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Abstract. Kynurenic acid is an endogenously occurring
tryptophan metabolite. which, under certain conditions,
may accumulate in human tissues. In earlier work
kynurenic acid showed a pronounced photohemolytic
capacity, and conclusive evidence has been presented that
the reaction is mediated by singlet oxygen. The aim of the
present study was to gain further information about the
cellular mechanisms involved in the photo-oxidative dam-
age induced by kynurenic acid. This paper is mainly con-
cerned with the establishment of a proper experimental
model utilizingin vitro cultivated cells. but basal cytotoxic
effects revealed by the use of cell growth curves, and
light- and scanning electron microscopic examinations are
also described.
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A number of diseases demonstrating light sensitiv-
ity have altered tryptophan metabolism in common.
Such disorders include Hartnup's disease, pellagra,
carcinoid, hydroxykynureninuria (16) and congeni-
tal tryptophanuria (27). Little is known of the way
in which these metabolic disturbances affect light
sensitivity., notwithstanding that the photochemical
properties of tryptophan and several tryptophan
metabolites have been extensively studied (1, 21).
The importance of any minor deviation in trypto-
phan metabolism has been indicated by diseases
such as lupus erythematosus (4), actinic reticuloid
(3) and polymorphous light eruptions (15).
Kynurenic acid is an endogenously occurring
tryptophan metabolite, which, under certain condi-
tions, may accumulate in human tissues. Evidence
was produced in earlier work that kynurenic acid is
conceivably an endogenous photosensitizer which

may be involved in photoallergic reactions (24). It
is generally assumed that photoallergenic com-
pounds also possess phototoxic effects, and further
studies proved that kynurenic acid has phototoxic
properties as well. These experiments were
performed with the photohemolysis technique, an
established procedure for the determination of the
phototoxic potential of chemicals (14, 19, 22).
Kynurenic acid showed a pronounced photo-
hemolytic capacity, and there is conclusive evi-
dence that the reaction is mediated by singlet state
excited oxygen (18, 25, 26), an important, active,
intermediary in the photo-oxidation of many or-
ganic compounds sensitized in various biological
systems (17, 23).

Various techniques have been used to cvaluate
phototoxic reactions in biological systems, includ-
ing micro-organisms (6), animals (10, 12), erythro-
cytes (13, 14, 18, 19, 22, 25, 26) and tissue-cultured
cells (8, 9, 13). Each of these has specific conditions
making its use particularly well suited for selected
studies regarding the mechanisms involved in these
reactions. The specific cellular target for phototoxic
damage may involve various cellular constituents,
such as the nucleus, cytoplasmic organelles or the
plasma membrane. Photosensitizers may react with
any one of these, and often have a biochemical
avidity for two or more of these sites. The
mechanism of damage may vary with each subcellu-
lar site. Red blood cells provide information of
value for the study of cell membrane photosensiti-
zation because of their anuclear status and lack of
cytoplasmic organelles, but this system is a poor
screening model for photosensitizing agents with
avidity for desoxyribonucleic acid or other cellular
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constituents. The use of cultured cells has proved
useful for selected aspects of photosensitization and
provides a sensitive system for photobiological ex-
periments.

The present work is the firstin a planned series of
studies intended to elicit further information on
the cellular mechanisms involved in the photo-
oxidative damage induced by kynurenic acid. This
paper is mainly concerned with the establishment of
a proper experimental model, and with the descrip-
tion of basal cytotoxic effects revealed by the use of
standardized cell culture techniques and by light
and scanning electron microscopic e xaminations.

MATERIAL AND METHODS

Cell lines and culture conditions

All the experiments were performed on normal diploid
human glia cells in phase Il (11), cultivated in vitro. The
cells were derived and kept in culture as described by
Pontén et al. (20). They were grown in Eagle’s minimal
essential medium supplemented with 10 % calf serum and
antibiotics (100 U/ml of penicillin, 50 ug/ml of streptomy-
cin and 1.25 pg/ml of amphotericin B) on the bottom of
plastic Petri dishes, or for scanning electron microscopy
on 12 mm round glass coverslips no. 0, placed on the
bottom of the dishes. The cells were harvested 3 days
after subcultivation when they were actively dividing
though not yet forming a confluent monolayer. Glia cells

were chosen because they have been extensively studied
in our laboratorics as rcgards their growth properties and
ultrastructural morphology.

