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Summary

The aim of this study was to investigate scintigraphic, immunohistological and ultra-

structural changes associated with radiation-induced dysfunction of the lachrymal

gland in an established experimental animal model. Ten rabbits were randomized

into two groups and used for the study; in the control as well as experimental group,

the Schirmer-test, lachrymal gland scintigraphy, and immunohistological and ultra-

structural investigations were carried out prior to irradiation and 72 h as well as 1

month after single-dose irradiation with 15 Gy. Seventy-two hours after irradiation,

secretion reduction evaluated by the Schirmer-test was evident. At this phase, we could

observe a decrease in the expression of a-SMA and a re-distribution of tenascin-C

matrix. Ultrastructural changes of acinar and myoepithelial cells were noticed; simul-

taneously, disturbance in the primary 99mTcO4– uptake as well as significant reduction

of the lachrymal ejection fraction was assessed scintigraphically. These changes were

still evident 1 month following irradiation but became less intensive. Single-dose

irradiation with 15 Gy implicates a functional impairment of the lachrymal gland,

which is associated with early immunohistological and ultrastructural alterations.

These changes may represent objective surrogate parameters for radiogenic dysfunc-

tion and prerequisites for further investigations on radioprotection of lachrymal glands

during radiotherapy of the periorbital region.
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The radiogenic induction of dry eye is an uncommon condi-

tion. Lack of lubrication caused by diminished lachrymal

secretion may occur following radiotherapy of the orbital

region for orbital or nasal sinus malignancies or in case of

thyroid orbitopathy (Nakissa et al. 1983; Bartley & Gorman

2002). Lachrymal impairment may also be implicated by

radioiodine for therapy of differentiated thyroid carcinoma,

resulting in a significant reduction of tears (Zettinig et al.
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2002). Associated histomorphological aspects of this func-

tional alteration could only be found in a single study which

investigated pure morphological light-microscopic changes of

lachrymal gland tissue (Gazda et al. 1992). Recently, a clinical

study demonstrated significant immunohistological changes in

the conjunctival mucosa after brachiotherapy, postulating

alteration of the extracellular matrix as an indicator of cellu-

lar damage (Heimann et al. 2001). However, immunohistolo-

gical alterations and concomitant functional impairment have

not yet been investigated contemporaneously. As such changes

could provide evaluable surrogate parameters for radiation-

induced functional impairment on the histological level, we

investigated short and long-term immunohistological, ultra-

structural and scintigraphic changes associated with tear

reduction following a single-dose irradiation with 15 Gy in

an established experimental animal model.

Materials and methods

Animals and study design

Ten healthy female New Zealand rabbits of 2.5–3.5 kg weight

were used for the study. All animals were acclimatised for at least

1 week before starting the study and then randomised into two

groups. Experimental procedures were approved by the local

authority according to the current German law on the protection

of animals. Ten of the rabbits underwent a first lachrymal gland

scintigraphy as described below in addition to Schirmer-test.

One week later the first group (n 5 5) was then irradiated with

a single dose of 15 Gy under general anaesthesia using a combi-

nation of 3 mg/kg (S)-Ketamin-hydrochloride (Ketanest-S�) and

0.1 mg/kg Xylazin-hydrochloride (Rompun�). Seventy-two

hours after irradiation, a second scintigraphy and Schirmer-test

were performed with a subsequent excision of a unilateral infer-

ior lachrymal gland for histological examination. One month

later, the same procedure was performed with removal of the

contralateral lachrymal gland. The rabbits of the second group

(n 5 5) were sham-treated but kept unirradiated and provided

control glandular tissue. They underwent the same scintigraphic

evaluation performed in the first group.

