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LABORATORY INVESTIGATION

Morphological and functional changes
due to drug-induced lysosomal storage
of sulphated glycosaminoglycans

in the rat retina

Abstract A series of dicationic am-
phiphilic drugs, most of them im-
munomodulatory agents, are known
to induce generalised lysosomal stor-
age of sulphated glycosaminogly-
cans (GAGs) inrats and in cultured
cells of several speciesincluding
man. The present study deals with
the cytological effects of two experi-
mental immunomodulatory acridine
derivatives upon the retina of rats.
The animals were treated orally with
compound CL-90.100 (3,6-big[2-
(diethylamino)ethoxy]acridine) or an
analogue for periods up to 22 weeks
at a dose range of 60—90 mg/kg body
weight and the retinae examined by
light and electron microcopy. ERG
measurements were done initially
and after 16 weeks of treatment. All
types of retinal cells developed ab-
normal cytoplasmic vacuoles which
represented the ultrastructural coun-
terpart of lysosomal GAG storage as
demonstrated by histochemical and
cytochemical staining experiments.
The retinal pigment epithelium and
the Miller cells were most promi-
nently affected, photoreceptor cells
to alesser degree, and retinal neu-
ronsto varying degrees. The topo-

Introduction

Chronic administration of cationic amphiphilic drugs
such as the antimalarial and anti-rheumatic drug chloro-
quine and the immunomodulatory drug tilorone are
known to cause lipidosis and photoreceptor degeneration

graphical distribution of the drug as
detected by fluorescence microscopy
closely resembled the distribution of
the GAG accumulation in the retinal
layers. After treatment for 16 weeks,
the a-and b-wave amplitudesin the
ERG were significantly reduced
compared with the controls.
Conclusion: the glycosaminoglycan
storage in pigment epitheliumis
reminiscent of that seen in somein-
herited mucopolysaccharidoses of
humans. When a given cell type
shows lysosomal accumulation of
glycosaminoglycans as a conse-
guence of impaired degradation, it
can be assumed to be engaged in the
turnover of glycosaminoglycans un-
der normal conditions. Thusthe
present results suggest that not only
the retinal pigment epithelium but
also Mller cells, photoreceptor
cells, and, to variable degree, retinal
neurons are normally involved in the
catabolism of sulphated glycosami-
noglycans. We believe that the lyso-
somal storage of glycosaminogly-
cans caused secondary cellular dis-
turbance responsible for the func-
tional changes shown by electroreti-

nography.

in the retina of humans and rats [3, 7, 14, 17,27]. On

el ectroretinography, the chlorogquine and tilorone retino-

pathies are characterised by decreasing b-wave and a
wave amplitudes [4, 7,13]. Two other cationic amphiphi-
lic agents, the antiviral and immunomodulatory acridine
derivatives, compounds CL-90.100 (3,6-bis[2-(diethyl-
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amino) ethoxyl]acridine) and CL-246.738, have been re-
ported to interfere with the lysosmal degradation of sulp-
hated glycosaminoglycans (GAGs), thus inducing muco-
polysaccharidosis in visceral organs of rats[2, 8, 9,11].

Since the retinal pigment epithelium and the neuroret-
ina are considered to be engaged in the metabolism of
GAGs of the interphotoreceptor matrix [15, 16,25], we
were interested in determining whether or not the experi-
mentally induced mucopolysaccharidosis affects the
structure and function of therat retina.

Materials and methods

Materials

The acridine derivatives were a gift of the American Cyanamid
Company, Lederle Laboratories (Pearl River, New York) and were
used as trihydrochlorides. The molecular structures are shown in
Fig.1.

Animal experiments

Female Wistar rats were used. At the beginning of the experiments
they were 3—4 weeks of age and had body weights ranging be-
tween 75 and 90 g. They had free access to standard |aboratory di-
et and tap water and lived at a light/dark rhythm of 12/12 h. The
animal experiments were performed in accordance with the cur-
rent version of the German Law on the Protection of Animals. The
drugs were administered as additives to the ground chow at con-
centrations between 0.08% and 0.1%. The chow was offered in
special containers which excluded food spillage. The body
weights and food consumption were recorded every 3rd day and
the resulting drug dosages were calculated. For either drug, the
daily oral dosages ranged between 60 and 95 mg/kg body weight.
The drug treatments were performed as long as compatible with
the general physical condition of the animals. The body weight of
the treated rats became reduced by 15% as compared to the con-
trols.

