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A laser uv-microbeamwith a wavelengthof 2573 Ahaving a minimumspot diameterof
approx 0.5 Amwas used to microirradiateinterphase cells of a V-79 subline of Chinese
hamster cells. The incident energy necessaryto induce a significantdecreaseof proliferation was 30 to 60 times larger after microirradiationof cytoplasm as compared with
microirradiationof nucleoplasm. The mean value of relative cell numbers 40 hr after
irradiationas a function of incident energy did not differwhether the cells were microirradiatedlying singly or together in small groups. Analysis of individualgrowth curves of
singly lying cells microirradiatedin the nucleoplasmwith the same energyshowed heterogeneous reactions. The incident energy per cell compatible with proliferationof about
50% of the cells after microirradiationof nucleoplasmwas approx. 2 X 10-3 ergs. From
this value it is suggested that the energy density within the focus was in the region of
several thousand ergs per square millimeter. Photochemicaleffects are thought to be the
cause of growth disturbance,whilethermal effects are excluded.
INTRODUCTION

By application of a laser uv-microbeam, lesions with a diameter of approx 0.5
,um, as seen by light microscopy, can be produced within living mammalian cells
(1). Compared to monochromatic uv-microbeams of similar wavelength using incoherent ("conventional") light sources (2), the maximum intensity of the beam
at the focal point is larger by several orders of magnitude. The much higher intensities combined with a smaller spot size possibly induce damage in an irradiated
cell which differs in some respect from the kind of damage known from work with
conventional uv-microbeams (3). For example, one has to consider whether the
high focal intensity attainable by a laser uv-microbeam could give rise to thermal
denaturation, in contrast to isothermic effects produced by conventional uv-micro1 This investigation was supported by grants from the Deutsche Forschungsgemeinschaft
(SFB 46).
2 Parts of this investigation will be presented in the doctoral dissertation of C. Cremer to be
submitted to the faculty of Biology, University of Freiburgi. Br.
3 Zentrallaboratorium
fur Mutagenitiitspriifung,D-7800 Freiburgi.Br., Breisacherstr.33.
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irradiation with comparable energies. With respect to the nucleus it seems possible
that the accumulation of photoproducts in a small part of the chromatin induced
by laser uv-microirradiation within a few milliseconds gives rise to effects not
observed when conventional uv-microbeams are used. In the latter, as a rule, the
spot size is larger and the irradiation time considerably longer (2).
This paper reports on effects on the proliferation of cells after laser uv-microirradiation of cytoplasm or nucleoplasm of a V-79 subline of Chinese hamster
cells. Two questions were of major interest:
(a) How does laser uv-microirradiation of nucleoplasm or cytoplasm influence
cell growth?
The results are compared with the effects reported by other authors who performed partial irradiation of cells with conventional uv-microbeams or irradiation
of whole cells.
(b) Does the distance between cells influence the effects of microirradiation on
cell growth?
The distance between microirradiated cells may be important for proliferation.
For example, neighboring cells might compensate defects by metabolic cooperation, or damaged cells might release substances to the medium which also impair
the growth of neighboring cells. As far as we know, former reports concerning the
proliferation of mammalian cells after uv-microirradiation refer to cells lying together in small groups (4), while the proliferation of singly lying cells after uv-microirradiation has not been investigated. Therefore, in the investigation presented
here we performed laser uv-microirradiation experiments on cells lying either
singly or together in groups of four cells each.
MATERIALSAND METHODS
The laser uv-microbeam of wavelength 2573 A has been described in detail elsewhere (1, 5). A continuous-wave argon-ion laser beam with a wavelength of 5145
A is transmitted through an ammonium dihydrogenphosphate (ADP) crystal.
