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Abstract

Regeneration of the synovial lining in the synovec-
tomized rabbit knee was studied using the scanning elec-
tron microscope. The resected synovia regenerated con-
siderably 3 weeks after synovectomy. However, 44
weeks following excision, their surface morphology was
still very different from that of the normal tissue of in-
tact animals. The regenerated synovia were character-
ized by three main features: the large number of various
patterns, the many fields harboring fibrillation and the
almost total lack of a bubble layer (the latter was for-
merly shown to be predominant on normal, intact syn-
ovia). The surface morphology of the non-operated
(contralateral) knee differed greatly from that of normal
synovia. The surface of sham-operated synovia was to-
tally covered by the bubble layer. The appearance of
vast fields harboring fibrillations indicated deficient ul-
trastructural regeneration. The altered surface morphol-
ogy of the contralateral synovia was a novel finding.
We wonder whether it would be appropriate to propose
that the systemic reaction induced by synovectomy of the
experimental knee initiated the synovial appearances
recorded on the contralateral knee. The data reported
here rule out the possibility of using the contralateral leg
as an intact control.

Key Words: Synovial linings, rabbit, knee, scanning
electron microscopy, synovectomy, regeneration, bio-
mechanical incongruity in knee, fibrillation, contralateral
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Introduction

Synovectomy is applied in the treatment of rheuma-
toid arthritis and other arthritides of the knee. Despite
having been in routine clinical use during different
periods, the therapeutic value and prospects of knee
synovectomy are currently under renewed consideration
(McEwen, 1988; Gardner, 1991). Only a few inconclu-
sive reports about the course of synovial morphological
regeneration have appeared (Mitchell and Blackwell,
1968; Geens, 1969; Laurin et al., 1974; Bently er al.,
1975; Stein, 1976; Myllala et al., 1983; Frizziero et al.,
1992). However, this knowledge is important for the
assessment of restoration of synovial structure and func-
tion (Lohmander, 1991). A close similarity in the ultra-
structure of human and rabbit healthy synovial linings
has been documented (Ghadially, 1983). This suggests
that studying the surface morphology of the regenerating
synovial lining in the rabbit knee might add information
of both basic and clinical value regarding human
synovial restoration.

In a previous article (Levanon and Stein, 1992), we
described the surface morphology of the synovial lining
of the intact healthy rabbit knee using specimens rein-
forced by tannic acid. The latter agent was found to en-
hance the preservation of synovial surface components
that could not be demonstrated in the scanning electron
microscope (SEM) by other procedures. In the present
study, using the same protocol, we describe in detail the
surface morphology of regenerating synovial linings in
the normal, healthy rabbit.

Materials and Methods

Fifteen healthy albino rabbits (with a male/female
ratio of 1:1) of local breed, averaging 1.8 kg, underwent
subtotal synovectomy of their right knee, as described by
Mitchell and Blackwell (1968). The rabbits were al-
lowed to recover from anesthesia and then returned to
lodge cages, with space to move around freely and food
and water given ad libitum. Within 2-3 days after the
operation, the rabbits moved easily, although even after
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Table 1. Gross patterns of synovial-lining surface morphology in rabbits.

Pattern/ Healing Leg Anatomical Description
Figure No. Time Sector
2A 3 weeks Con Medial Accordion; ridges narrow and tightly packed;
straight and/or curled ridges
2B 3 weeks Syn Medial Flat areas without distinct organization; occasional synoviophytes
3 16 weeks  Syn Medial Flat areas with adjacent gross and/or fine, loosely or tightly packed
accordion ridges with changing orientations
4 17 weeks Syn Lateral Accordion ridges over whole synovial surface, with alternating
orientations; in some places, tears occur on the surface and disclose
sieve bundles from underneath
S5 17 weeks  Con Lateral Fatty areolar; in some places, lack of interfibrillar material on vast
or small fields
6 29 weeks  Syn Lateral Flat or semi-flat surfaces without distinct organization, "rusty” in
places, with gross adipocytes
7 20 weeks Con Lateral Lobe-like

Con = contralateral control knee;

Syn = synovectomized (right) knee

Figure 1. The diagram represents: 1: medial meniscus,
2: anterior cruciate ligament, 3: infrapatellar fold of
synovial membrane, 4: infrapatellar fat pad, 5: patellar
ligament, 6: synovial lining, 7: joint capsule, 8: lateral
meniscus and 9: posterior cruciate ligament.

another 7-10 days, they were still seen frequently bear-
ing some of their body weight on the left, intact leg.
Animals were killed by an overdose of pentobarbital at
defined time intervals of 3-44 weeks. Two rabbits were
sham operated and allowed to recover for 8 weeks, after
which they were killed and their synovia were obtained
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and analyzed. Medial and lateral specimens were resect-
ed and prepared for the SEM, as previously described
(Levanon and Stein, 1992). The synovial specimens
could be reliably separated from adjacent tissue, stretch-
ed on a porous plastic undersurface and prepared for the
SEM without disintegration or any obvious harm.