Lachrymal gland Scintigraphy

After intravenous administration of 50 MBq 99mTcO4– the

rabbits of the first group underwent a sequential scintigraphy

in a prone position and frontal projection of the head, using a

single-head gamma camera (Picker CX 250 compact, LEHR

collimator and field-of-view 25 cm). At the 20th minute,

0.01 mg/kg carbachol (Doryl�) was applied subcutaneously to

stimulate lachrymal secretion, and the scintigraphy was

continued for a further 25 min. Dynamic studies were acquired

with 90 frames and 30 s per frame in 256 · 256 matrix with

zoom 4. Percentage uptake of the administered activity was

calculated for the 10th-19th and 36th-45th minute by summa-

tion of the appropriate frames and regions of interest (ROI) of

the inferior lachrymal gland as previously described (Hakim

et al. 2002). Time–activity curves were additionally registered

and analysed. At the 50th minute, carbachol was antagonised

by 0.1 mg/kg atropine administered subcutaneously. The sec-

ond and third scintigraphy (3 and 30 days after irradiation,

respectively) were carried out identically. A minimal interval of

1 week was respected between two subsequent scintigraphies in

order to avoid any interaction or uptake disturbance by the rest

of radiotracer injected previously. The lachrymal ejection frac-

tion (LEF) has been defined as follows:

LEFð%Þ ¼maximal uptake� remaining activity

maximal uptake

Schirmer-test

At the time of every scintigraphic investigation, the Schirmer-

test was carried out twice for 5 min using only general

anaesthesia mentioned above, without application of local

anaesthetic fluids. The first Schirmer-test was performed

directly prior to lachrymal gland scintigraphy and it measured

unstimulated secretion; the second one was carried out after

application of carbachol and it indicated, therefore, stimu-

lated secretion. This procedure was carried out in control as

well as in irradiated animals.

Irradiation

X-ray irradiation was performed under general anaesthesia

using 10 MV MEVATRON 74 – Siemens teletherapy unit

with a dose rate of 3 Gy/min. The rabbit was placed laterally

and covered with a 1 cm thick tissue-equivalent bolus mate-

rial; the treatment distance was 58 cm. An axial beam was

directed from above towards the rabbit’s head, including the

periorbital region (field size 5 · 7.5 cm). A total dose of

15 Gy was applied.

Surgical harvesting of the inferior lachrymal gland

Surgical exposure and excision of the inferior lachrymal gland

was carried out through a transconjunctival incision. Every

gland was divided into three parts, one was fixed immediately

with neutral phosphate-buffered 4% formalin; another was

shock frozen in liquid nitrogen and preserved for immunohis-

tochemical examination. The third portion was fixed for

transmission electron microscopy.
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Tissue preparation and immunohistochemistry

After aminimum of 48 h of fixation, the tissue was trimmed and

processed by standard paraffin-embedding methods. Sections

were cut at 4 mm, deparaffinized and then stained with haema-

toxylin and eosin to obtain conventional histologic sections. For

immunohistochemical staining, monoclonal antibodies against

the following proteins were used: alpha-smooth muscle actin

(clone 1A4, diluted 1 : 40, Dako, Glostrup, Denmark) and

monoclonal mouse anti-human tenascin (TN2, Dako). The

APAAP technique was used for visualization of the bound pri-

mary antibodies. The secondary rabbit antimouse antibody and

the APAAP complex were diluted 1 : 50 (both from Dako).

Naphtol-AS-biphosphate (Sigma-Aldrich, Seelze, Germany)

and new fuchsin (Merck, Darmstadt, Germany) were, respec-

tively, used as substrate and developer. As negative control, the

primary antibody was replaced by a non-immune serum. In

order to evaluate the degree of a-SMA loss per acinus, a semi-

quantitative score was introduced as follows: no a-SMA loss, 0;

25% loss of a-SMA, +; significant a-SMA loss >50%, ++; more

than 75% a-SMA loss, +++. For the evaluation of tenascin-C

reaction, 10 view fields of each sample in every group were

chosen at random and the area of positive reaction in relation

to the whole view field was calculated using the professional

Soft Imaging System software ANALYSIS
�. Values were expressed

as mean 6 standard error of mean (SEM).

