








Downloaded from http://bjsm.bmj.com/ on September 15, 2016 - Published by group.bmj.com

Original article

>
*

o
»
1

o
N
1

% PCNA staining per cell
o
-

-

0.0 - 5 '
S : N A
& & & &

Group

C

10+ % .

o

c

£ 81 | I | |

s

o 6

%

£ 4

= .

2 . =

o

i oL = H
$ : N A
& & & &

Group

-

B
®
o
1
2
o 08
£
c
E 0.6
w
£ 0.4-
[=%
©
M 02- % )
= - + ——
I 0.0 _=._ H % -
°\° v L L) L] L)
) A D A
& & O &
Group
0.8
%

N

% NMDARA1 staining per cell O
o
-

0.0 T 1 E -
S A N A
& & & &
Group

Figure 2 The effects of rotator cuff repair and glucocorticoid injection on the quantified immunohistochemistry of tissue viability and of the
glutaminergic system (A) cell proliferation—mean % area stained PCNA per cell (B) HIF-1a—mean % area stained HIF-1c. per cell (C) glutamate %
staining (D) NMDAR1% staining per cell. Statistically significant differences are indicated by *p<0.05 (between 0 and 7 week groups). HIF-10,
hypoxia inducible fatcor 10; NMDAR1, N-methyl-o-aspartate receptor 1; PCNA, proliferating cell nuclear antigen.

DISCUSSION

This study describes the profound histological and immunobhis-
tochemical changes involving the glutaminergic system that

Figure 3  Immunohistochemical
staining of (A-D) PCNA, (E-H) HIF-10,
(I-L) glutamate and (M-P) NMDART1 in
the human rotator cuff tendon before
and after treatment. Photomicrographs
showing the immunohistochemical
staining of different mediators in the
rotator cuff tendon in the RCR at week
0 (A, E I, M) and at week 7 (B, F, J,
N), and glucocorticoid injection at
week 0 (C, G, K, 0) and at week 7

(D, H, L, P). Scale bar: 100 um. HIF-1¢,
hypoxia inducible fatcor 1c; NMDAR1,
N-methyl-p-aspartate receptor 1;
PCNA, proliferating cell nuclear
antigen; RCR, rotator cuff repair.

occur in the supraspinatus tendon of patients undergoing
rotator cuff repair or glucocorticoid injection. The most import-
ant finding is that NMDAR1 was significantly increased in the

Dean BIJF, et al. Br J Sports Med 2014;0:1-8. doi:10.1136/bjsports-2013-093178



Downloaded from http://bjsm.bmj.com/ on September 15, 2016 - Published by group.bmj.com

Original article

Table 2 Data representing the basic histological characteristics and quantified immunohistochemistry of tissue viability in format p50 (p25—

p75)

RCR 0 weeks

RCR 7 weeks GCl 0 weeks GCl 7 weeks

0.05 (0-0.35)**t
8.5 (2.7-16.6)**
6.7 (2.6-12.9)**
0.12 (0.09-0.14)
0.07 (0.01-0.21)*
0.01 (0.001-0.02)*
0.03 (0.01-0.09)*
0.41 (0.12-0.74)t

Median vessel count

Median nuclei count

Median SD of nuclei count

Median cell nuclear area (%)
Proliferation (% PCNA staining per cell)
p53 (% staining per cell)

HIF-10: (% staining per cell)

VEGF (% staining per cell)

26.7 (21.5-45.2)**
20.4 (16.1-26.0)**

1.04 (0.78-1.23)** 0.36 (0.24-0.38)t
13.8 (10.9-16.9)
11.1 (7.5-15.4)
0.11 (0.07-0.13)
0.05 (0.02-0.12)
0.03 (0.01-0.1)*
0.05 (0.03-0.09)

0.08 (0.04-0.14)t

0.42 (0.34-0.60)
16.5 (12.1-26.1)
12.2 (9.1-16.1)

0.11 (0.09-0.13)

0.06 (0.03-0.08)

0.08 (0.02-0.23)*

0.09 (0.04-0.13)

0.13 (0.03-0.30)

0.12 (0.09-0.14)
0.42 (0.23-0.58)*
0.22 (0.09-0.22)*
0.11 (0.02-0.40)*
0.22 (0.12-1.17)

*p<0.05; **p<0.01 (between 0-week and 7-week groups).
tp<0.05 (between RCR 0 and GCI 0 weeks).