Specimens were fixed in 2% glutaraldehyde in phos-
phate-buffered saline (PBS), pH 7, for 2-5 hours at
room temperature and then overnight at 4°C. They
were rinsed in PBS, treated with 2% tannic acid and 2 %
guanidine-HCl for 1 hour according to the GTGO meth-
od of Gamliel ez al. (1983) and postfixed in 1% OsO, in
PBS. Then they were dehydrated in ascending ethanols
and soaked in hexamethyldisilazane (Levanon and Stein,
1991, 1992, 1993), from which they were air dried.
They were mounted on copper stubs with the joint ap-
posing face laid upwards, coated with gold to give an 18
nm thick layer and visualized in a JEOL T-300 SEM
(JEOL, Tokyo, Japan) operated at an accelerating volt-
age of 25 kV. Four synovial sectors were obtained from
each rabbit: right (synovectomized) medial and lateral,
and left (contralateral) medial and lateral. We studied
each sector from each rabbit separately in the SEM and
recorded all the morphological appearances, each in at
least three standard magnifications so that records could
present data on a comparable basis. Gross patterns were
recorded in the X35 magnification, and microarchitec-
tural patterns were characterized in the X3500 and
%X 20,000 magnifications.

A schematic drawing (Fig. 1) depicts the physical
relationship between synovial linings and adjacent tissues
of the joint.
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Figure 2. (A) Three weeks regeneration of left medial synovium: accordion-like pattern. Note curled ridges and a
synoviophyte (S). Sieve bundles from an inner layer were exposed during resection (R). Bar = 1 mm. (B) Three
weeks regeneration of right medial synovium: flat pattern. Note synoviophytes (S). The area denoted by an arrow
harbors fibrillated areas, whose appearance was revealed under high magnification (cf. Fig. 9). Bar = 1 mm.

Table 2. Incidence and distribution of gross patterns of Results
surface morphology on regenerating synovial linings.

Naked eye examination revealed synovial lining re-

Morphologic Pattern Numbers” generation by 3 weeks after surgical ablation, at which
Control Synovectomized time the tissue was still somewhat spongy and hyperem-
Weeks (Left) Knee (Right) Knee ic. Synovial linings that were obtained 5 weeks and up
Postop. Medial Lateral ~ Medial Lateral to 44 weeks postoperatively appeared healthy and had a
distinct vascular pattern.

3 1,2 1,2 1,2 1,2 Gross surface morphology of synovial linings
5 4 2 2 7 Examination under low-power SEM revealed a rich
15 1 1 1 ND diversity of surface morphology. Seven main gross pat-
15 /77 7 1, 2,7 4 terns are described in Table 1 and illustrated in parallel
16 1,7 ND 4,5 1, 4,7 in Figures 2, 3, 4, 5, 6 and 7. These figures present
gross patterns bearing some resemblance to, but still
= 1,3 4, 3 2,3 L, % different from, those of intact synovia, which were pre-
17 2,5 5 12,7 4 viously described in detail (Levanon and Stein, 1992).
20 2,5,7 7 ND 1, 4 Pattern 1, defined as an accordion-like pattern, is seen
29 1, 4 i, 7 2,6 6 in Figure 2A. It was different from a similar pattern in

the normal synovium, the latter having a generally uni-

23 L34 & HET & form morphology consisting of regular, slender, straight,

36 2 2 L5 3 tightly packed ridges arranged in parallel along a given
36 2,3 1 5 2.3 axis while the regenerating accordion was partly straight
42 1,5,7 1,5,7 3 1,7 and partly with curled ridges (Fig. 2A). It was either
44 5 5 23 L2 loosely or tightly packed and in changing widths and di-
" 1 . ’ ; vergent orientations (Figs. 3 and 4). Pattern 2, defined

1,2 1,2 as a flat pattern, is seen in Figure 2B. The flat pattern
was different from a similar pattern on normal synovia,
on which it looked smooth and even, while on regenerat-

ND = not determined

*Figures denote gross patterns of surface morphology as ing specimens the pattern was found to harbor out-
described in Table 1 and illustrated in Figures 2 to 7. growths (Fig. 2B), to be corrugated (Fig. 3) and in
Intermediate stage between patterns 1 and 7. places to be torn by deep cracks (Fig. 6). The fragile
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Figure 3. Sixteen weeks regeneration of right medial synovium: flat areas with random accordion-like ridges of
changing orientation. Area on the right (arrow) was found under high magnification to exhibit thin, glistening coat
covering sieve fibers, without masking the latter’s contours (cf. Fig. 11). Bar = 1 mm.