In two independent series of experiments, nine rats were treat-
ed with compound CL-90.100 for 3 to 16 weeks and 17 rats re-
ceived compound CL-246.738 for 5 to 22 weeks. Eight rats of the
latter group were intended for ERG measurements. A total of 19
age-matched rats served as controls.

Electroretinographic (ERG) measurements

ERG measurements were performed before the start of drug treat-
ment (eight rats, 16 eyes). Final measurement was done after 16
weeks of oral treatment in two rats (three eyes were measured; one
eye could not be used because of problems with the anaesthesia).
Six rats could not be used because of their poor condition or be-
cause they had died prior to measurement. Eleven age-matched
rats (22 eyes) served as controls.

After 2 h of dark adaptation, the rats were anaesthetised under
red light by intraperitoneal injection of a combination of
100mg/kg Ketavet ® (100mg/ml ketamine hydrochloride, Parke
Davis) and 1.5 mg/kg Rompun ® (500mg xylazine hydrochloride,
Bayer) [19].

ERG measurements were carried out with a new alternating
current recording system [5]. The ERG was recorded at the sur-
face of the cornea via a loop of platinum. The reference needle
electrode, also of platinum, was inserted subcutaneously into the
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Fig. 1a, b Molecular structures of the experimental compounds
(a) CL-90.100 and (b) CL-246.738. The only chemical difference
is in the substituents on the nitrogen atoms of the side-chains (di-
ethylamino versus piperidino)

lower lid. The ground electrode was placed into the ear. A Grass
PS 22 photostimulator emitted single flashes of 10 ps duration and
25% maximum intensity via an optic fibre 8 mm in diameter with
an attached contact lens. At the surface of the cornea the flashes
had an illuminance of 1.25 lumen/cm? [19].

Single records were used for calculating the ERG parameters.
The a- and b-wave time to peak and the a-wave amplitude were
measured from the light onset and the isoelectric line. The b-wave
amplitude was measured from the negative peak of the a-wave
[18]. The Mann-Whitney test was used for statistical analyses.
Differences were considered statistically significant at P<0.05.

Morphological examination

One to three animals of either group were killed after drug treat-
ments for 3, 6, 7, 8, 14, 15, 16 and 22 weeks, in parallel with age-
matched controls. The animals were deeply anaesthetised with tri-
bromoethanol (250 mg/kg, intraperitoneal injection) and killed by
opening the left cardiac ventricle. Usually tissue fixation was
achieved by transcardia vascular perfusion with glutaraldehyde
(3% in 0.1 M phosphate buffer, pH 7.4). The ocular bulbi were re-
moved and opened along the ora serrata. The retina was processed
for ultrastructural examination according to standard methods.
Semi-thin sections were stained with toluidine blue, ultra-thin sec-
tions were stained with uranyl acetate and lead citrate.

Fluorescence microscopy

The drugs under investigation are strongly fluorescent molecules.
For studying the drug distribution in the retina, bulbi from drug-
treated and control rats were snap-frozen in liquid nitrogen. Cryo-
stat sections were freeze-dried [6], mounted with DePeX (Serva,
Heidelberg) and viewed with a Zeiss Axiomat fluorescence micro-
scope equipped with excitation filter BP 365/10 nm and barrier fil-
ter LP 395 nm.

Histochemical detection of GAGs

GAGs were visualised by staining with the cationic dyes cup-
rolinic blue and toluidine blue under conditions which allow elec-
trostatic binding of the dyes selectively to polysulphated GAGs
[20,21]: (1) cryostat sections (7 um) of unfixed bulbi were stained
for 6 h with 0.05% cuprolinic blue in 0.025 M sodium acetate
buffer (pH 5.7) containing 0.3 M MgCl,, (2) glutaraldehyde-fixed
tissue samples were rapidly processed for embedding in glycol-
methacrylate and sections (1 pm) were stained with 0.1% toluidine
blue at pH 1.0.
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Results
Morphological observations:

The two present acridine derivatives caused retinal alter-
ations indistinguishable from each other. Therefore both
groups of animals will be described collectively.