Transmission electron microscopy

Samples were immediately fixed by immersion in 0.1 M

cacodylate buffer containing 2.5% glutaraldehyde and 2%

paraformaldehyde at pH 7.4 for 24 h. The specimens were

post-fixed in 1% OsO4 and stained en bloc with 2% uranyla-

cetate. After dehydration in graded alcohol, the specimens were

embedded in Araldite. Semi-thin sections were stained with

methylene blue and azure II according to Richardson to visua-

lize the ROI containing myoepithelial cells (MEC). Ultrathin

sections were cut and stained with lead citrate and examined

using a transmission electron microscope (Phillips, EM 109).

Data and statistical analysis

Each lachrymal gland was evaluated scintigraphically, immu-

nohistochemically and ultrastructurally. When proved to fol-

low a normal distribution, values of tracer uptake were

expressed as mean 6 SEM and the two-sided t-test for paired

samples was used to compare scintigraphic data obtained prior

to irradiation with those registered 3 days as well as 30 days

afterwards. The Kruskal–Wallis test for unpaired samples was

used to evaluate the difference of immunohistochemical reac-

tion between the control glands and glands irradiated with

15 Gy. An alpha level of P < 0.05 was considered significant.

Results

Overall morphology

Histological findings derived from conventional histology of

control lachrymal gland tissue showed the typical histological

tubulo-acinar structure of the inferior lachrymal gland with

the cubic regular shape of acinar cells and basally located

nuclei (Figure 1a). Compared with control glands, secretory

ba

100 µm 100 µm

Figure 1 Conventional haematoxylin-and-eosin-staining of the control lachrymal gland (a) shows the typical histological tubulo-acinar

structure of the inferior lachrymal gland and the cubic regular shape of acinar cells with basally located nuclei (arrows). Three days after

irradiation with 15 Gy, vacuolopathy and secretory retention were evident in the end-piece epithelium (b; arrows) while ductal cells

stayed unaffected.
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retention was observed in most acinar and tubular cells of the

irradiated inferior lachrymal gland as well as intraluminally

3 days following irradiation. Furthermore, scattered vacuolo-

pathy and an increase in the number of aberrant nuclei –

anisomorphic pyknotic shapes – in apoptotic acinar cells was

noticed along with an extracellular oedema and increased

congestion of interlobular blood vessels (Figure 1b). Ductal

cells were not affected by this process. Glandular tissue

derived from sham-treated animals showed no sign of the

cellular damage described above. One month later, most

acute changes in the appearance of acinar cells were no longer

evident. MEC were not evaluable at any time.

Scintigraphic data

The tracer uptake of the lachrymal glands prior to irradiation

amounted 0.29 6 0.06% of the applied activity before adminis-

tration of carbachol. The mean LEF was 27.78 6 0.83%. Three

days after irradiation, the primary tracer uptake was reduced to

0.16 6 0.02%, and the LEF was significantly lower. This reduc-

tion of LEF became statistically non-significant after 1 month;

however, the primary uptake remained reduced. Original uptake

data are summarized in Table 1.

Schirmer-test

Compared with control glands, native unstimulated as well as

stimulated lachrymal secretion 3 days after 15 Gy was signif-

icantly reduced. These changes were still evident after 30 days,

although a slight non-significant recovery could be observed

(Table 1).

Immunostaining

Alpha smooth muscle actin (�-SMA). In controls, lachrymal

glands MEC were stained around the acini forming a hem or

basket-like figure, whereas the MEC of the intercalated and

secretory ducts as well as blood vessels displayed a circular

distribution (Figure 2a).