Figure 4. Seventeen weeks regeneration of right lateral synovium: accordion-like ridges with variable orientations
covering most of the surface. Note area with sieve bundles (arrow), which were exposed from underneath. These
bundles were very poor in interfibrillar matrix. Bar = 1 mm.

Figure 5. Seventeen weeks regeneration of left lateral synovium: fatty areolar pattern. Note sieve bundles lacking
interfibrillar material (arrow). Examination under high magnification revealed that this surface was almost totally
covered by a bubble layer (cf. Figs. 12 and 13A). Bar = 1 mm.

Figure 6. Twenty-nine weeks regeneration of right lateral synovium: flat pattern with alternating smooth (solid, straight
arrow) and rough areas. Note cracks of varying widths (arrowheads), fibrillated areas (solid, curved arrow), and gross
adipocytes (open curved arrow). Bar = 1 mm.

appearances of the flat pattern on regenerating synovia synovia, the latter being characterized by a uniformly
bore clear-cut witness to stuttering rehabilitation. Pat- smooth surface, while the regenerated pattern bore alter-
tern 5, defined as a fatty-areolar pattern, is seen in Fig- nating smooth and rough (fibrillated) areas and in places
ure 5. It resembled a similar pattern found on normal cracks. Pattern 7, defined as a lobe-like pattern, is seen
synovia. Pattern 6, defined as a flat pattern with alter- in Figure 7. It was indistinguishable from a similar
nating smooth and rough areas, is seen in Figure 6. pattern found on normal synovia.

This pattern differed from a similar pattern on normal Figures 2A and 2B contained long and short projec-
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Table 3. Microarchitectural patterns of synovial lining surface morphology.

Pattern/ Healing Leg Anatomical Description

Figure No. Time Sector

A" (Fig. 9) 3 weeks Syn Lateral Afibrillar ECM with irregular granules

B (Fig. 10) 16 weeks Syn Lateral Straight or crimped collagen fibers, densely packed and studded
with granules; only little afibrillar ECM was discerned

C (Fig. 11) 15 weeks Con Lateral Fibers enmeshed in an open mat and coated by a thin, smooth,
glistening layer; the latter obliterate the fibers’ contours partially

D (Fig. 12) 44 weeks Syn Medial Acellular processes branching out of shallow wand-like crests; the
processes are skeins of fibers entangled in a torqued manner

E (Fig. 13) 36 weeks Con Medial Bubble layer out of which evolve plates of "thorny" colonies

F (Fig. 14) 36 weeks Syn Lateral "Thorny" plates covered by a thin, glistening coat

G (Fig. 16) 3 weeks Syn Medial Cells bearing processes inlaid on a fibrillar mat

H (Fig. 17A) 16 weeks Syn Lateral Flattened cells confluently coat the surface

I (Fig. 17B) 3 weeks Syn Medial A mixed population of flattened and rounded cells confluently coat the
surface

J (Fig. 18A) 20 weeks Con Medial Synovial cells are partly covered by a bubble layer

Syn = Synovectomized (right) knee; Con = contralateral (control) knee; ECM = extracellular matrix.

*Capital letters denote microarchitectural patterns as described in the legends to Figures 9 to 14, and 16 to 18

Figure 7. Twenty weeks regeneration of left lateral
synovium: lobe-like pattern with lobes of different
shapes and sizes. Examination under high magnification
revealed that the character of this surface appeared to be
intermediate between those of Figures 16B and 17B,
1.e., an acellular coating from which cellular processes
emerged onto the surface. Bar = 1 mm.

tions or outgrowths emerging from tissue folds and ex-
tending toward the surface. These outgrowths, for
which we hereby propose the term "synoviophytes,"”
were often recorded from regenerating synovial surfaces
(Table 2) but were totally absent on intact specimens.
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Very often, studying the surface of a given speci-
men showed that combination(s) of several gross patterns
(Table 2) and/or their variations were present. This
salient diversity in gross surface appearances was
common in synovia obtained from experimental animals
(both resected and contralateral joints, as detailed below)
as opposed to those obtained from normal rabbits
(Levanon and Stein, 1992).

Pattern 1 (accordion-like) and 2 (flat) appeared here
as early as 3 weeks after synovectomy and were present
on specimens sampled throughout the 44 weeks. Nota-
bly, the wealth of appearances marked all four sectors.
However, the repertoire of patterns on each sector dif-
fered in incidence and course of development of patterns
from that of the others.

