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Abstract

The present investigation has been undertaken to examine the possibility that the cell nucleus, and specifically the genetic materid, is a
target site for photodynamic therapy. PTK, and Hep-2 cells are pretreated with amedium containing 15 p.g/ml (0.09 mM ) 5-aminolevulinic
acid (ALA). Individua fluorescence images are recorded for each selected cell using a cooled charge-coupled device (CCD). A laser
microbeam system generating 630 nm is used for subcellular-region irradiation of specific targets: chromosomes, the mitotic spindle, the
perispindle region and the peripheral cytoplasm. Nuclei of interphase cells are also irradiated. Data comparing the sensitivities of the different
subcellular microirradiation sitesin ALA-treated mitotic cells demonstrate that under the irradiation conditions used, the chromosomeisthe
most sensitive subcellular target followed by the perispindle region, the peripheral cytoplasm and spindle, and, lastly, the interphase

nucleus. ©2000 Elsevier Science SA. All rights reserved.
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1. Introduction

Photodynamic therapy (PDT) isan accepted modality for
the treatment of certain types of malignant tumors [1,2]. In
addition, it is showing great promise in the treatment and
management of a variety of non-malignant conditions such
as dysfunctional uterine bleeding [ 3], macular degeneration
[4,5], dermatological port-wine stains [6], psoriasis [7,8]
and atherosclerosis [9,10].

Considerableresearch on the mechanismsof PDT hasbeen
conducted at the cellular, tissue and tumor levels. Thesestud-
ies have been on photochemical mechanisms of cell and
tumor destruction, the structural and biochemical basisof cell
and tumor destruction, as well as the uptake and binding of
PDT agents at the cell and tumor levels [11].

Much of the in vitro cell work has involved sensitizer
screening, uptake and binding studies, and electron micro-
scope studies that examine the structural changes occurring
asaresult of PDT [11]. Of these, only afew have involved
the exposure of specific subcellular target regions/ organelles

* Corresponding author. Tel.: + 1-949-824-6996; fax: + 1 949-824-8413;
e-mail: mberns@bli.uci.edu

to light following treatment with the photosensitizing agent.
One such study by Morenaand Salet [ 12] confirmed that in
cardiac myocytes, the mitochondriawere primary target sites
for PDT. Recent studies demonstrated that in cells treated
with several different photosensitizers, theinterphasenucleus
wasthe most sensitive target site, followed by the perinuclear
cytoplasm, and finally the periphera cytoplasm [13,14]. It
was surprising to find such ahigh nuclear sensitivity because
the highest level of sensitizer fluorescence was found in the
cytoplasm around the nucleus. In addition, the vast majority
of published cell studies have demonstrated that cellular pho-
totoxicity islikely caused by the generation of reactivesingl et
oxygen by photosensitizers associated with organelles such
asthelysosomesand mitochondria [ 15,16] . Notwithstanding
thislarge body of literature, there are also several studiesthat
demonstrate a PDT effect on DNA, chromosomes and the
mitotic spindle (see the excellent review by Moan et al.
[17]). However, it isnot clear whether these effects are due
to generation of singlet oxygen elsewhere in the cell, or
directly at the nuclear/mitotic spindlesite. Thepresentinves-
tigation was undertaken to examine the possibility that the
cell nucleus, and specifically the chromosomes, are primary
target sitesfor PDT.

1011-1344/00/% - see front matter ©2000 Elsevier Science S.A. All rights reserved.
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2. Materialsand methods
2.1. C€ll culture

PTK,, Rat kangaroo (Potorous tridactylis) kidney cells,
were used in thisstudy. Thiscell linewasoriginally obtained
from American Type Culture Collection (ATCC) andisrou-
tinely grown as a monolayer in a modified Eagle’s minimal
essential medium with 10% fetal bovine serum. The cells
were subcultured once a week into T-25 culture flask and
maintained in a 37°C and 5-7% CO, incubator. The cells
remain relatively flat throughout the cell cycle, permitting
clear visualization of subcellular morphology and organelles,
especialy during mitosis.

