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Uridine diphosphoglucose dehydrogenase activity in
synovial lining cells in the experimental antigen
induced model of rheumatoid arthritis: an indication
of synovial lining cell function

A A Pitsillides, S M Blake

Abstract
Uridine diphosphoglucose dehydrogenase
(UDPGD) is the enzyme responsible for the
production of uridine diphospho(UDP)-
glucuronate, an essential monosaccharide in
the biosynthesis of hyaluronan, which is
found in high concentrations in normal
synovial fluid. Synovial lining cells have been
implicated in the synthesis of hyaluronan, but
the degree to which they are adapted meta-
bolically to this function in normal and
inflamed synovium has not been established.
Using a quantitative cytochemical method it
was shown that synovial lining cells from
chronically inflamed rabbit synovium had
significantly lower UDPGD activity per
cell than the lining cells of normal synovium.
These findings suggest that the lining cells of
normal non-inflamed synovium may be
enzymatically adapted for the synthesis of
hyaluronan and that this may be an indication
of a specific role of synovial lining cells in
the maintenance of normal joint function.
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As emphasised by Fraser and Laurent' hyalur-
onan is found at particularly high concentrations
in the synovial fluid of normal diarthrodial
joints and it has been suggested that it may be
responsible for the intrinsic viscoelastic pro-
perties which are characteristic of this fluid.2
For some time rheumatologists have observed
that the viscosity of synovial fluid markedly
decreases in the presence of inflammation3 and
it has been shown that the synovial fluid of
rheumatoid arthritic joints contains concen-
trations of hyaluronan lower than those found in
the synovial fluid of normal joints.4 However, it
still remains controversial whether this alteration
in the concentration of hyaluronan is mediated
by dilution, degradation, or altered synthesis of
hyaluronan. Furthermore, although synovial
lining cells have been implicated in the main-
tenance of these levels of hyaluronan,5 the
degree to which individual cells in normal and
rheumatoid synovial lining are adapted meta-
bolically to the synthesis of this glycosamino-
glycan has not been established.6

Hyaluronan molecules are long, unbranched
polysaccharides composed of repeating disac-
charide units of glucuronic acid linked to N-
acetyl glucosamine,7 synthesised by alternate
transfer of the substrates, namely uridine
diphospho(UDP)-glucuronic acid and UDP-N-
acetyl glucosamine, to nascent hyaluronan

chains by hyaluronan synthase.' UDP-glucu-
ronic acid is a key monosaccharide in the
synthesis of hyaluronan and sulphated glyco-
saminoglycans. Uridine diphosphoglucose
dehydrogenase (UDPGD; UDP-glucose:
NAD+ oxidoreductase; EC. 1.1.1.22) is the
enzyme responsible for the non-reversible9
conversion of UDP-glucose to UDP-glucuronic
acid and it has been suggested that UDPGD
activity may be the rate limiting step in the
production of UDP-glucuronate.'° The assess-
ment of enzyme activity in an individual cell
population, within a tissue such as synovium, is
difficult to achieve by conventional biochemical
procedures for two reasons: firstly, the synovial
lining cells of normal synovium constitute too
small a population for conventional biochemical
assays; and secondly, lining cells in chronically
inflamed joints constitute a small fraction of the
total cells, as many infiltrating cells comprise
the excessive outgrowths of the lining which is
characteristic of this disease. It was therefore
necessary to use the techniques of quantitative
cytochemistryl" to assess enzyme activity in
individual synovial lining cells in situ.
The immunological induction of an experi-

mental arthritis in the knees of rabbits'2 13 iS
well established as a model ofhuman rheumatoid
arthritis. 4 The model produces a chronic
monarticular arthritis which closely resembles
human rheumatoid arthritis in synovial histo-
pathology and in biochemical changes associated
with the synovial lining cells.6 1 16 We have
used a newly adapted quantitative cytochemical
method"7 to assess the UDPGD activity as a
measure of the enzymatic machinery necessary
for the production of one of the essential
monosaccharides of hyaluronan in the synovial
lining cells of normal and inflamed knees in the
antigen induced rabbit model of chronic inflam-
matory arthritis.