Cell growth curves

Growth curves were drawn in order to establish minimal
toxic effects of light exposure and of kynurenic acid on the
cells per se. The cell growth was followed for 4 days after
subcultivation. The initial number of cells seeded per 30
mm dish was 7.5x10%, counted with an electronic cell
counter (Celloscope, AB Lars Ljungberg, Sweden). The
following groups were followed: 1) control cells; 2) cells
growing in a medium with kynurenic acid added to a
concentration of 5.29x10-*M, 1.32x10-2M, or 5.29x 103
M; 3) cells exposed to long-wave ultraviolet light as re-
ported below (exposure times were 0.6x 103, 1.2x10% and
2.4x10° sec); 4) cells exposed to both kynurenic acid and
light. Kynurenic acid was added to the medium in a con-
centration of 5.29x107*M and the cells were irradiated
with long-wave ultraviolet light for 0.6x 10° sec either im-
mediately following the addition of the acid or after 24
hours.

Ultraviolet light source and conditions of irradiation

The ultraviolet light source was a Black-Ray B-100 a lamp
(Ultraviolet Products Inc.) providing long-wave ultra-
violet radiation ranging from 350 to 380 nm, intensity
maximum at 365 nm. The intensity of the lamp was 12.5
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mW/cm?, as measured with a Hewlett & Packard Radiant
Flux meter. The plastic Petri dishes were placed on a
metal plate, 10 cm above the lamp. Thus all irradiation
came from below, through the bottom of the plastic dish-
es. The metal plate was equipped with multiple small
holes S mm i diameter. This arrangement provides an *‘in-
ternal dark control”. Parts of the cell culture are thus
shielded from light exposure, and only specific, well de-
marcated and easily recognized parts are irradiated. The
small coverslips used for scanning electron microscopy
(SEM) were placed with only half of the cells exposed viz.
the central area. In the cell growth studies, however, the
whole dish was irradiated. The cultures were cooled by an
electric fan in order to avoid heating artefacts and the
temperature was thus maintained at 26°C. Before irradia-
tion, the normal medium was replaced with a medium
containing kynurenic acid at the final test concentration.
The different incubation periods which were used to allow
the cells to interact with kynurenic acid are described
below. After irradiation, the test medium was immediately
replaced by fresh Eagle medium. The cells were observed
for 24 hours, or were processed as specified for each ex-
periment. All cells were maintained in a dark incubator ex-
cept when irradiated. During irradiation, cultures were
kept outside the incubator for the same period of time as
the irradiated cultures.

Light microscopy

In these experiments the following concentrations of
kynurenic acid were used, 1.32x107* M, 2.65x% 10~ M and
5.29x10-* M. The different exposure times to long-wave
UV-light applied for each concentration of kynurenic acid
were 0.6x103, 1.2x10% and 2.4x10% sec. Finally different
periods of incubation with kynurenic acid were tested
before irraudiation: in preliminary experiments, | min, 2 h,
4 h and 24 h; in final testing, | min and 24 h. Cells were
harvested for morphologic examination 24 hours post ir-
radiation. The cells were fixed in 5§ % formaldehyde in 0.15
M cacodylate buffer, pH 7.2 (Histofix special, Histo-Lab
AB, Sweden), and were then stained according to Giemsa,
air-dried and mounted under coverslips in immersion oil.

Scanning electron microscopy (SEM)

In the present introductory study only two concentrations
of kynurenic acid were used, 2.65x1073 M and 5.29x 102
M. The period of incubation before irradiation was 2
hours. Exposure time was 2.4X 103 sec.

Subsequent to fixation for 60 min at +37°C in 2%
glutaraldehyde in 0.1 M Na-cacodylate HCI buffer with
0.1 M sucrose (pH 7.2; total osmolality 510 mOsmol;
vehicle osmolality 300 mOsmol) (2), the cells were post-
fixed in 2% OsOy in s-collidine buffer (pH 7.2) for 90 min
at22°C. A short rinse in 0.15 M cac buffer (pH 7.2) at 22°C
was interposed between the two fixations. Care was taken
not to dry the cells during the replacement of medium with
the aforementioned glutaraldehyde fixative, warmed to
37°C. After postfixation, dehydration was performed in a
graded series (50 %, 70 %, 75 %, 80 %, 85%, 90 %. 95 %,
100 %) of ethanol. The cells were then brought to acetone
and critical-point dried from CO, in a Polaron E 3000 ap-
paratus. After mounting on stubs with silver conductive
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paint, the specimens were coated with a 300 A thick layer
of gold in a Polaron sputter apparatus. The specimen
were studied in a Jeol JSM-SI microscope operated at
10kV.