Hep-2 cells from human larynx epidermoid carcinoma
were originally obtained from the ATCC and grown as a
monolayer in Eagle’ s minimum essential mediumwith2 mM
L-glutamine and Earle’'s BSS adjusted to contain 1.5 g/I
sodium bicarbonate, 0.1 mM non-essential amino acids and
1.0 mM sodium pyruvate. The medium contained 10% fetal
bovine serum. Hep-2 cells were used to confirm and extend
the results obtained in the non-malignant mitotic PTK, cells.

Two and three days prior to the irradiation experiments,
the cells were placed in a 35 mm Petri dish that had a 1.75
cm diameter hole in the middle, with a #1 grid-etched cov-
erglass affixed over it. Twenty-four hours prior to laser
microirradiation, the cells were placed in fresh culture
medium containing 15 pwg/ml (0.09 mM) 5-aminolevulinic
acid (ALA). Cellswithout exposureto ALA served as con-
trols. The Petri dishes were covered with aluminum foil
immediately after treatment with ALA in order to shield the
cells from ambient light. After 24 h of ALA treatment, indi-
vidual healthy mitotic cells were identified under phase-
contrast microscopy by visual observation. Each cell was
identified by an a phabetic and digital coordinate onthegrid-
ded coverdlip. Control non-ALA-exposed cells were aso
selected by this method.

2.2. Fluorescence microscopy

A Zeiss Axiovert inverted fluorescence microscope was
used for fluorescence detection. Each individua cell was
excited with UV light (A=365) using a 100 W arc lamp.
Each cell was exposed to the UV light for 1 s. Individual
fluorescenceimageswasrecorded for each selected cell using
a cooled charge-coupled device (CCD, Princeton Instru-
ments TE/CCD-576E/UV) and stored inIP Lab formatina
Macintosh 11fx computer. A phase-contrast picture of each
cell was a'so taken for reference. Images were digitally ren-
dered (i.e., improving contrast, reducing background light)
using IP Lab Spectrum.

2.3. Microirradiation of subcellular components

A laser microbeam system was used that employed an
argon ion laser (Coherent Innova 90) pumped dye laser
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(Coherent 599 dye) to generate a 630 nm beam. The beam
was directed through a Zeiss Axiovert inverted microscope
usingaZeissNeofluar 100X phase-contrast objectivehaving
a numerical aperture of 1.3. The focal-spot diameter was
approximately 0.5 um. For each PTK, cell, the laser beam
was focused onto one of the following targets: (1) a chro-
mosome; (2) the mitotic spindle; (3) the perispindleregion;
(4) the peripheral cytoplasm (random cytoplamic regions).
For Hep-2 cells, chromosome and spindle regions wereirra-
diated. Nuclei of interphase cells of both PTK, and Hep-2
were irradiated.

A Coherent (Palo Alto, CA) model 210 power meter was
used to measurethe power at therear entranceto theobjective.
Todeterminetheactual power reaching theirradiated sample,
the dual-objective transmittance-measuring technique of
Misawa et al. [18] was used. This method eliminates tota
internal reflection errorsthat areencounteredinadirect objec-
tive-to-power measurement in air. Using this method, it was
determined that each cell was exposed to 9 mW of power at
a power of density 3.2 10° W/cm?. The total energy den-
sities per experiment were obtained by varying the exposure
time. Total exposure time for ALA-treated cellsvaried from
310 60 s. Control cellswere exposed for 180 s.

Immediately before laser irradiation of each cell, aphase-
contrast image of the cell was obtained using the CCD cam-
era. All pictures were stored using an IP Lab Spectrum
software package. Each chamber was|abel ed and placed back
into the CO, incubator after the irradiation. Each cell was
relocated within 8 h and assayed for morphology and the
ability to complete mitosis and form two daughter cells.

3. Results
3.1. Fluorescence detection

Thefluorescence images of PTK, cellsrevealed no detect-
able autofluorescence in control untreated mitotic cells,
though there were afew areas of non-specific fluorescencein
adjacent non-mitotic cells. Fig. 1(A) is a phase-contrast
image of an untreated control anaphase PTK, cell. Fig. 1(B)
isafluorescenceimage of thesamecell. Fig. 1(C) isaphase-
contrast image of a field of untreated control cells with a
metaphase cell in the center. Fig. 1(D) is a fluorescence
image of the same cells revealing no fluorescence in the
metaphase cell and few areas of non-specific fluorescencein
the non-mitotic cells.