Materials and methods
Female New Zealand white rabbits (initial
weight 1-5-2'0 kg) were immunised sub-
cutaneously between the scapulae with 0'5 ml
complete Freund's adjuvant (1 mg/ml of Myco-
bacterium tuberculosis added to incomplete
Freund's adjuvant (Difco)) containing 2'5 mg
ovalbumin (Sigma). A booster inoculation was
given two weeks later. Four weeks after the
booster inoculation the right knee was challenged
with an intra-articular injection (0 5 ml) of
sterile saline containing ovalbumin (10 mg/ml).
The animals were skin tested before challenge
to ensure that the cell mediated immunity was
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evident. The animals were killed by intravenous
injection of Sagatal (phenobarbitone sodium
(May and Baker)) at least 12 weeks after
challenge, at which time the chronic inflam-
mation was well established.'3 The synovial
tissue was removed, cut into suitably sized
pieces (up to 0-5 cm3), immersed briefly (up to
two minutes) in a 5% aqueous solution of
polyvinyl alcohol (Grade G04/140; Wacker)
containing 5% CaC12. 2H20'8 and then chilled
to -70°C in n-hexane (BDH; grade low in
aromatic hydrocarbons). The tissue was stored
in dry tubes at -70°C for not longer than two
weeks. Sections were then cut at a thickness of
10 Ftm in a Bright's cryostat with the cabinet
temperature at or below -30°C and with the
knife cooled with solid carbon dioxide packed
around its shaft. The sections were flash dried
onto slides taken from the ambient temperature
of the laboratory'8 and stored briefly in a
dessicator before being tested for enzymatic
activity.

HISTOLOGY
All the blocks of tissue removed from the
challenged joints were examined histologically
and, depending on the amount oftissue available
from each joint, from seven to nine regions were
sampled. Sections were stained with 0-1%
toluidine blue in 0 1 M acetate buffer, pH 6- 1;
others were stained with haematoxylin and
eosin and some with methyl green pyronin (all
procedures were as described by Chayen et al 18)
The sections were washed, air dried, and
mounted in DePeX (BDH).
Three criteria were used for assaying the

degree of chronic inflammation: thickening of
the synovial cell layer, chronic inflammatory
cells, and fibrosis. Each criterion was judged on
a scale ranging from 0 to + +. The degree of
inflammation of the whole joint in each chal-
lenged joint was then assessed on a scale ranging
from - to ++.

ASSAY FOR UDPGD ACTIVITY
To determine UDPGD activity, sections were
incubated at 37°C in a nitrogen atmosphere in
medium containing 5 3 mM UDP-glucose (3
mg/ml; Sigma), 045 mM NAD (0 3 mg/ml;
Boehringer) in 300/o (w/v) polyvinyl alcohol in
0-05 M glycylglycine buffer, pH 7-8. The
medium was saturated with nitrogen and the
pH adjusted to pH 7-8. Just before use 3-7 mM
nitro blue tetrazolium (3 mg/ml; Sigma) was
added; in all instances the reaction time was 20
minutes. To check UDPGD activity (control)
serial sections were incubated in medium without
substrate (no UDP-glucose) or in full medium
including 0-2 mM UDP-xylose (0-21 mg/ml;
Sigma), an inhibitor of UDPGD activity.'7

After the reaction, sections were washed
in water, dried, and mounted in Aquamount
(BDH). The precipitated formazan was mea-
sured with a Vickers M85A scanning and
integrating microdensitometer at a wavelength
of 560 nm in individual cells of the synovial
lining, with a x40 objective and a scanning spot
of 0-5 Ftm in the plane of the section. At least 10

Table I Overall assessment of the degree of inflammation
in the antigen challenged joints of each rabbit (overall scale
from -to + +). Also shomn are the number ofpieces of tissue
used from each animal in achieving this overall assessment.
Scores of + + and + indicate joints showing appreciable
signs of inflammation; ± indicates those with only minor
indications of inflammation
Rabbit No No of blocks Assessment

assessed

RI 8 +
R2 8 ++
R3 7 +
R4 7 +
R5 9 +

cells were measured at identical sites in each of
two duplicate sections in each assay and up to
four different blocks of tissue were used from
each animal. The results were converted into
units of mean integrated extinctionx O00 for
a 20 minute reaction time and the results were
evaluated by the t test for paired samples.

