-6-phosphate in the microsomal glucose-6-phos- 
phatase system. J Biol Chem 255:10396-10406 

4. Ashmore J, Weber G (1959) The role of hepatic glucose-6- 
phosphatase in the regulation of carbohydrate metabolism. Vi- 
tam Horm 17:91-132 

5. Bell JE, Hume R, Busuttil A, Burchell A (1993) Immunocyto- 
chemical detection of microsomal glucose-6-phosphatase in 
human brain astrocytes. Neuropathol Appl Neurobiol 19: 
429-435 

6. Burchell A (1992) The molecular basis of the type 1 glycogen 
storage diseases. Bioessays 14:395-400 

7. Burchell A, Cain DI (1985) Rat hepatic microsomal glucose- 
6-phosphatase protein levels are increased in streptozotocin- 
induced diabetes. Diabetologia 28:852-856 

8. Burchell A, Hume R, Burchell B (1988) A new microtech- 
nique for the analysis of the human hepatic microsomal glu- 
cose-6-phosphatase system. Clin Chim Acta 173:183-192 

9. Burchell A, Gibb L, Waddell ID (1989) New microtechniques 
for the diagnosis of the type 1 glycogen storage diseases. In: 
Depuy C, Valette L (eds) Perinatal prevention of genomic 
anomalies. Foundation Marcel Merieux, Lyon, pp 96-I 03 

10. Burchell A, Gibb L, Waddell ID, Giles M, Hume R (1990) The 
ontogeny of the human hepatic glucose-6-phosphatase pro- 
teins. Clin Chem 36:1633-1637 

1l. Burchell A, Lyall H, Busuttil A, Bell J, Hume R (1992) Glu- 
cose metabolism and hypoglycaemia in SIDS. J Clin Pathol 45 
[Suppl]: 39-45 

12. Burchell A, Allan BB, Hume R (1994) The endoplasmic retic- 
ulum glucose-6-phosphatase proteins. Mol Membr Biol 11: 
217-227 

13. Chen Y-T (1991) Type I glycogen storage disease: kidney in- 
volvement, pathogenesis and its treatment, Pediatr Nephrol 5: 
71-76 

14. Chen Y-T, Burchell A (1995) Glycogen storage diseases. In: 
Scriver CR, Beaudet AL, Sly WS, Valle D (eds) The metabolic 
basis of inherited disease, chapter 24. McGraw-Hill, New 
York, pp 935-965 

15. Chen Y-T, Coleman RA, Scheinman JI, Kolbede PC, Sidbury 
JB (1988) Renal disease in type I glycogen storage disease. 
N Engl J Med 318:7-11 

16. Colquhoun D (1971) Lectures on biostatistics. Clarendon 
Press, Oxford, pp 257-265 

17. Cori GT, Cori CF (1952) Glucose-6-phosphatase of the liver in 
glycogen storage disease. J Biol Chem 199:661-667 

18. Fulceri R, Romani A, Pompella A, Benedetti A (1990) Glu- 
cose-6-phosphate stimulation of MgATP-dependent Ca 2+ up- 
take by rat kidney microsomes. Biochim Biophys Acta 1022: 
129-133 

19. Hume R, Burchell A (1993) Abnormal expression of glucose- 
6-phosphatase in preterm infants. Arch Dis Child 68:202-204 



582 

20. Hume R, Lyall H, Burchell A (1992) Impairment of the activi- 
ty of the microsomal glucose-6-phosphatase system in prema- 
ture infants. Acta Paediatr 81:580-584 

21. Hume R, Bell JE, Hallas A, Burchell A (1994) Immunohisto- 
chemical localisation of glucose-6-phosphatase in developing 
human kidney. Histochemistry 101: 413-417 

22. Hume R, Voice M, Pazouki S, Giunti R, Benedetti A, Burchell 
A (1995) The human adrenal microsomal glucose-6-phospha- 
tase system. J Clin Endocrinol Metab 80:1960-1966 

23. Lucius RW, Waddell ID, Burchell A, Nordlie RC (1993) The 
hepatic glucose-6-phosphatase system in Ehrlich-ascites-tu- 
mour-bearing mice. Biochem J 290:907-911 

24. Nordlie RC (1976) Glucose-6-phosphate phosphotransferase. 
In: Mehlman MA, Hanson RW (eds) Gluconeogenesis: its reg- 
ulation in mammalian species. Wiley, New York, pp 93-152 

25. Nordlie RC (1985) Fine tuning of blood glucose concentra- 
tions. Trends Biochem Sci 10:70-78 

26. Nordlie RC, Scott HM, Waddell ID, Hume R, Burchell A 
(1992) Analysis of human hepatic microsomal glucose-6-phos- 
phatase in clinical conditions where the T2 pyrophosphate/phos- 
phate transport protein is absent. Biochem J 281:859-863 

27. Oh W (1981) Renal functions and clinical disorders in the 
neonate. In: Lewy JE (ed) Symposium on perinatal nephrolo- 
gy. Saunders, Philadelphia, pp 215-223 

28. O'Rahilly R, Muller F (1987) Developmental stages in human 
embryos. (Publication 637) Carnegie Institution of Washing- 
ton, Washington, DC 

29. Pears JS, Jung RT, Hopwood D, Waddell ID, Burchell A 
(1992) Ten cases of symptomatic adult hypoglycaemia due to 
hepatic glycogen metabolising abnormalities. Q J Med 299: 
207-222 

30. Peterson GL (1977) A simplification of the protein method of 
Lowry et al. which is more generally applicable. Anal Bio- 
chem 83:346-356 

31. Potter EL (1972) Normal and abnormal development in the 
kidney. Year Book Publishers, Chicago 

32. Restaino I, Kaplan BS, Stanley C, Baker L (1993) Nephrolithi- 
asis, hypocitraturia, and a distal renal tubular acidification de- 
fect in type I glycogen storage disease. J Pediatr 122: 392- 
396 

33. Scammon RE, Calkins LA (1929) The development and 
growth of the external dimensions of the human body in the 
fetal period. University of Minnesota Press, Minneapolis 

34. Sternberger LA, Hardy PH, Cuculis J, Meyer HG (1970) The 
unlabelled antibody method of immunohistochemistry: prepa- 
ration and properties of soluble antigen - antibody complex 
(horseradish peroxidase-anti-horseradish peroxidase) and its 
use in identification of spirochaetes. J Histochem Cytochem 
18:315-333 

35. Waddell ID, Lindsay JD, Burchell A (1988) The identification 
of T2: the phosphate/pyrophosphate transport protein of the 
hepatic microsomal glucose-6-phosphatase system. FEBS Let- 
ts 229:179-182 