GCl, glucocorticoid injection; HIF-1c., hypoxia inducible fatcor 1o;; PCNA, proliferating cell nuclear antigen; RCR, rotator cuff repair.

glucocorticoid injection group and not in the rotator cuff repair
group. This is in context of the proproliferative and proangio-
genic changes that were seen after rotator cuff repair and not
after glucocorticoid injection. The increase in glutamate, along-
side the increase in cell proliferation and vascularity, seen after
rotator cuff repair in our study is consistent with previous
animal studies.® © It is interesting that despite the increase in
glutamate there is no significant increase in NMDARI1 after
rotator cuff repair. In light of the emerging clinical evidence
demonstrating poorer outcomes and a higher risk of recurrence
after glucocorticoid injection in tendinopathy,'” our study pro-
vides evidence of a potential mechanism by which glucocortic-
oid may bring about tendon damage and possibly poorer
long-term clinical outcomes.

Glucocorticoid and a plausible mechanism of harm

in tendinopathy

The clinical evidence for the use of glucocorticoid in shoulder
pain is not convincing, many trials have shown only short-term
benefits with no long-term gains.'® '* Emerging evidence points
to poorer long-term outcomes associated with glucocorticoid
injection in the treatment of tendinopathy.’” The mechanisms of
action of glucocorticoids are multiple, highly complex and
incompletely understood®’; one important pathway involves the
activation of specific cytoplasmic glucocorticoid receptors which
then migrate to the cell nucleus to affect gene transcription.
Generally glucocorticoids are thought to be anti-inflammatory
but the reality may not be so simple.”’ Our understanding of
the tendon tissue effects of glucocorticoid injection relies almost

Table 3 Neuronal quantitative results in format p50 (p25—p75), % area stained unless otherwise stated (pc denotes percentage area stained

has been adjusted per cell)

Group

RCR 0 weeks
p50 (p25-p75)

RCR 7 weeks
p50 (p25-p75)

GCl 0 weeks
p50 (p25-p75)

GCl 7 weeks
p50 (p25-p75)

Glutaminergic system
Glutamate

0.35 (0.23-1.1)*

34 (2.1-7.1)*

NMDAR1P* 0.23 (0.1-0.42)tt 0.26 (0.07-0.42)
AMPAP* 0.66 (0.27-1.3) 0.84 (0.14-2.2)
mGluR1P¢ 0.16 (0.06-0.57)* 0.83 (0.13-1.47)*
mGluR2P¢ 0.22 (0.18-0.48) 0.32 (0.07-0.37)
mGluR3P* 0.09 (0.04-0.11)tt 0.13 (0.01-0.38)
mGluR4P* 0.19 (0.12-0.40)tt 0.32 (0.08-0.52)
mGIuR5P¢ 0.04 (0.01-0.06) 0.03 (0.02-0.06)
mGIuR7P¢ 0.01 (0.002-0.02)* 0.04 (0.02-0.10)*
mGIuR8P* 0.02 (0.01-0.06) 0.02 (0.004-0.05)
Sensory nervous system and neurotrophins

Substance P 3.6 (0.66-5.5) 4.0 (2.5-6.3)
NK-1 0.84 (0.48-2.7)* 3.6 (1.8-6.8)*
P75 6.4 (5.5-10.4)* 15.3 (11.8-20.9)*
NGF 0.22 (0.15-0.88) 0.9 (0.57-1.8)
TrkA 0.91 (0.28-1.9)*t 6.4 (2.7-9.0)*
Neural markers

PGP9.5 P* 0.10 (0.03-0.17))** 0.52 (0.30-0.67))**
GAP43 P 0.06 (0.02-0.15) 0.14 (0.05-0.20)

031 (0.22-1.7)*
0.02 (0.004-0.07)*tt
0.38 (0.20-1.1)

0.12 (0.05-0.36)*
0.20 (0.12-0.38)
0.02 (0.01-0.03)t+
0.03 (0.01-0.11)t+
0.01 (0.01-0.04)
0.002 (0.001-0.006)
0.01 (0.007-0.02)

2.4 (0.23-4.2)
1.7 (0.94-3.2)
4.6 (0.06-11.8)
0.21 (0.05-0.41)
4.7 (2.7-5.5)t

0.06 (0.04-0.15)
0.04 (0.01-0.13)

1.6 (0.56-2.2)*
0.07 (0.01-0.16)*
0.45 (0.13-0.81)
0.39 (0.15-0.55)*
0.22 (0.08-0.34)
0.05 (0.02-0.09)
0.09 (0.03-0.12)
0.02 (0.02-0.05)
0.02 (0.007-0.03)
0.01 (0.004-0.05)

2.6 (1.4-3.6)
2.2 (1.6-3.2)
5.5 (0.37-14.8)
0.29 (0.10-0.60)
2.9 (2.5-4.7)

0.09 (0.07-0.14)
0.02 (0.01-0.13)

*p<0.05; ** p<0.01 (between 0 and 7 week groups).

tp<0.05; t1p<0.01 (between RCR 0 weeks and GCI 0 weeks).