Inferior lachrymal glands investigated 72 h after irradiation

showed a special pattern of staining: the MEC of the end-pieces

were irregularly stained and a lot of acinar MEC were not

d
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b

Figure 2 (a) Immunohistochemical expression pattern of a-SMA

in the control lachrymal glands showing a basket-like pattern in

the acinar region (arrows). (b) The inferior lachrymal gland 72 h

after irradiation with 15 Gy shows a marked loss of a-SMA

reaction in the acinar region, the labelling displayed an irregular

pattern and is limited to scattered acini. (c) Tenascin-C expression

is observed in the duct system and blood vessels of control

lachrymal glands (arrows); the acinar cells themselves are not

labelled. (d) Seventy-two hours following irradiation, the acinar

cells display an excessive intracellular expression of tenascin-C

(arrows). Bar 5 100 mm.

Table 1 The changes of the primary tracer uptake and the lachrymal ejection fraction (LEF) as well as alteration of native and stimulated

tear secretion, investigated simultaneously with associated a-SMA loss and tenascin-C remodelling evaluated 3 and 30 days after single-

dose irradiation with 15 Gy

Investigation Pre-radiation After 3 days P-value After 30 days P-value

Primary uptake (%) 0.29 6 0.06 0.16 6 0.02 <0.05 0.17 6 0.03 <0.05

Remained activity (%) 0.20 6 0.04 0.14 6 0.03 <0.05 0.12 6 0.02 <0.05

LEF (%) 27.78 6 0.83 11.66 6 0.90 <0.05 28.41 6 0.77 >0.05

Native (mm) 11.51 6 7.84 6.42 6 5.85 <0.05 6.64 6 2.46 <0.05

Stimulated (mm) 20.88 6 5.96 15.75 6 8.42 <0.05 17.07 6 5.60 <0.05

Tenascin-C expression (%) 10.97 6 0.34 87.33 6 1.06 <0.05 56.31 6 0.09 <0.05

a-SMA loss (score) 0 ++ <0.05 + (+) <0.05
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stained at all (Figure 2b); there was a significant loss of a-SMA

staining in all irradiated glands. On the contrary, theMEC of the

intercalated and secretory ducts remained unaffected. Acinar

cells themselves were not labelled in control or irradiated lachry-

mal glands. One month after irradiation, the overall expression

was still reduced, but the pattern of a-SMA labelling was similar

to that investigated prior to irradiation. Original semiquantita-

tive data of a-SMA evaluation are shown in Table 1.

Tenascin-C. In the control lachrymal glands, a tenascin-C

matrix was observed, and labelling was limited to the basal

membrane of the intercalated and secretory ducts and some

scattered acinar cells (10.97 6 0.34% of field view;

Figure 2c). Irradiated glands investigated 72 h later showed a

remarkable re-distribution of the tenascin-C staining.

A significant excessive expression of tenascin-C (87.33 6 1.06%)

was evident intracellularly in acinar and tubular cells

(Figure 2d). This expression underwent partial normali-

sation after 1 month but was still significantly changed

(Table 1).

Electron microscopic findings

Three days after irradiation lachrymal glands showed an

intracellular retention of secretory granula with subsequent

displacement of the acinar nuclei (Figure 3a). Furthermore, a

thickening of the basal membrane and condensation of the

myofilaments in the MEC as well as apoptotic acinar nuclei

were observed (Figure 3b). One month after irradiation, par-

tial remission was noticed including reduction of secretory

retention and reorganization of the myofilaments in MEC,

which appeared intact without nuclear aberration. Only the

cell membrane thickening and scattered pyknotic nuclei in

apoptotic acinar cells were still evident at this time.

Discussion

The influence of ionising radiation of the head and neck region

on parenchymal organ functions is a well-known phenomenon,

especially in salivary glands (Vissink et al. 2003; Munter et al.