Mitotic cells exposed to ALA exhibit very bright fluores-
cencethroughout the whole cell except for the chromosomes,
which exhibit little, if any, fluorescence. Fig. 2(A) isaphase-
contrast image of ALA-treated cellswith an anaphase cell in
the center of the field. Fig. 2(B) is a fluorescence image of
the same cells. Fig. 2(C) isaphase-contrast image of afield
of ALA-treated cellswith a metaphase cell in the center. Fig.
2(D) is the fluorescence image of the same cells. In inter-
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Fig. 1. Fluorescence images of control PTK2 mitotic cells: (A) phase-contrast image of a mitotic anaphase cell with neighboring interphase cells; (B)
fluorescence image of the same cells; (C) phase-contrast image of a mitotic metaphase cell with neighboring interphase cells; (D) fluorescence image of the
same cells. Bar scale, 10 pm.

Fig. 2. Fluorescence images of ALA-treated PTK2 mitotic cells: (A) phase-contrast image of a mitotic anaphase cell with neighboring interphase cells; (B)
fluorescence image of the same cells; (C) phase-contrast image of a mitotic metaphase cell with neighboring interphase cells; (D) fluorescence image of the
same cells. Bar scale, 10 pm.
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phase cells, fluorescence is strong in the perinuclear region (Fig. 3).InALA-treated Hep-2 cells, themitotic cellsclearly

and decreases peripherally. exhibited brighter fluorescencethan theinterphasecells(Fig.
In Hep-2 cells, similar fluorescence patternsweredetected. 4). Asin the PTK, cells, the chromosomes appear to exhibit
There was no detectable autofluorescence in control cells no fluorescence.

Fig. 3. Fluorescence images of control Hep-2 mitotic cells: (A) phase-contrast image of mitotic cells (arrow denotes) and interphase cells; (B) fluorescence
image of the same cells; (C) phase-contrast image of amitotic cell (arrow denotes) and interphase cells; (D) fluorescence image of the same cells. Bar scale,

10 pm.

Fig. 4. Fluorescence images of ALA-treated Hep-2 mitotic cells: (A) phase-contrast image of three mitotic cells (arrows denote) with neighboring interphase
cells; (B) fluorescence image of the same cells, with arrows denoting mitotic cells, (C) phase-contrast image of one mitotic cell (arrow denotes) with
neighboring interphase cells; (D) fluorescence image of the same cells. Bar scale, 10 um.
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Statistics of relative fluorescence expressed in arbitrary
unitsper pixel in PTK, and Hep-2 cellsare presentedin Table
1. After 24 h of ALA incubation, mitotic PTK, cellsarethree
times more fluorescent than interphase cells (p=0.05). In
Hep-2, the mitotic cells are 2.2 times more fluorescent than
interphase cells (p=0.01).

3.2. Subcellular phototoxicity in mitotic cells

Thetotal energy density (ED) delivered to the subcellular
target areain PTK, cellswasvaried by changing the duration
of laser exposure. The power parameters are listed in Table
2. A total of 299 mitotic PTK, cellsin prophase, metaphase
and anaphase were irradiated with the 0.5 pwm diameter spot
in thefollowing subcellular regions: achromosome, n= 110;
spindle, n=66; perispindle, n=60; periphera cytoplasm,
n=63. Seventy ALA-treated interphase cellswereirradiated
in their nuclear region to determine if there was a difference
between the interphase and mitotic cells. An additional 16
control cells had chromosomes exposed to the laser but were
not treated with ALA.

Each cell was followed for 8 to 24 h. Either two daughter
cells were formed or the cells were blocked in mitosis and
subsequent disintegration and lysis occurred. The data on
irradiated cells are presented in Table 3 and the data for
interphase cellsarein Table 4. The comparative resultsdem-
onstrate that the chromosome isthe most sensitive target site
followed by the perispindle region, the peripheral cytoplasm
and spindle and, lastly, the interphase nucleus (Fig. 5).