The overall structure of the retina usually resembled
that of age-matched control retinae (Fig.2). Only in
three of the rats treated with compound CL-90.100
(14-16 weeks), did the photoreceptors in the most pe-
ripheral part of the retina show alterations: the outer
segments were shortened, distorted or missing and the
inner segments were distorted (not shown). These alter-
ations were not examined ultrastructuraly. In the drug-
treated rats, abnormal cytoplasmic inclusions could be
seen in most retinal layers (Fig.2). In histochemical
preparations incubated with cuprolinic blue (Fig.3) or
toluidine blue, intensely staining inclusions were seen in
the pigment epithelium, outer and inner nuclear layers,
in Muller cells traversing the inner plexiform layer, in
the ganglion cell layer and at the inner limiting mem-
brane. These histochemical results indicated that the in-
clusions contained polysulphated GAGs [20]. The abun-

Fig. 2 Semi-thin sections of retinae of a rat treated for 14 weeks
and of an age-matched control rat (inset). In the retina of the drug-
treated rat abnormal cytoplasmic inclusions are seen in the pig-
ment epithelium (PE), the outer and inner nuclear layers (ONL,
INL), in the ganglion cell layer (G) and in Muller cells (MU). In
the pigment epithelium, the accumulation of abnormal inclusions
leads to significant increase of the height of the cells (compare
with the inset). Bar 20 um

Fig. 3a, b Histochemical detection of sulphated GAGs in cryostat
sections (7 pm). Retinae of a rat treated for 15 weeks (a) and a
control rat (b). The sections were incubated with cuprolinic blue
under conditions warranting selective staining of sulphated GAGs
[21]. Positively reacting inclusions are seen in most cellular layers
of the retina of the treated rat. (MU Miller cell processes). In the
control, such inclusions are absent. Bar 20 pm

dance of abnormal inclusions increased with the dura-
tion of drug treatment. In the retina of control rats such
staining was absent (Fig.3). Examination by fluores-
cence microscopy revealed an uneven drug distribution
throughout the retina (Fig.4): Drug-related fluorescence
was seen in the same regions that displayed the storage
of sulphated GAGs.
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Fig. 4 Detection of the fluorescent compound CL-90.100 in the
retina of arat treated for 15 weeks. Freeze-dried cryostat sections
viewed under the fluorescence microscope. The drug-related fluo-
rescence shows atopographic distribution similar to that of the ab-
normal inclusions in Fig.3a. Retina of a control rat (inset). Only
the pigment epithelium shows a very weak fluorescence. Abbrevi-
ationsasin Fig.2 and Fig.3. Bar 20 ym

Electron microscopy

The abnormal cytoplasmic inclusions corresponded to
membrane-limited organelles containing floccular mate-
rial as shown for pigment epithelium (Fig.5) and a pho-
toreceptor perikaryon (Fig.6). In the pigment epithelium,
occasionally abnormal storage material was seen to be
contained along with a freshly engulfed outer segment
fragment within in the same organelle (Fig.5); such ob-
servations suggest that the storage lysosomes could fuse
with newly formed phagosomes. The overall frequency
of outer segment phagosomes was similar to that in con-
trols, suggesting that the digestion of engulfed photore-
ceptor membranes was not impaired. In Mller cells, the
storage lysosomes were particularly numerous in the cell
bodies, in the radia pillars traversing the inner plexiform
layer and in the basal end feet adjacent to the inner limit-
ing membrane. In photoreceptor cells, the storage organ-
elles were usually located in the outward-orientated pole
of the perikaryon. In retinal ganglion cells and neurons
of the inner nuclear layer the occurrence of inclusions
was variable.