Figure 8 depicts the development over time, in a cu-
mulative manner, of the gross patterns 1-7 on each of
the four synovial sectors {low magnification (X35) mi-
crographs, Figs. 2 to 7, served to produce these stacked
bar charts; the height of each of the bars was created by
summing up the number of fields from a given speci-
men}. In Figure 8, it can be seen that the appearances
(patterns) shown in Figures 2 and 7 were predominant
all over the four sectors; pattern 6 was a minority on
right-leg synovial linings and absent on left specimens,
and the incidence of the other patterns was varied in the
four sectors. The fatty-areolar pattern (Fig. 5) persisted
on the left (contralateral) synovia, while it was com-
pletely absent on the right (regenerating) linings.
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Table 4. Development with appearance of microarchitectural patterns of cellular and acellular fields.

Microarchitectural Patterns”

Weeks Right Knee

Postop. Lateral Medial Lateral

3 A/BT, B B, G, I A, A/B, B

5 A G A/B, B, ] Al

15 ctat AJ B, C*

15 19 B, D} A, A/B, B, G
16 ND A, A/B, B, G, H A, A/B, B, G, H
16 A/B,J A, A/B, B, G A/B, B, G

17 19 A, G, 1 A/B, B

20 19 ND A/B, ]

29 e}l B,J A/BY S

29 G, 1 G, 1 A, A/B, G
36 B, F! Ff 9 A, G

36 Al E, GH A, A/B

42 19 19 G. ]

44 38 E,J 11

44 G, H A, A/B 19

ND = not determined

*Capital letters denote microarchitectural patterns as described in the legends to Figures 9, 10, 11, 12, 13, 14, 16, 17

and 18
TA/B = intermediate stage between A and B

¥This pattern was not included in Figure 15, being a rare (albeit significant) appearance

$Giant adipocytes of 90 um in one dimension were present
YAl the surface was uniformly covered by this pattern

HOther sections of this area were covered by bubble layer. This was a rare case in which bubble material did not
uniformly cover a specimen, thus enabling discernment of cellular surfaces

W O~
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I d I’I

w20 N N a0 N N b
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Figure 8 (at left). Stacked bar chart showing cumula-
tive development of gross patterns on regenerating and
contralateral synovial surfaces after ablation. Numbers
on the abscissa denote recuperation intervals in weeks
(not depicted to scale). Numbers on the ordinate denote
the summed score of appearance of gross patterns
throughout an actual recuperation time interval. The
height of each of the bars represents the number of
fields recorded in the X35 magnification. Each time in-
terval may contain from two to seven (e.g., RM, 44
weeks) bars, each of which represents, when read from
left to right, the following patterns: 1: accordion, 2: flat,
3: flat with random accordion ridges, 4: accordion made
out of ridges with alternating orientations, 5: fatty
areolar, 6: flat with alternating smooth and rough areas
and 7: lobe-like. The numbers are identical to those of

the figures depicting these patterns. LM: left medial;
LL: left lateral; RM: right medial; RL: right lateral.
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Figure 9. Three weeks regeneration of right lateral synovium: acellular pattern A, with afibrillar material composed
of amorphous groundwork with irregular granules of changing dimensions. No fibrillar structures were depicted on
this pattern. Examination under low magnification revealed crests arranged in parallel, after the accordion pattern (cf.
Fig. 2A). Bar = 1 um.

Figure 10. Sixteen weeks regeneration of right lateral synovium: acellular pattern B, with straight or curled sieve
fibers, densely packed in bundles or arranged like "matches in a box" and studded with granules. This pattern was
predominant on surfaces that appeared poor in afibrillar material (Figs. 2A, 4, 5 and 6) but was very sparse on surfaces
of intact synovial linings. Bar = 1 um.

Figure 11. Fifteen weeks regeneration of left lateral synovium: acellular pattern C, with fibers entangled in an open
hammock and coated by a thin glistening layer. The latter does not mask fibrillar contours, yet it reduces their
sharpness. Bar = 1 ym.

Figure 12. Forty-four weeks regeneration of right medial synovium: acellular pattern D, with long and short acellular
processes of various shapes and sizes aligned in a generally uniform orientation and branching out of wand-like
structures (arrows) oriented at 90° to the processes (seen also in low power in Fig. 3, right side). Careful examination
under high power revealed that the processes were not effete cells but skeins of fibers entangled in a torqued manner
and enmeshed in amorphous extracellular matrix. Bar = 10 um.
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Microarchitecture at high magnification

Table 3 presents a description of the micropatterns.
Table 4 summarizes the incidence of the microarchitec-
tural patterns in each of the four sectors during regener-
ation. Two general patterns were visualized: acellular
and cellular. Major and/or minute variations in these
patterns were recorded in close proximity to one another
on the same field, on adjacent fields or on other fields
elsewhere.