Results
HISTOLOGICAL ASSESSMENT
Table 1 shows that the challenged joints from all
the animals had some histological evidence of
chronic inflammation, ranging from ± to + +.
Appreciable degrees of inflammation were
assessed as + or + +. Histological examination
of the chaionged joints showed that three had
appreciable inflammation, one of which (R2)
showed many of the classical changes associated
with chronic inflammation. The other two
animals had joints which were minimally in-
flamed.
None of the unchallenged (left side) control

joints showed signs of inflammation; all were
histologically normal.

UDPGD ACTIVITY IN SYNOVIAL LINING CELLS
Initially it was necessary to test the validity of
the measurements of UDPGD activity. For
this, UDPGD activity was measured in sections
of blocks from the left (unchallenged) knee of
two rabbits and synovial tissue which showed
appreciable histological signs of inflammation.
Serial sections were reacted in full medium,
medium lacking the substrate (UDP-glucose),
or full medium with UDP-xylose included.
Table 2 shows that sections of uninflamed
control synovium from unchallenged joints,
reacted in medium lacking the substrate or with
UDP-xylose included, gave activities in synovial
lining cells of up to 3-6 and 4-2 U respectively,
against activities in full medium ofup to 29-8 U.
The markedly inflamed synovium (from R2)
gave values in the medium lacking substrate or
the medium with UDP-xylose included, of 3-0
and 4-5 U respectively but gave values of up
to only 7-0 U when incubated in full medium.
Thus all the UDPGD activities presented are
activities in full medium less the activities
measured in the presence of UDP-xylose.
The figure shows the mean values forUDPGD

activity for sections from all the blocks investi-
gated from each individual rabbit. In the
unchallenged joints the results for UDPGD
activity ranged from 14-9 to 22-0 U/cell (18-0
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Table 2 Influence of changes in the reaction medium
dehydrogenase (UDPGD) activity (mean integrated ex
in the synovial lining cells of challenged and unchallen,
20 minutes)

Rabbit No Full medium

Unchallenged joints R3 24 4 (1 1)
29-8 (1 1)

R4 23 4 (15)

Challenged joint R2 7 0 (0 4)
6 4 (0 3)
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Mean uridine diphosphoglucose dehydrogenase (UDPG
extinction x 1001cellI20 min) in synovial lining cells in c

rabbit knee joints. The final pair ofcolumns (mean (SE,
activity in synovial lining cells from challenged and unci

(3 0); mean (SD))
challenged joints
range, varying fro:
17-2 U in R3, anc

when compared X
the synovial linix
unchallenged joi
animals which hac
assessed histologic
lowest UDPGD a

when compared v

the control uncha
two animals with
and R5) had the
the synovial lining
joints, namely I7-
The general ap

vium from unchal
for UDPGD activi
20 minutes reacti(
exclusively to the
and low, almost
were present in th
deeper in the sync
levels of UDPGE
the challenged joi
activity in the hi

cells at the synovia
but in some instar
was present in son

the synovium.

on the uridine diphosphoglucose Discussion
tinction x 100 (SEM)) measured These results suggest that lining cells in normal

non-inflamed synovium have the enzymatic
machinery necessary for the synthesis of glyco-

NoUD(;lllsaminoglycans and particularly hyaluronan and
2-4 (0 2) 42 (0-2) that this may be an indication of a specific part
26 (02) 41 (02) played by these cells in the maintenance of
36 (02) 3-5 (0-1) normal joint function. Previously De Luca et
2 8 (02) 3-2 (02) al '9 showed, using enzymes isolated from
3-0 (0-1) 4-5 (0 2) newborn pig epiphysial plate cartilage and from

bovine cornea, that UDPGD activity had a
central role in the nature of the monosaccharides
produced from the utilisation of UDP-glucose,
suggesting that it may be a key branchpoint in
the synthesis of glycosaminoglycans. Further-
more it has been suggested that UDPGD
activity is the irreversible9 rate limiting step in
the synthesis of UDP-glucuronate,'0 which is