2004). Since the orbital region still represents an area which has

to be frequently unshielded during radiotherapy, there is only

poor data on the side effects of this therapeutic procedure on the

lachrymal function and subsequent alteration of the ocular sur-

face. Radiotherapy may also be indicated in cases of orbital

tumours such as lymphoma, uveal melanoma or adjacent malig-

nant neoplasms (Heimann et al. 2001). Thyroidal orbitopathy

and age-related macular degeneration are further conditions in

which radiotherapy may be indicated, albeit in a lower dose

(Eter & Schuller 2001). The therapeutic procedure frequently

reported to induce xerophthalmia is radioiodine therapy, due to

the radioiodide used which is also trapped by lachrymal par-

enchyma (Solans et al. 2001; Zettinig et al. 2002). On the

contrary, there is no data concerning functional impairment of

lachrymal glands and concomitant structural and

b
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Figure 3 (a) Electron microscopic appearance of the lachrymal acinar cells (AC) 72 h after irradiation showing granula retention and

peripheral displacement of the cell nuclei (arrows). Bar 5 2.5 mm. (b) Thickening of the basal membrane (arrows) as well as con-

densation of the myofilaments in the myoepithelial cells (MECs) noticed 72 h after irradiation (asterisks). Bar 5 0.6 mm.
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immunohistochemical changes following external beam radio-

therapy of head and neck malignancies. Simultaneous evalua-

tion of both immunohistochemical and functional aspects gains

a considerable value in this field since it elucidates the pathogen-

esis of such impairment. We chose the single-dose irradiation

with 15 Gy in order to investigate the influence of radiotherapy

of adjacent head regions on the lachrymal secretion. The use of

single-dose irradiation has been proven to have a comparable

effect with a fractionated pattern on serous acinar cells

(Stephens et al. 1986).

Considering functional scintigraphic data, two phenomena

could be revealed. First, the short-term reduction of primary tracer

uptake 72 h following radiation. This could be attributed to the

alteration of the basal membrane of acinar cells, as the latter

represents the site of tracer uptake in acinar cells by the sharing

mechanism of the Na+/K+/Cl– cotransporter (Helman et al. 1987).

The increased tenascin-C expression observed at this time sup-

ports this suggestion, since alteration of the baso-lateral mem-

brane has been proven to induce tenascin-C expression (Jones

et al. 1995). Thickening of the basal membrane, evident electro-

nmicroscopically (Figure 3b), confirms this hypothesis.

The significant reduction of the LEF represents the second

phenomenon which could be attributed to a decrease or a non-

response of the MEC to the neurosecretory stimulus carbachol.

It has been proven that reduced capability of excretion indi-

cates impaired contractile function of the MEC (Garrett 1987;

Satoh et al. 1997); hence, altered reactivity of a-SMA as well as

ultrastructural changes of MEC shown 72 h after radiation

may represent the histological correlate of this phenomenon.

The contradiction between scintigraphic and Schirmer-test

results noticed 1 month after irradiation is explained by the

relative nature of the LEF value. Since both primary uptake

and excretion fraction were reduced at 1 month, the LEF may

stay unaffected although a significant lachrymal reduction is

still evident using the Schirmer-test. These results are sup-

ported by the immunohistochemical changes in samples inves-

tigated after 1 month, reflecting a partial recovery of

myoepithelial cells’ staining with a-SMA. These results are

thus in accordance with Eter and Schuller who could observe

a transient impairment followed by a partial recovery of

lachrymal secretion after irradiation (Eter & Schuller 2001).

Our ultrastructural investigations provide a further explana-

tion for functional deficiencies at this stage, albeit these were

not as distinct as those observed 72 h after irradiation.

Although corneal epithelium itself is considered a vulner-

able target site for radiation which induces keratopathy

(Kwok et al. 1998), the results presented above provide

unequivocal evidence that significant tear reduction may addi-

tionally occur at a lower dose, implicating lack of ocular

lubrication and consequently dry eye symptoms.

As far as we know, this is the first study to investigate

concomitant immunohistological changes of functionally

radiogenic-impaired lachrymal glands. The immunohistologi-

cal alteration which is proven to have morphological and

functional correlation may provide surrogate parameters of

secretory dysfunction and prerequisites for further therapeutic

approaches in the field of radioprotection of lachrymal glands

in experimental and clinical studies.
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