Acellular patterns Examination of synovial sur-
faces at magnifications ranging from X2,500 to
X20,000 showed a wide diversity of acellular patterns;
the principal ones are presented in Figures 9, 10, 11,
12, 13 and 14. Figure 15 shows the development over
time, in a cumulative manner, of these patterns {as with
Fig. 8, the height of each of the stacked bars in Fig. 15
was produced by summing up the medium (x350), or
the high (Xx3500), magnification micrographs recorded
from a given specimen}. These consisted of either (1)
afibrillar matrix (cf. Fig. 9), (2) fibrillar bundles with
sharp contours studded with granules of various dimen-
sions and changing incidence (Fig. 10) or (3) fibrillar
bundles with a thin coating that did not hamper visuali-
zation of typical fibrillar contours (Fig. 11). Acellular
pattern D (Fig. 12) was interesting: this pattern was not
seen on intact specimens but, surprisingly, resembled ap-
pearances recorded from articular surfaces of load-bear-
ing sectors from normal rabbits (cf. Figs. 2B, 4 and 6
in Levanon and Stein, 1991).

Also present was a bubble layer (Fig. 13, pattern E)
similar to that described previously (Levanon and Stein,
1992), but in the present study it was accompanied in
places by related structures (Fig. 13) which were not re-
corded before. Significantly, the bubble layer appeared
only at a late stage and was confined to four medial
specimens (36 and 44 weeks). In contrast, on intact lin-
ings it consisted of as much as 70% of the total synovial
area. Since acellular pattern F (Fig. 14) was found only
on bubble layer, it seems possible that the thorns’ coat-
ing was derived from or related to the bubble material
as well. However, uncoated and bubble-coated thorny
colonies were never found on the same specimen, which
might suggest some distinct differences in surface bio-
chemistry and/or organization and could justify, at least
at present, a separate pattern.

Vast fibrillated areas (i.e., areas which harbored fi-
brillar bundles with only little, if any, interfibrillar ma-
terial, e.g., Fig. 10) were recorded. These were found
both at the margins (Figs. 2, 4 and 5) and in the center
(Fig. 6) of the examined specimens and were not re-
stricted to any given gross pattern, to any sector of ei-
ther joint or to any stage of recuperation. Therefore, we
tend to consider it as a pattern existing in situ, rather
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than as an artifact brought about during preparation for
the SEM. In contrast, on specimens from intact rabbits
(Levanon and Stein, 1992) this appearance was limited
to small, rare fields. Notably, the accordion-like (Fig.
2A) and the flat (Fig. 2B) patterns contained mostly
fibrillated fields.

Cellular patterns Two main types of cells, de-
picted in Figures 16, 17 and 18 were found to coat syn-
ovial surfaces either confluently or discontinuously. One
type consisted of rounded cells protruding from the sur-
face toward the joint cavity (Figs. 16B and 17B), and
the second type consisted of well-spread dendrite-like
synoviocytes (Fig. 17A). In places, bubble layer was
found to thinly coat synovial cell surfaces (Fig. 18B).

Relationship between regenerating and contralateral
synovia

Regenerating and contralateral specimens resembled
each other in presenting an abundance of surface pat-
terns (Figs. 8 and 15, Tables 2 and 3), a finding which
is significant and novel. Gross and microarchitectural
patterns of regenerating and contralateral synovia were
found to bear cardinal differences from those of intact
rabbits, with the pattern categories of the former out-
numbering those of the latter. For example, out of 20
intact synovial specimens studied (Levanon and Stein,
1992), 10 showed a single gross pattern, while the other
10 contained only two additional patterns. This differed
from regenerating and contralateral synoviae, in which
the diversity was much wider, as shown in Table 4.

No correlation between gross patterns and
microarchitectural patterns, on any of the synovial speci-
mens, at any time interval, could be shown.

Relationship between synovia from ablated and sham-
operated joints

Two rabbits which were sham-operated and whose
synoviae were sampled after 8 weeks recovery time,
served as controls. Medial and lateral synoviae of both
right and left joints all showed the flat and lobe-like
gross patterns. In addition, in synovia from sham-
operated rabbits, the flat pattern appeared in places with
moderate corrugations, and in two instances aggregates
of very large (50-120 ym in one dimension) adipocytes
were recorded. At high magnification, all the specimens
of sham-operated synoviae were found to be coated by
the bubble layer.