Electroretinographic findings

Initial ERG parameters of the animals designated for
treatment and the controls were in the normal ranges.
Obvious changes in ERG parameters were found after
treatment. A reduction of b- and a-wave amplitudes
was seen after chronic treatment with compound
CL — 246.738 (Fig.7). After treatment for 16 weeks, the

Fig. 5a, b Abnormal inclusions in the pigment epithelium of rats
treated for 14 weeks. (a) Membrane-limited organelles are seen
containing floccular material of relatively low electron densitiy.
(b) Freshly engulfed outer segment fragment (OSF). The outer
segment discs are contained within the same organelle as the drug-
induced storage material (arrow). Bars 0.5 pm

Fig. 6 Abnormal inclusion (arrow) in a photoreceptor perikaryon
of arat treated for 16 weeks. The process towards the inner seg-
ment is orientated to the top of the picture. (N nucleus of the pho-
toreceptor cell). Bar 1 ym
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Electroretinographic changes after
drug treatment with acridine

derivate
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Fig. 7 Single electroretinographic recordings showing character-
istic reduction of the a- and b-wave parameters of arat after treat-
ment for 16 weeks with compound CL 246.738 (solid line) com-
pared to an age-matched control rat (dashed line). The rats were
dark adapted for 2 h. Flash duration was 10us and flash intensity
was 1.25 lumen/cm?
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Fig. 8 The effect of chronic drug administration on the a and b-
wave amplitudes. Box plots with median, minimum, maximum,
0.25 guartile and 0.75 quartile of the a and b-wave amplitudes in
three eyes from rats after 16 weeks of treatment with compound
CL-246.738 (60-95 mg/kg body weight, orally) compared to 13
eyes from rats of the age-matched controls. Stimulus intensity was
1.25 lumen/cm?2

a-wave amplitude in three eyes from two rats decreased
to a median of 195 UV compared with the median of
340 pV in 13 eyes from seven rats of the age matched
controls (P<0.05) (Fig.8). B-wave amplitude was re-
duced in three eyes from two rats to a median of 400 pVv
after treatment for 16 weeks compared with the median
of 1100 pV in 13 eyes from seven rats of the age
matched controls (P<0.05)(Fig.8). The values after treat-
ment for 16 weeks for the a and b-wave time to peak
compared with the age-matched controls showed no sig-
nificant difference (P>0.05).

Discussion

The present results show that the retina of rats partici-
pates in the mucopolysaccharidosis induced by acridine
derivatives and the retinal function isimpaired. While the
present study did not include the quantitation of GAGs,
results from other organs may be quoted. In the liver and
spleen of rats treated with the same acridine derivatives
as the present animals, the GAGs were increased by fac-
tors of approximately 50 and 20, respectively [9]. The
drug-induced GAG storage was not evenly distributed
throughout the retina. The pigment epithelium and the
Miuller cells were most prominently affected. Further-
more, many photoreceptor perikarya showed lysosomal
storage. In the neurons the GAG storage was moderate or
weak. The heterogeneous distribution of GAG storage
may be due to cell type-specific differences in the turn-
over of GAGs. A similar heterogeneity is known for the
inherited mucopolysaccharidoses, which on the ultra-
structural level are associated with cytoplasmic vacuoles
similar to the present ones[1, 12, 22, 23, 24, 26].

The reduction of b-wave amplitudes has been attribut-
ed to changes in the neuroretina, particularly in Muller
cells and the inner nuclear layer [7,10]. Mucopolysac-
charidosis-like changes caused by chronic treatment with
acridine derivatives were found in the Miller cells and to
alesser degree the inner nuclear layer. These changes are
considered responsible for the reduction of b-wave am-
plitudes. The engagement of retinal pigment epithelium
and neuroretina in the metabolism of GAGs contained in
the interphotoreceptor matrix may be somehow related
to the a-wave amplitude reduction as seen in the drug-
treated rats. We asssume that the storage of GAGs
caused secondary cellular disturbance which are respon-
sible for the functional changes shown by electroretinog-
raphy. The mechanisms linking the lysosomal overload
and the cellular dysfunctions are unknown at present. We
would recommend regular ocular monitoring in humans
if acridine derivatives come into clinical use.
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