Tablel
Fluorescence ® comparison between mitotic and interphase cells

Group Sample Mean Maximum Minimum SD Student’s:s

size value mitosis
vs. interphase

PTK,

Mitosis 19 390 1352 46 424 2.435

Interphase 19 135 556 9 167 (p=0.05)

Hep-2

Mitosis 19 571 861 202 210 5.244

Interphase 19 258 470 35 154 (p=0.01)

@ Fluorescence expressed by arbitrary units per pixel.

Table2
Power parameters used in laser microirradiation #

Time exposure (s) Energy density ( X 107 J/cm?)

60 19.2
30 9.6
20 6.4
15 3.2
10 32

5 16

3 1.0

2 Power =9 mW. Power density =3.2 10° W/cm?.
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Table3
Cell status 24 h after subcellular laser microirradiation in ALA-treated
mitotic PTK, cells

Target of Treatment Time of Total no. Damaged cells®
irradiation withALA exposure(s) ofcells ~—
No. %
Chromosome  — 180 16 0 0
+ 60 12 12 100
+ 30 8 7 87
+ 20 15 9 60
+ 15 10 4 40
+ 10 20 2 10
+ 5 9 1 11
+ 3 20 2 10
Spindle + 60 10 7 70
+ 30 10 3 30
+ 20 12 2 17
+ 15 10 2 20
+ 10 19 2 11
+ 5 11 0 0
+ 3 10 0 0
Perispindle + 60 10 8 80
cytoplasm + 30 10 6 60
+ 20 10 5 50
+ 15 10 4 40
+ 10 10 3 30
+ 5 10 0 0
+ 3 10 0 0
Peripheral + 60 10 6 60
cytoplasm + 30 10 4 40
+ 20 10 3 30
+ 15 10 2 20
+ 10 13 2 15
+ 5 10 1 10
+ 3 10 0 0

2 Cellswere blocked in mitosis and disintegration and finally lysisfollowed.

Table4
Cell status 24 h after laser microirradiation of interphase nucleus in ALA-
treated PTK, cells

Time of exposure (s)  Total no. of cells attempted Damaged cells®
No. %

60 19 5 27

30 10 0 0

20 26 2 8

15 10 0 0

10 10 0 0

2 Cells vacuolated, disintegrated and finally lysed.

Control mitotic cells without ALA treatment underwent
mitosis and formed two daughter cells despite a laser dose
three times that used in the experimental groups. Fig. 6(A)
is an untreated control prophase PTK, cell just before laser
microirradiation of the chromosome region. Fig. 6(B) isthe
same cell field after 4 h following 3 min of irradiation. Two
normal daughter cells were produced. Fig. 6(C) is another
untreated control mitoticcell (anaphase) beforechromosome
irradiation. Fig. 6(D) is at the same cell field 4 h |ater, after
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Fig. 5. Cellular toxicity at 24 h after subcellular laser microirradiation in PTK, cells treated with ALA.

Fig. 6. Cellular status at 4 h after a 3 min laser microirradiation of chromosome in control PTK, mitotic cells (A) phase-contrast image of a prophase cell
(arrow denotes) just prior to irradiation; (B) two daughter cells (arrows denote) formed post irradiation; (C) phase-contrast image of an anaphase cell (arrow
denotes) just prior to irradiation; (D) two daughter cells (arrows denote) formed post irradiation. Bar scale: 10 um.
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Table5

Cell status 8 h after subcellular laser microirradiation in ALA-treated mitotic Hep-2 cells

Target of irradiation Treatment with ALA Time of exposure (S) Total no. of cells Damaged cells®
No. %
Chromosome — 120 15 2 13
- 60 14 1 7
+ 60 10 10 100
+ 30 13 8 61
+ 20 15 6 44
+ 10 10 3 30
+ 5 10 1 10
+ 3 17 1 6
Spindle + 60 13 11 85
+ 30 15 6 40
+ 20 10 3 30
+ 10 15 1 7
+ 15 13 1 8
+ 3 12 0 0
Nucleus (interphase) + 60 9 6 67
+ 30 9 3 33
+ 20 16 3 19
+ 10 19 2 11
+ 5 16 1 7
+ 3 15 0 0
@ Cellswere blocked in mitosis, disintegrated or lysed.
120 -
100 | | m=mpym=Chromosome s 1
L ") i
r e Spindle -® ® i
- [ 4
« 80 mem@e== Nucleus (CK) .-" 5
o L i
o i i
T — —
g 60 I i
]
£ r i
_g - i
° 40 =
o r J
R® L ]
20 -
0 _
_20 1 1 1 1 1 1 1 1 l 1 1 1 1 I 1 1 1 [ 1 L 1 L | B N B AL;J. S0 IR R N —
0 10 20 30 40 50 60 70