Discussion

Synovial regeneration

Early studies on the regeneration of synovial linings
in healthy animals indicated that normal-appearing syn-
ovia with distinctive ultrastructure regenerated within 40-
100 days postoperatively (Mitchell and Blackwell, 1968;
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Figure 13. Thirty-six weeks regeneration of left medial
synovium: acellular pattern E with bubble layer. (A)
Note confluent layer of bubbles or "pebbles” of various
shapes and dimensions (arrows), out of which lamellae
or plates of "thorny" colonies evolve. Thorny lamellae
looked glistening and very smooth, even when examined
under magnification as high as X 100,000 (not shown).
Bar 1 um. (B) Same area as in (A) at lower
magnification. Note a colony of lamellae intermingled
with one another, evolving from a bubble layer which at
this magnification looks almost entirely smooth. Fields
of bubble layer were found with or without lamellar
thorns. Bar = 10 um.

Figure 14. Thirty-six weeks regeneration of right later-
al synovium: acellular pattern F, with acellular struc-
tures resembling thorny plates, covered by a thin,
smooth and glistening coating that does not hamper visu-
alization of thorny contours (cf. pattern C, Fig. 10) and
found only on bubble layer surfaces. Bar = 10 um.
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Figure 15. Stacked bar chart showing microarchitectur-
al patterns on regenerating and contralateral synovial
surfaces after ablation. Numbers on the abscissa denote
recuperation intervals in weeks (not depicted to scale).
Numbers on the ordinate denote the summed scores of
appearances of microarchitectural patterns throughout an
actual recuperation time interval. The height of each of
the bars represents the number of fields recorded in the
X35 magnification. Each time interval may contain
from two (e.g., LL, 3 weeks) to seven (e.g., LM, 44
weeks) bars, each of which represents, when read from
left to right, the following micropatterns: 1: pattern A
(see Microarchitecture at high magnification in Re-
sults), 2: pattern B, 3: pattern A in conjunction with B,
4: pattern E, 5: pattern G, 6: pattern H (see Fig. 17A),
7: pattern I (see Fig. 17B) and 8: pattern J (see Fig.
18). LM: left medial; LL: left lateral; RM: right
medial; RL: right lateral.




Geens, 1969; Bentley et al., 1975; Kim and Moon,

1979). In the present study, a considerable synovial
mass, if an imperfect one, was present as early as 21
days following synovectomy.

Surface morphology of regenerating synovia in the
operated rabbit

Three findings presented here are of central signif-
icance. The first concerns the characteristic surface
morphology of the regenerated synovial linings through-
out the rehabilitation period. The second is the absence
of normal-appearing surface morphology on the regener-
ated synovia by 44 weeks (Tables 4 and 5). The third
point relates to the surface morphology of the contralat-
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eral synovia, which resembled that of the regenerated
rather than that of control, normal linings.

The features of regenerated synovia, as opposed to
those of control specimens, consisted of an abundant
repertoire of gross and microarchitectural patterns. Sur-
face morphology patterns, predominant on regenerating
synoviae but absent on intact and sham-operated
specimens, included poorly organized accordion areas,
vast fibrillated arenas, synoviophytes, rare and delayed
appearance of bubble layer, corrugated and cracked
areas of the flat pattern. This seems to indicate either
retarded morphological regeneration or, possibly,
functional regeneration as well.
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Figure 16. Three weeks regeneration of right medial synovium: cellular pattern G. (A) Note cells (C) bearing
processes (arrow) and which are inlaid on a fibrillar mat. The latter looks like an open basket. Under high mag-
nification, the sieve fibers were found to harbor numerous granules, as in Figure 9. Bar = 10 um. (B) Same area
as in (A) at lower power. Note cells that coat the surface inconfluently. Some of the cells tend to be rounded and
detached from the surface. Bar = 10 um.

Figure 17. (A) Sixteen weeks regeneration of right lateral synovium: cellular pattern H, showing flattened cells with
few and short processes confluently coating the surface. In some places, cell borders are discernible (arrows) and in
others, adjacent cells are united by finger-like interdigitations (arrowhead). Bar = 10 ym. (B) Three weeks
regeneration of right medial synovium: cellular pattern I, with confluent synovial cells coating vast areas which do not
seem to bear extracellular matrix anywhere. Cells are either flattened or rounded, generally with well-developed cell
processes. In some places, rounded cells are partly detached from the surface. Bar = 10 pm.

Figure 18. (A) Twenty weeks regeneration of left medial synovium: cellular pattern J, with synovial dendritic cells
that are partly covered by a bubble layer coating vast areas. Bar = 10 um. (B) Forty-four weeks regeneration of right
medial synovium. Synovial cells are almost completely covered by bubble material, leaving only scarce cell processes
evolving onto the surface (arrow). Bar = 10 um.

Table 5. Comparison of numbers of gross and microarchitectural patterns on intact and regenerating synovial
specimens.