By this means, frequency doubling occurs and a coherent continuous wave ultraviolet beam with a wavelength of 2573 A is emitted. The uv-beam, after having
passed a photographic shutter to control the duration of irradiation (tirr),enters
the irradiation microscope. There, the optical arrangement is similar to the one
used in a fluorescence incident light microscope. The uv-beam, having passed an
adapting lens, is reflected downwards with the aid of a selective uv-mirror in such a
way that the beam becomes coaxial with the optical axis of the microscope. The
beam then enters a quartz objective (Zeiss Ultrafluar 100/0.85 Ph Glyz), simultaneously used for irradiation and phase-contrast observation. The specimen to be
irradiated lies below a quartz coverglass. Optical contact between objective and
coverglass is obtained with glycerine (Fig. 1).
With the use of the full aperture of the objective (half-aperture angle 39?), the
uv-beam is focused so that a spot with a minimum diameter of approx 0.5 ,um is
produced. This diameter was determined with different light-microscopic procedures (fluorescence, observed in the specimen plane; lesions in stained cell preparations and in unstained living cells) (1).
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Before entering the photographic shutter, the power of the uv-beam was continually monitored with the aid of an uv-detector system to which a small fraction
PD of the uv-beam was diverted. The uv-power Pap entering the aperture stop of
the objective was measured before and after each irradiation experiment by means
of a photodiode (PIN 10 UV, UDT, Santa Monica, Calif.) that was inserted instead of the objective. Between two measurements of Pap, PD was kept constant
by regulating the laser current. Measurements of Pap at 1-hr intervals indicated a
maximum variation of -10%. The energy Eapentering the objective during an irradiation event was calculated with Eap = Pap X tirrand is given in relative units,
FE. The error of Eap was estimated to be maximum 4-15%. To obtain Eap in
ergs, the photovoltage of the photodiode mentioned above was calibrated with a
second photodiode (PIN CAL UV, UDT, Santa Monica, Calif.) which had been
calibrated by the manufacturer for 2500, 3200, and 3600 A, including the range of
intensities used in our experiments. From these data, it was calculated that Eap
= 1 FE corresponds to an energy of 1.1 ?i 0.2 ergs delivered to the objective. To
obtain an estimation of the energy delivered to an irradiated cell, Eine measurements of the beam power in front of and behind the objective, of the transmission
of the quartz cover glass, of the glycerine immersion fluid, and of the culture medium which contained 15% fetal calf serum were made. The transmission measurements indicate that the energy losses between the entrance aperture of the
objective and the cell level are mainly due to losses caused by the objective, the
"transmission" of which was found to be approx 20%. Compared with this, losses
between the front lens of the objective and the cell level were small (transmission
>85%), despite the high extinction coefficient of fetal calf serum. This is due to
the thinness of the layer of medium, being < 120
,m. The optical arrangement was
kept constant in all experiments. The small variations in the distance between
cover glass and cell which occur in different experiments should therefore have no
appreciable influence on the total transmission between entrance aperture and cell
level (approx 17%). From these data, it was calculated that Eap = 1 FE corresponds to Ein, - 0.2 ergs. In the following, an irradiation energy given in ergs
refers to Ei,,, while FE refers to Eap. The absolute energies given here are somewhat lower than those given in a preliminary report (5). This we think is due to
the improved methods in calibration and control of the uv-energy described in
this paper.
The cell material was derived from a clone which had been established in 1972
from a Chinese hamster cell line [V-79-122 D1 (6)]. These cells have large nuclei
with clearly visible nucleoli and a high plating efficiency (> 90%). The doubling
time was found to be approx 16 hr, irrespective of cell density; only at very high
cell densities was cell growth impaired. Cells were grown in Eagle's MEM supplemented with nonessential amino acids and 15% fetal calf serum in a humidified
atmosphere with 5% CO2 at 37?C. From cells in logarithmic growth phase, a
single-cell suspension was established. Two hundred to 500 cells per dish were
added to each plastic petri dish (Nunc/Denmark, 4 5 cm) and incubated for 4 hr.