Time exposure (sec)
Fig. 7. Cellular toxicity at 5 h after subcellular laser microirradiation in Hep-2 cells treated with ALA.

3 min of irradiation. Mitosis was completed with two daugh-
ter cells of normal appearance being formed.

A total of 153 Hep-2 mitotic cells were irradiated in the
following regions. a chromosome, n=75; spindle, n=78.
Eighty-four ALA-treated interphase cells were irradiated in
their nuclear region for comparison. Data of Hep-2 cells are
presented in Table 5 and summarized in Fig. 7. The chro-
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mosome is the most sensitive target site, followed by the
spindle, and, lastly, the interphase nucleus.

3.3. Differential sensitivity of various cell regions: cell
mor phology

Fig. 8 presents the cell status before and after laser irradi-
ation of two mitotic PTK, cells. Fig. 8(A) is a metaphase
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Fig. 8. Cellular damage at 4 h after a1 min laser microirradiation of the chromosome areain ALA-treated mitotic PTK cells (A) phase-contrast image of a
metaphasecell (arrow denotes) just prior toirradiation; (B) thesamecell post irradiation, mitotic event stalled and the cell (arrow denotes) startsto disintegrate;
(C) phase-contrast image of an anaphase cell (arrow denotes) just prior toirradiation; (D) the samecell (arrow denotes) post irradiation, mitotic event stalled

and the cell startsto disintegrate. Bar scale, 10 pm.

cell pretreated with ALA for 24 h just prior to irradiation of
asingle chromosome site. Fig. 8(B) isthe same cell 4 h post
irradiation. Fig. 8(C) and Fig. 8(D) show an anaphase cell
before and after 60 s of laser microirradiation of a single
chromosome region. Within 24 h post irradiation, cytoplas-
mic disintegration and lysis occur. Irradiation of chromo-
somes resultsin the inhibition of the ongoing mitotic event.

Fig. 9 presents the cell status before and after laser irradi-
ation of two mitotic Hep-2 cells. Fig. 9(A) isamitotic cell
pretreated with ALA for 24 h prior to irradiation of asingle
chromosomesite. Fig. 9(B) isthesamecell 3hafteral min
irradiation. Fig. 9(C) and Fig. 9(D) show another Hep-2
cell beforeand 3 h after a1l min laser irradiation. Asin PTK,
cells, laser exposure resulted in blocking of the ongoing
mitosis.

4. Discussion

Under the irradiation conditions used in this study, it
appears that the chromosomes of ALA-treated cells are the
most light-sensitive subcellular target when compared with
the nucleoplasm, mitotic spindle and the cytoplasm. This
observation isconsistent with previous studiesdemonstrating
that theinterphase nuclei of cellstreated with ALA, Photofrin
and L utetium Texaphyrinweremorelight sensitivethan other
cell regions [ 13,14]. However, those studies were on inter-
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phase cells. In the present study, the nuclear sensitivity
appearsto beattributed to adirect effect onthechromosomes.
The fact that the interphase nucleus is less sensitive than the
mitotic chromosomesaswell asany of the other threeregions
of themitotic cell (Figs. 6 and 8, Tables 3-5) may be dueto
several reasons. First, the chromatin of the mitotic cell is
highly condensed as compared with that of the interphase
nucleus. Thus, any sensitizer associated with the chromatin
will be more concentrated in the mitotic chromosome. Sec-
ondly, the mitotic cell may convert more ALA to the active
photosensitizer, Protoporphyrin X, than the interphase cell.
Thirdly, more ALA may enter the mitotic cell than theinter-
phase cell.