*

Intact Regenerating {
Pattern No.  Number of Grosst (%) Micro® (%)  Number of Gross! (%) Micro**
Specimens Specimens
1 10 50 21 37
2 10 50 27 47
3 7 12
4 2 4
1 13 65 30
2 1 5 26 45
3 5 25 10 17
4 1 5 3 5
5 2 3
*Data for normal synovial specimens were taken from our study of intact rabbits (Levanon and Stein, 1992).
$Percentage of microarchitectural patterns on intact synovia. Data taken from present study.
1Percentage of gross patterns on regenerating synovia. tPercentage of gross patterns on intact synovia.

**Percentage of microarchitectural patterns on regenerating synovia.

A second interesting observation is that normal- This impairment cannot be reversed or rectified since
appearing surface morphology was not present by 44 reconstruction of a biomechanically functional matrix re-
weeks postoperatively, at which time biomechanical quires removal of collapsed collagen and the presence of
equilibrium might well have been reestablished. The synoviocytes able to restart the highly controlled bio-
failure of regenerated synovia to resume normal-appear- synthesis of normal matrix constituents. Failure to meet
ing surface morphology probably lies in the absence of these requirements in injured synovial linings means that
synoviocytes able to restart the highly controlled regenerated synovia in the adult rabbit cannot be ex-
biosynthesis and assembly of the specific compounds of pected to imitate the native synovia. Hence, an abnor-
synovial extracellular matrix (Kiihn, 1986). Laxity mal surface morphology is recorded in regenerating
induced in the hind joints has been reported to have synovia.
ultimately generated fibrillated areas on cartilages In evaluating the morphology of the contralateral
(Ghosh et al., 1990). Fibrillation is a structure of synovia, different considerations arise. Independent
native, thin collagen fibers which lose accompanying studies in experimental models of joint laxity (not based
proteoglycan macromolecules, subsequently collapse and on a direct insult to synovial linings) collectively indi-
fuse to form thicker fibers, which are evident on SEM. cated that lesions and altered biosynthesis of proteogly-
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cans in synovial joint cartilages were a direct conse-
quence of impaired mechanical equilibrium in the joint
(McDevitt et al., 1977; Caterson and Lowther, 1978;
Myllala ez al., 1983; Vignon et al., 1987; Ghosh e al.
1990; Robinson et al., 1992). Both synovia and articu-
lar cartilage share a prime function in absorbing and
moderating the mechanical load and compression cycles
in the synovial joint during motion. This role can be
fulfilled provided that the unique combination of native
collagen fibers and proteoglycan macromolecules,
delicately interwoven with one another, is maintained.
Under intense mechanical stress, disruption of macro-
molecular organization of extracellular matrix takes
place, resulting in fibrillation (Kiihn, 1986).

Surface morphology of the synovia from the sham-
operated rabbits was indistinguishable from that of intact
rabbits (cf. Levanon and Stein, 1992); the dominant
lobe-like and bubble layer patterns persisted here, too;
no appearance of fibrillation or synoviophytes was dis-
cerned. This clearly indicates that only removal of syn-
ovial tissue (not merely a cut in the skin, no matter how
deep) can elicit the morphological changes described
here.

Previous reports on chemical analyses of articular
cartilages in immobilized versus contralateral joints of
rabbits (Taami ez al., 1983; Burr et al., 1984) and sheep
(Caterson and Lowther, 1978) revealed degradative
changes in glycosaminoglycans and collagen in both
joints. These biochemical changes were accounted for
by the joint response to a change in functional demand.
Typically, the proteoglycans isolated from the non-load-
bearing articular cartilages were of lower molecular
weight; deterioration lessened the entanglement between
proteoglycans and collagen fibrils after the manner of
the stag caught in the thicket (Ghadially, 1983) and
underlay their leakage and loss from the tissue (Pot-
tenger et al., 1982; Hunziker, 1991). Increased extract-
ability of proteoglycans from cartilage has been reported
to result primarily from loss of integrity of the collagen
mesh, rather than from disruption of proteoglycan aggre-
gates (Pottenger et al., 1982).

In conclusion, synovectomy in the rabbit knee was
shown to result in regeneration of a marked synovial
mass 3 weeks following resection.  The surface
morphology of this newly developed tissue differed
greatly from that of normal synovial lining, and the
latter had not been restored by as late as 44 weeks
postsynovectomy. Moreover, the contralateral synovia
closely resembled in surface morphology the regenerated
specimens rather than the normal ones. This re-
semblance can be explained on the basis of the alteration
of mechanical equilibrium in the contralateral joint.
Very likely, additional yet unaccounted for factors oper-
ate in the newly formed synovial lining (Lohmander,
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1991). This last finding precludes referring to the con-
tralateral knee as an intact control.
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Discussion with Reviewers