RESULTS
Cell growth studies

The toxic effect of kynurenic acid per se in long-
term culture was tested in different concentrations.
The highest concentration used, 5.29x107% M, re-
tarded the growth of the cells. No such significant
effects could be demonstrated with the lower con-
centrations which thus do not seem to be particu-
larly toxic (Fig. 1).

Irradiation with long-wave ultraviolet light
caused a certain inhibition of the cellular growth
when a long exposure time (2.4X 10® sec) was used.
Shorter exposure times caused no significant
growth depression (Fig. 2).

When irradiation was performed immediately af-
ter the addition of a very low concentration of
kynurenic acid, slight inhibition of cell growth was
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Figs. 1-3. Cell growth curves of normal human glia cells.
The cells were counted three times after seeding and the
result is indicated as number per plate. Fig. /. Effects of
kynurenic acid in different concentrations. No irradiation.
A, 5.29%107* M; B, 1.32x107* M, and C, 5.29x107% M.
Fig. 2. Effects of long-wave ultraviolet irradiation, no
kynurenic acid. UV 10'=0.6x 103 sec, UV 20'=1.2x 103
secand UV 40'=2.4x10%sec. Fig. 3. Phototoxic effects of
kynurenic acid (5.29%x107* M). The cells were irradiated
for 0.6x 103 sec. Irradiation performed 1 min after the
addition of kynurenic acid to the cell culture (A1), or after
24 hours (A2).

registered (Fig. 3, curve Al). When, however, the
cells were exposed to the same concentration of
kynurenic acid for a period of 24 hours before ir-
radiation the growth inhibition increased (Fig. 3,
curve A2).

Light microscopy

The control cultures consisted of glia-like cells with
abundant cytoplasm and rounded nuclei containing
one or two small nucleoli. The nuclear chromatin
was moderately dense and evenly distributed. The
cytoplasm contained numerous small granules and
had a smooth outline, rounded or polygonal in
shape.

No cellular damage was observed following ex-
posure to long-wave ultraviolet light for up to
2.4%10% sec when the cells were not treated with
kynurenic acid. No effects of kynurenic acid alone
in any of the concentrations used was seen in areas
shielded from light (Fig. 5).

The increasing cytotoxic effects when cells were
exposed to both kynurenic acid and long-wave UV -
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Table 1. Phototoxic effects of kynurenic acid on normal human glia cells cultivated in vitro
Varying concentrations of kynurenic acid and different light doses were used. Kynurenic acid was added to the

cultivating medium 1 min or 24 hours beforc irradiation

~ indicates no changes observable in the light microscope

+++ indicates pronounced changes as illustrated in Fig. 8

Concentration of kynurenic acid

1.32x103 M 2.65x1073M 5.29%10°* M
Period of preincubation . . . 1 min 24 h 1 min 24 h 1 min 24 h
Light exposure time, sec
0.6x 102 — - = =. = =
1.2x10° - = (+) + +it ++
2.4%10% + + ++ ++ +++ +++
light were clearly noted by gross examination of the show leading lamella with gracile ruffling

cultures (Fig. 4). As only parts of the cultures were
exposed, due to the experimental device used dur-
ing irradiation, an internal dark control was in-
cluded in every culture exposed.

The effects of different periods of incubation with
kynurenic acid in varying concentrations and for
different exposure times are compared in Table |.
Threshold conditions for cell damage registered
by light microscopy was a concentration of
1.32x 103 M and an exposure time of 2.4x 10% sec,
or a concentration of 2.65X 10~ M and an exposure
time of 1.2x10® sec. Increase in the kynurenic
acid concentration and/or light dose resulted in
augmented cell damage. The cytotoxic cffccts
observed were cytoplasmic and nuclear condensa-
tion, shrinkage of the cell, nuclear pycnosis pro-
gressing to cell death. and complete destruction of
the irradiated area within 24 hours. Many cells also
formed slender cytoplasmic projections, sometimes
crossing neighbouring cells. These alterations were
increasingly frequent and prominent with higher
doses of long-wave ultraviolet light (Figs. 6-8).

No significant differences were registered when
the effect of an incubation period of 24 hours with
kynurenic acid before irradiation was compared
with that of only 1 minute's incubation before ir-
radiation.