* essential as a monosaccharide in the production
of hyaluronan and chondroitin sulphates.
Biochemical studies of UDPGD activity in cells
isolated from synovium and maintained in vitro
showed that cells cultured from normal
and rheumatoid arthritic synovium had
similar UDPGD activity for each unit mass of
protein.20 21 These workers point out, however,
that there are some limitations to the conclusions
which can be drawn from cultures of cells
isolated from a heterogeneous tissue such as

synovium and that as stressed earlier normal
and chronically inflamed synovial membranes
are not suitable for conventional biochemical

R4 R5 Mean investigation.
lo Using a newly adapted quantitative cyto-
D) activity (mean integrated chemical method'7 for the assessment of
hallenged and unchallenged UDPGD activity in situ, we have shown that
hM)) shows the overall mean UDPGD individual synoviocytes in chronically inflamedhiallengedjoints (0-01<p<005).

synovium from challenged rabbit knee joints
show a marked decrease in UDPGD activity

In contrast the values in the compared with the synovial lining cells of the
showed considerably greater contralateral (unchallenged) normal joints. In
,m as low as 1-5 U in R2 up to addition, the results suggest that there is a
i were significantly decreased direct agreement between the degree of inflam-
with the results obtained for mation as assessed histologically and the decrease
ng cells of the contralateral in UDPGD activity in the lining cells in the
ints (p<0Q03). The three challenged knees.
I appreciable inflammation as Furthermore, it has been shown that increasing
ally (RI, R2, and R4) had the the ratio ofNADH relative to NAD appeared to
*ctivities of 6&8, 1-5, and 9-4 inhibit the activity of UDPGD which had been
with the UDPGD activity in isolated from epiphysial plate cartilage and that
[llenged joints (p<OO1). The the inhibition of UDPGD activity was most
minimal inflammation (R3 marked when the enzyme was assayed at pH

highest UDPGD activities in values approaching neutrality.22 These workers
cells in the group ofchallenged suggest that there is a direct relation between
2 and 9-8 U/cell respectively. the nature of the glycosaminoglycan precursors
pearance of sections of syno- synthesised (with UDPGD activity at a key
llenged control joints reacted pivotal point) and the redox state of the cell.23
ity showed that the activity (at In addition, earlier cytochemical studies on
on time) was confined almost tissue removed from human rheumatoid arthritic
surface layer of synovial lining joints have shown that there was a fourfold
negligible, levels of activity increase in glucose 6-phosphate dehydrogenase
te blood vessel walls; the cells activity, which generates NADPH, and a
)vial subintima had negligible considerably more reductive balance in the
) activity. In synovium from cellular -SH:-SS- ratio in synovial lining
ints (as discussed earlier) the cells.24 25 These workers also showed that
istologically accredited lining human non-rheumatoid synovium could be
il surface was greatly reduced, maintained in vitro in organ maintenance
ices a residual level of activity culture at pH 7 8 but that it died at pH values of
ne cells beneath the surface of 7-4 or below. In contrast human rheumatoid

synovium did not survive at pH values above
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7-4.46 The preference for a more acid environ-
ment shown by the rheumatoid tissue is in
keeping with the fact that synovial fluid from
human rheumatoid joints has been reported to
be more acidic than the fluid from non-rheuma-
toid joints.27 28 Considering these findings it
may be possible to postulate that the conditions
found within the chronically inflamed joint,
namely a more reductive balance and a pH
approaching neutrality, are such as to produce a
marked decrease of UDPGD activity within the
cells lining the synovium, leading to alterations
in the synthesis of glycosaminoglycans which
may be central to the maintenance of normal
joint function.
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