D.L. Gardner: Is it possible to give an indication of
the proportion of each joint in which each of the seven
categories was shown? It is appreciated that whole syn-
oviums were not sampled for SEM, but it might prove
possible to tabulate a result such as, e.g., 30% of
surfaces examined at 3 weeks showed pattern 2, whereas
55% of surfaces showed pattern 4 at 17 weeks. Either
absolute or relative measurements would be of interest.
Authors: This kind of morphometric analysis was not
done in this study since several specimens had somewhat
tortuous geometry, and thus not all the joint apposing
surfaces were revealed to the scanning beam at 0° incli-
nation to the stub holder. The proportion of tilted and/
or hidden surfaces could not be assessed with certainty,
therefore the relation between the actual surface of a
given specimen and its projection on the stub was un-
known. Presentation of quantitative data as suggested by
the reviewer may find insufficient foundation in our
crude data. Still, within presently feasible methods,
Tables 1 and 2 depict the gleaned data exhaustively.

D.L. Gardner: Were any conventional light microscop-
ic preparations made that could help clarify the ultra-
structural records? In Figure 2A, the regenerated mate-
rial is clearly dominated by arrays of crimped collagen
bundles, and in Figure 7 the villous synovial structure is
apparent. However, in other places (Figs. 3, 6, 10 and
17A), it would be of value to see this material cut in
perpendicular sections and stained conventionally.
Authors: Production of histochemical preparations was
considered, but was not adopted for several reasons.
Collagen fibers, straight and/or crimped, had already
been shown on semithin sections of synovial linings, as
had glycosaminoglycans (GAG) (Scott, 1985; Levanon
and Stein, 1992, and refs. cited therein). Specific GAG
or proteoglycan stainings, e.g., critical dye concentra-
tion, would probably yield crude histochemical data
whose study might require a separate publication. The
situation of the bubble layer pattern (Fig. 13) is differ-
ent; this pattern was discovered and dealt with broadly
by us (Levanon and Stein, 1992), presenting evidence
that indicated high lipid content. However, its biochem-
ical nature was not clarified, and a standard histochemi-
cal staining for light microscopy has not been worked
out. The possible contribution of histochemical sections
seems too little or beyond the scope of this SEM study.
Figures 3 and 6 depict fields coated by afibrillar ex-
tracellular matrix in low magnification; Figure 10 de-
picts sieve fibers which harbor sparse but discernible in-
terfibrillar structures {the relationship between the latter
and similar structures, dealt with in detail by us (Leva-
non and Stein, 1995), requires a separate study} in high




magnification. Figure 17A presents flattened synovio-
cytes, perpendicular sectioning of which would likely re-
veal their intracellular structure, a subject first described
over 30 years ago by Cochrane et al. (1965); many pub-
lications have appeared since (e.g., Wyllie ez al., 1964;
Highton et al., 1968; Burmester et al., 1983; Hendler ez
al., 1985; McDonald and Levick, 1988; Levick and Mc-
Donald, 1990). However, surface morphology not intra-
cellular structures, is the focus of the present study.

D.L. Gardner: The authors have correctly surmised
that the normal and abnormal ultrastructure of the rabbit,
human and other joints, are closely similar, but how do
they relate in chronological terms? If the rabbit
synovium is well reformed by 44 weeks, can this time
scale be extrapolated to both mouse and human?
Authors: We mention the close ultrastructural similarity
between human and rabbit synovial linings, after Ghadi-
ally (1983). Mouse and other mammals were not dealt
with. This reference was used to explain why the rabbit
synovia were chosen as an experimental model that ena-
bles not only comparison with humans but also conven-
ient sampling of the whole synovial tissue. However,
the results of the present study indicate that regenerated
synovial mass is not a structural, and potentially not
functional, copy of original synovial lining, no matter
how long the animal rebuilt it. Also, the surface mor-
phology of the unresected contralateral synovial linings
suffered wholesale degradative changes. These out-
comes might apply to humans and other mammals, yet
species specific differences in structural synovial com-
ponents, posture and gait have to be taken into account,
i.e., surface morphology of mammalian genera can be
likened, but identity has to be found experimentally.

K.D. Draenert: The specimens presented seem to be
air dried. This is a rather rough procedure.

Authors: The specimens were air dried from hexameth-
yldisilazane as described by Nation (1983) and cited by
us (Levanon and Stein, 1991, 1992, 1993). This proce-
dure has been shown to be most effective in preserving
fragile surface details. It is based on the use of an
intermediate solvent whose critical point is very close to
room temperature and atmospheric pressure, thus avoid-
ing the high pressure, which is inevitably exercised in
critical-point drying from, e.g., carbon dioxide. Our
method is therefore harmless to susceptible specimens.
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