Scunning electron microscopy (SEM)

The glia cells in interphase arc flattened and thin.
with frequent thread-like extrusions from the pe-
riphery. The upper cell surfaces are smooth except
for a variable number of delicate microvilli and ran-
domly distributed small caveolae and pits. probably
representing endocytotic invaginations. The cells
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membranes, often studded with slender microvilli
and possessing occasional longer microspikes.
Blebs or blunt extrusions of any kind are never seen
on the cells in the extended non-mitotic state
(Fig. 9).

Cells incubated with kynurenic acid at the max-
imum concentration but not irradiated. showed a
slight tendency to formation of very small discrete

Fig. 4. Petri dishes with irradiated cell cultures (2.4x 103
sec). Increasing cellular damage is noted with increasing
concentrations of kynurenic acid. A clear-cut difference
between irradiated and shielded cells is macroscopically
visible. A. no kynurenic acid; B. kynurenic acid in a con-
centration of 1.32x10°? M: C. kynurenic acid in a con-
centration of 5.29% 1073 M.
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Figs. 5-8. Light micrographs of glia cells treated with
kynurenic acid. Figs. 6-8 show cells also exposed to
long-wave UV-light with an exposure time of 2.4x 103 sec.
The cultures were irradiated 1 min after addition of
kynurenic acid and fixed 24 hours post irradiation. Cellu-
lar damage following irradiation is increased with the con-
centration of kynurenic acid. Obvious cytotoxic effects
are cytoplasmic and nuclear condensation, shrinkage of

blebs at the cell surface. but the cells were still thin
and flattened and normally attached to the sub-
strate, with microvilli and other structures well pre-
served. Similar findings were noted after exposure
to long-wave ultraviolet light at the highest dose
used when the medium contained no kynurenic
acid.
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the cells. slender cytoplasmic projections and nuclear
pycnosis progressing to cell death and complete destruc-
tion of the irradiated area. X 190.

Fig. 5. Kynurenic acid, 5.29x 1073 M, no UV-light.

Fig. 6. Kynurenic acid, 1.32x107* M, + U V-light.

Fig. 7. Kynurenic acid. 2.54%x 1073 M. + UV-light.

Fig. 8. Kynurenic acid, 5.29x10~* M, + UV-light.

Following exposure to both kynurenic acid and
long-wave ultraviolet light, cells were uniformly
damaged. No convincing differences were found
betwecen cells incubated for 24 hours with kynurenic
acid before irradiation compared with those ex-
posed to long-wave U V-light already 1 min after the
addition of kynurenic acid. Alterations were noted
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Fig. 9. Scanning electron microscope picture of a control
glia cell. Note well developed ruffling membranes. x 1 200.

in specimens harvested immediately after the ir-
radiation was completed. The damage was more
pronounced at higher concentrations of kynurenic
acid but it also increased with the time elapsed post
irradiation.

Typical changes consisted in shrinkage. rounding
up of the cells and formation of long slender cyto-
plasmic projections. A prominent feature was the
formation of cytoplasmic blebs all over the surface
of the cell. This was noted in all cells and in all
stages of cellular destruction. and was often of
enormous extent. The ruffling membranes were se-
verely damaged and converted into a collection of
smull bubbles. The condensed cells left delicate
trailiiy reteaction fibrils in the areas where cell con-
tact with the Petri dish surface was lost. Typical
alteratior:s are depicted in Figs. 10-15.

DISCUSSION

The tryptophan metabolite, kynurenic acid. has
b. shown to be photohemolytically active (18, 25.
26). In ohotodynamic action, two major primary
mechani. s are found to occur. Direct reaction
between sensitizer triplets and the oxidizable sub-
strate. followed eventually by reaction with molecu-
lar oxygen or reaction between oxidizable substrate
and singlet state excited oxygen. which has been
generated by energy transfer from the triplet state
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of the photosensitizing substance. Which pathway
predominates is mainly dependent on the relative
effectiveness of singlet oxygen generation as com-
pared with the rate of direct reaction between
scnsitizer triplets and oxidizable suhstrate. Mixed
mechanisms are also conceivable (7, 23). Evidence
obtained in earlier investigations strongly support
the hypothesis that photo-oxidative membrane
damage observed in the presence of kynurenic acid
is mediated by singlet oxygen (18, 26).

The present work is the firstin a planned series of
studies intended to elucidate possible specific
mechanisms acting during photo-oxidative damage
induced by kynurenic acid. This paper reports on
the establishment of an experimental mode utiliz-
ing cells cultivated in vitro, and on basic prelimi-
nary findings as regards suitable concentrations of
Kynurenic acid and doses of light using cell growth
curves and light- and scanning electron microscopy.