GCl, glucocorticoid injection; mGIuR, metabotropic Glutamate Receptor; NGF, Nerve Growth Factor; NMDART, N-methyl-D-aspartate receptor 1; pc, per cell; PGP, Protein Gene Product;

RCR, rotator cuff repair.
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exclusively on in vitro and animal in vivo work. Several studies
have shown that glucocorticoid is antiproliferative, reduces type
I collagen formation and has cytotoxic effects on tendon cells.”?
The effects of glucocorticoid on the mechanical properties of
tendon are conflicting.?* Only two previous studies have ana-
lysed the effects of glucocorticoid injection on in vivo human
tendon. The study by Lee and Ling®® on the Achilles demon-
strated reduced collagen organisation and increased collagen
necrosis following glucocorticoid injection. While the more
recent study by Poulsen et al** showed that glucocorticoid
injection-induced fibroblast senescence in human rotator cuff
tendon. In vitro studies have demonstrated that apoptosis and
oxidative stress are increased in rotator cuff tendinopathy.

Recent research suggests that this glucocorticoid-induced cell
damage and cell death may be mediated via NMDAR,” *°
while glucocorticoids have been shown to mediate the
stress-induced extracellular accumulation of glutamate.”” The
exacerbation of neuropathic pain via glucocorticoid receptor
and NMDAR activation has been demonstrated in an animal
model. Glucocorticoid appears to increase the susceptibility of
cells to oxidative stress and induce apoptosis.?® It is possible
that cell death seen in tendinopathy is glutamate-induced and
mediated by p53.%° The transcription factor p53 is important in
tendon healing®® and the increase after rotator cuff repair is not
unexpected. However the increase in p53 seen after glucocortic-
oid injection may be less innocent and may be a marker of
glucocorticoid-induced cell senescence and death.** The
increase in HIF-1a after rotator cuff repair may be a protective
response and it is interesting that this is not seen after gluco-
corticoid injection.*!

Glutamate and its key role in painful tendinopathy

Glutamate is a vital amino acid which has been implicated in
many cellular processes including aerobic and anaerobic cell
metabolism, collagen synthesis, neurotransmission and excito-
toxic cell death.>”7>* The finding of raised glutamate levels and
an upregulated glutaminergic system in human tendinopathy has
been well documented in recent years® *°; the upregulation of
NMDART in painful tendinopathy has also been demonstrated.’
Increased glutamate levels have also been correlated with pain
intensity in other musculoskeletal conditions such as trapezius
myalgia.>® 37 The underlying mechanism behind these glutami-
nergic changes does however remain unclear. It is likely that glu-
taminergic homoeostasis is important in tendon, involving
complex balances between the variety of both inotropic and
metabotropic receptors. Our findings of increased NMDAR1
and metabotropic receptors mGluRs3/4 in the rotator cuff
repair group week 0 versus the glucocorticoid injection group
week 0 is consistent with this, representing the glutaminergic
changes occurring in the increased structural tendon failure of
the rotator cuff repair group.

The majority of work relating to glutamate has been carried
out regarding its role in central nervous system. Glutamate is a
key factor in the mechanism of hypoxic-ischaemic neuronal cell
death. Glutamate induced neurotoxicity may be largely
mediated by a toxic influx of extracellular calcium and this may
be blocked by the antagonism of the NMDA subtype of glutam-
ate receptor.”®> The NMDA-receptor activated ion channel is a
major route by which glutamate induces the toxic calcium
influx. It is known that group 1 metabotropic receptors
(mGluR1/5) increase NMDAR activity, while group 2 (mGluR2/
3) and group 3 receptors (mGluR4/6/7/8) decrease NMDAR
activity.*® Thus the complex interplay between the different
components of the glutaminergic system is pivotal in

determining the overall tissue response. Age, vascular risk
factors and metabolic disease are all strongly associated with
rotator cuff tendinopathy.®® *° This adds weight to the idea that
age-related metabolic change is critical in the pathogenesis of
rotator cuff tendinopathy. It may be hypothesised that the
increased age-related oxidative stress’' results in a decline in
metabolic  function,*” and that this results in a
glutamate-induced excitotoxicity of tendon.