The fluorescent images confirm that there is two to three
times as much Protoporphyrin IX in the mitotic cellsasinthe
surrounding interphase cells (Table 1, Fig. 2(B) and (D)
and Fig. 4(B) and (D) ). Thisincreasein fluorescenceisnot
due to a higher concentration of fluorophore per unit volume
as aresult of the cell rounding up in mitosis, because PTK,
cells remain flat throughout mitosis. However, this increase
could be due to either more ALA in the cell and thus more
Protoporphyrin I X, or ahigher conversion efficiency of ALA
to Protoporphyrin IX. Asnoted previously [ 13,14], the most
sensitive region of the cell has the least amount of detectable
fluorescence. The same observation is made in the present
study: the chromosomes are the most sensitive targetsand no
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Fig. 9. Cellular damage at 3 h after a1 min laser microirradiation of the chromosome region in ALA-treated mitotic Hep-2 cells (A) phase-contrast image of
amitotic cell (arrow denotes) just prior to irradiation; (B) the same cell (arrow denotes) post irradiation, mitotic event blocked and the cell rounded up; (C)
phase-contrast image of another mitotic cell (arrow denotes) just prior toirradiation; (D) the samecell (arrow denotes) post irradiation, mitotic event blocked,

and the cell rounded up.

fluorescence can be detected with the sensitive cooled CCD
system. This observation may be explained either by the fact
that the amount of Protoporphyrin 1X bound to the chromo-
somesisbelow thelevel of thefluorescence detection system,
or that almost all of the absorbed photon energy generates
photochemistry asopposed to fluorescence. Thiswould occur
if the excited triplet state of Protophorphrin IX has a higher
probability of interacting with molecular oxygen to produce
singlet oxygen as opposed to the excited Protophorphrin IX
giving up its energy via fluorescence.

Generally, the mechanism of PDT at the cellular level is
thought to be generation of singlet oxygenin associationwith
membrane-rich cytoplasm organelles such as mitochondria
[15] and lysosomes [16]. There have been severa studies
examining possible PDT effects on the nucleus, cell division
and the cytoskeleton [17,19-22]. In arather comprehensive
review, Moan et a. [17] point out that the photosensitizers
usedin PDT generally do not bind to DNA and do not produce
damage in the dark. However, it is noted that exposure to
light does result in sister chromatid exchanges [21,22]
DNA-protein crosslinking, [23] and DNA single-strand
breaks [ 22]. In addition, there is some evidence that micro-
tubule assembly [20] and the organization of the mitotic
apparatus [ 19] are affected by PDT. However, in al of these
studies, there is no evidence of direct binding of the photo-
sensitizer to the DNA, chromatin or the mitotic apparatus.
The results could be due to generation of singlet oxygen at a
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nearby site with subsequent effects on the DNA and micro-
tubules. Our results suggest a more direct effect on the
chromosomes.

In addition to the chromosome-specific nature of PDT, the
present study also demonstrates that the mitotic cell may be
more sensitive to PDT because of either an increase in pho-
tosensitizer uptake, orinthecaseof ALA, ahigher conversion
rate of ALA toProtoporphyrin|X. Recently it hasbeen shown
by Wyld et a. that the uptake and efficiency of PDT arecell-
cycle dependent [ 24]. These authors demonstrated that cells
in the mitotic phase of the cell cycle were more susceptible
to PDT than cellsin the G or S phases.

In conclusion, this study suggests a potential direct effect
on photodynamic sensitization on the chromosomes of cells.
However, care must be taken in extrapolating these data
because the amounts of light per volume used in these laser
microbeam studiesare orders of magnitude greater thanthose
used in whole-cell or in vivo studies. Nonetheless, selective
sensitivity of the chromosomes under the conditions used in
these studies is strongly supported because of the lack of
sensitivity of the non-drug-treated controls, as well as the
reduced sensitivity of the other cell regions. Though we can-
not be surewhich organelleswere containedintheperispindle
cytoplasm or periphera cytoplasm for any single exposure,
the number of replicates of each experiment, the random
nature of the cellular spot selected for irradiation, and the
increase in cell damage as afunction of total dose (Table 3)
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would all suggest that there were sensitive organelle struc-
tures within these cell regions. The chromosomes appeared
to be the most sensitive subcellular target.
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