The use of cells cultivated in vitro appeared to be
necessary, due to the requirement of a well control-
led. easily manipulated system for studies on
selected aspects of photosensitization. The use of
in vitro cultivated cells seems to offer several ad-
vantages as compared with experimental animals.
Cells in solid tissues are inhomogeneous in respect
to stage in the cell cycle., and may also vary in
their nutritional state, for instance due to differ-
ences in blood supply within different areas. It is
also difficult to obtain uniform and reproducible
fixation of cells in tissues because of variation in the
penetration and distribution of the fixative. The glia
cells used in the present report have been exten-
sively studied in our laboratories. especially with
regard to their ultrastructural characteristics and
growth pattern (5. 30). These cell lines also show

Figs. 10-15. Figs. 10-15 depict surface changes of
kynurenic acid and long-wave ultraviolet light treated cells
as shown in the scanning electron microscope. The cell
surfaces demonstrate varying degrees of blebbing and
shrinkage. with well developed retraction fibrils. Most of
the smaller vesicles and blebs seem to originate from
altered microvilli, best seen in Fig. 12. Figs. 10-12 show
alterations following treatment with 2.65x10™* M
kynurenic acid and 2.4 103 sec irradiation with long-wave
ultraviolet light 10 min, 99 min and 6 hours after exposure
to light (Fig. 10, x1750: Fig. 11, x2000: Fig. 12, x5 000).
Figs. 13-15 show alterations following treatment with
5.29%10* M kynurenic acid and 2.4% 10* sec irradiation
with long-wave ultraviolet light 10 min, 30 min and 3 hours
after exposure to light (Fig. 13, x1500: Fig. 14, x1000
and Fig. 15, x2000).
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very pronounced topo-inhibition of cell growth, and
in a dense monolayer they are almost totally ar-
rested in the G1-phase of the cell cycle.

In the present study pronounced phototoxic dam-
age could be induced by kynurenic acid and irradia-
tion with long-wave ultraviolet light. Minimal
threshold conditions were established by the use¢ of
cell growth curves. Phototoxic inhibition of cell
growth was demonstrated with fairly low concen-
trations of kynurenic acid and rather low light
doses. No noxious influence on cell growth by ei-
ther kynurenic acid or long-wave ultraviolet light
per se was noted under these minimal conditions.
However, some inhibition of cellular growth, but no
killing. by light and kynurenic acid alone in the
maximum conditions used in further experiments
was noticed.

To induce cellular damage, visible in the light
microscope, greatly increased doses of both kyn-
urenic acid and light were demanded.

Scanning electron microscopy revealed various
degrees of bleeding of the cell surface as a
characteristic finding in the completely exposed
cultures. The degree of damage varied with the
doses applied. The blebs seemed to originate in
microvilli and ruffling membranes. Such structures
thus seem to be especially vulnerable. which is also
in agreement with findings following hypotonic
shock when the same structures first display altera-
tions (2). Such blebbing is a well known non-
specific reaction of cells to a wide variety of injuries
(29). Exposure to high concentrations of kynurenic
acid alone produced slight swellings of the tips of
many microvilli. These alterations, however, were
readily distinguishable from the often enormous
blebs induced in the phototoxic experiments.

Whether or not kynurenic acid acts solely from
the outside or following diffusion into the cells or by
active uptake. e.g. by way of endocytosis, is not
known for the moment. However, the somewhat
more pronounced growth retardation in cultures
which have been incubated with kynurenic acid for
24 hours before irradiation, compared with those
incubated for only 1 minute before irradiation. gives
some hint of potentation following certain uptake of
the kynurenic acid with consequent enhancement of
the effect.

l.ytic change in cell membranes induced by
phototoxic substances involves oxidation of either
the protein or lipid components of the membrane,
or both (22, 23). Inasmuch as membrane lipids are
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capable of undergoing peroxidative reactions. one
of the effects of singlet oxygen may be the forma-
tion of lipid peroxides and subsequent development
of free radicals leading to membrane damage (28.
29).

This report is a preliminary one concerned
mainly with the establishment of an experimental
model. The reported results, however, stress the
importance of plasma membrane alterations.
Further study including scanning- and transmission
electron microscopy is required to elucidate the
mechanisms underlying the observed alterations.
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