Proliferative tendon healing is seen after rotator cuff repair
Generally speaking operative treatment is reserved for when
non-operative measures have failed.! There are a variety of
operative strategies available including subacromial decompres-
sion, rotator cuff repair and several types of shoulder arthro-
plasty. Both patient and surgeon factors play an important role
in deciding on an appropriate treatment strategy for the individ-
ual. Rotator cuff repair is a highly successful procedure in terms
of clinical outcomes but rerupture rates remain high.** **
Several studies have shown that the clinical outcome is signifi-
cantly poorer if the rotator cuff repair fails.** ** Tendon healing
occurs with sequential inflammatory, proliferative and remodel-
ling phases.*® Fibroblast proliferation, angiogenesis and nerve
in-growth are all important in the healing process*’; this is con-
sistent with our findings of increased vascularity and PGP9.5
expression after rotator cuff repair. The immunopositive
reactions of some fibroblasts to PGP9.5 is of interest and may
relate to a subpopulation of type B synoviocyte-like cells that
have been repeatedly seen in the horse*®; of note
PGP9.5-immunopositivity has previously been demonstrated in
the human fibroblasts.** The increase in the NK-1 and TrkA
receptors, seen specifically around vascular structures, points
towards the importance of both substance P and NGF in the
process of neurovascular ingrowth.’® The p75 receptor was
strongly expressed by both vascular structures and the resident
tenocytes; this is consistent with the work of Bagge et al’!
which demonstrated the presence of tenocytes immunopositive
to the p75 receptor in the human Achilles tendon. The meta-
bolic activity of a healing tendon after acute injury is hugely
increased® and fibroblasts are metabolically adapted for survival
in this hypoxic environment.’? The elevated lactate metabolite
present in the acutely traumatised tendon is also a potent stimu-
lant for collagen synthesis.’> The upregulation of metabolites
including glutamate demonstrated after Achilles tendon repair in
humans’ is consistent with this increased metabolic activity and
this appears likely to be important in the increased cell prolifer-
ation present in healing tendon. The relative quantified tissue
changes are generally greater after rotator cuff repair than gluco-
corticoid injection. This is unsurprising given the relative extent
of the two treatments, with rotator cuff repair involving major
mechanical change following the surgical reconstruction of the
supraspinatus footprint.

Study strengths and limitations

No previous study has analysed the histological effects of any
treatment on the rotator cuff and only one study has analysed
the effect of glucocorticoid injection on in vivo human tendon
(the Achilles).”® One of this study’s great strengths is therefore
its novelty. The use of paired tendon samples from these two
treatment groups has increased the power of the study by enab-
ling the comparison of the effects of glucocorticoid injection
with those of the tendon healing response after rotator cuff
repair. The tissue analysis has been undertaken in as objective a
manner as possible by the use of automated measurement and
the strict blinding of observers. The number of patients in our
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study is adequate to determine tissue differences, as we have
demonstrated. However the study is not designed to test the
effects of glucocorticoid injection and rotator cuff repair on
patients’ clinical outcomes. The lack of clinical improvement at
7 weeks in both treatment groups is likely to be an expected
finding, as the benefits of glucocorticoid injection are typically
short lasting, while the benefits of rotator cuff repair take longer
to become clinically apparent.

A recognised weakness with immunohistochemistry is its
semiquantitative nature. Despite trying to make all the methods
of semiquantitative analysis as objective and unbiased as pos-
sible, the results are still semiquantitative and must be inter-
preted as such. It should be noted that it has not been possible
to describe all the exact details regarding the locations of the
various immunohistochemical reaction patterns. Only 3 of the
12 patients in the glucocorticoid injection treatment group were
truly steroid ‘naive’ (ie, had received no previous glucocorticoid
injection). This reflects how widespread the use of glucocortic-
oid injection is in the UK, with the vast majority of patients in
the UK being treated with glucocorticoid injection before refer-
ral to secondary care.” The tissue samples were taken at a single
time point 7 weeks following treatment and therefore the per-
sistence of these observations is unknown.

CONCLUSIONS

Rotator cuff repair and glucocorticoid injection both result
in significant histological and immunohistochemical changes
to tendon which involves the excitatory glutaminergic
system. There are distinct differences between the tissue
response to both treatments, most notably the increase in
NMDAR1 which occurs after glucocorticoid injection. These
novel in vivo findings add weight to the recent evidence
demonstrating that glucocorticoid may have harmful effects
on tendon.

What are the new findings?

» There are significant tissue changes in tendon tissue after
both rotator cuff repair and glucocorticoid injection.

» The increase in cell proliferation, vascularity and hypoxia
inducible factor 1a: after rotator cuff repair appears
consistent with a proliferative healing response, and these
features are not seen after glucocorticoid injection.

» The increase in the glutamate receptor N-methyl-p-aspartate
receptor 1 after glucocorticoid injection raises concerns
about the potential excitotoxic damage that may result from
this common treatment.

How might it impact on clinical practice in the near future?

» The study’s results provide a plausible mechanism by which
glucocorticoid injection may harm tendon which should be
considered by any clinician using glucocorticoid injection in
a close proximity to the tendon.

» The pharmacological modification of the glutaminergic
system appears to have great potential both in terms of
developing novel analgesic agents and in terms of
augmenting tendon healing.
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