Singly lying flattened interphase cells of clear morphology were selected for irradiation. The minimum distance to neighboring cells was 500 jm. The position of a
selected cell in the petri dish was determined with the aid of a system of coordin-
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FIG.1. The irradiationchamber:Modificationof a chamberdevelopedby P. Hosli (crosssection
in schematic representation).A petri dish (1) containing cells and feeding fluid (2), is inserted into
the bottom part (3) of the chamber.A "cell finder" (4) (see text) is attached to the bottom of the
dish. The upper part of the chamber (5.1-5.3) is adjustable in height by turning the level adjustment ring (6). A special guide prevents rotation of the metal holder (5.1) during its up-and-down
movements. Into the metal holder (5.1) a thin plastic foil (5.2) is tightly clamped. In the center of
the foil, a space (28 X 21 mm) is cut out and a quartz coverglass (5.3) 30 X 23 X 0.35 mm) is
glued in. Observation and irradiation are done with a phase contrast objective (Zeiss Ultrafluar
100/0.85 Glyz Ph) through this quartz cover glass. The optical contact between cover glass and
objective is achieved with glycerine immersionfluid. Comparedto the Hosli chamber,the alterations are: (a) a modificationpermitting insertion of a petri dish, (b) the pasting in of a cover glass
in the midst of the foil.

ates placed on a glass disc attached to the outside bottom of the pertri dish ("Cell
Finder," Microlab/Arnhem/The Netherlands). For irradiation a slightly modified
culture tissue chamber (Tecnomara, Zurich/Switzerland), into which the petri
dish was inserted (Fig. 1), was used.
Five to 10 hr after the cells were added to the petri dishes, cells were irradiated
either in the cytoplasm or in the nucleoplasm. In the first case, the distance of the
irradiation site from the edge of the nucleus was approx 3 jum.In the second case,
a site in the central part of the nucleus was irradiated. Nucleoli were excluded as
a target. All irradiations were carried out at 22 C ambient temperature. In one
petri dish, up to 10 cells were irradiated with different uv-energies. One hour was
usually required to localize and irradiate these cells. Neighboring cells, also lying
under the quartz cover glass, served as controls. Their growth did not differ,
whether these cells were focused with the ultrafluar objective (sham-irradiated)
or not. After irradiation, the petri dishes, containing irradiated cells and control
cells, were kept in the incubator at 37?C. The proliferation of the individual cells
was observed by counting the cells of each clone using an inverted phase contrast
microscope (10 X, or 32 X objective). The first count was made immediately after
removing the petri dish from the irradiation chamber. (Cells which had been selected but which were not relocalized after irradiation were excluded from further
consideration.) The intervals between two counts were 10 to 30 hr. In most cases,
counting was finished approx 80 hr after irradiation, this time corresponding to
five generations of the control cells. In addition to singly lying cells, cells in small
clones, each containing four cells whose distances from each other were smaller
than three cell diameters, were irradiated. Cells were added to petri dishes as
described above and incubated for 25 to 30 hr. Clones were selected in which all
four cells had nuclei with clear morphology and were flattened. All cells of a clone
were irradiated with the same energy and duration of irradiation, either in the
cytoplasm or in the nucleoplasm as described for singly lying cells. Neighboring
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clones of equal size served as controls. After irradiation, the clones were incubated at 37?C. Cells were either counted at intervals of 10 to 15 hr, or they were
fixed 40 hr after irradiation, stained and counted.
RESULTS

Microirradiation of Singly Lying Cells
A survey of the number of cells and type of irradiation is given in Table I.
Eighty cells were irradiated in the nucleoplasm and 44 cells in the cytoplasm. Individual growth curves of these cells and of 350 control cells were established.
In Fig. 2 the growth curves of cells irradiated with the same energy are summarized to give average growth curves N(t). Whereas N(t) following irradiation
of cytoplasm is not changed or is only slightly changed compared to controls
(Fig. 2b), an increasing energy Eap results in an increasing retardation of growth
following irradiation of nucleoplasm (Fig. 2a). At 0.08 FE, no division was observed and cells were lost from the substratum. Figure 3 shows N(t) 40 hr after
irradiation, as a function of Eap. Already at 0.02 FE the N(40 hr) value for cells
irradiated in the nucleoplasm lies below the range of the controls and continues to
decrease with increasing energies. In contrast, for cells irradiated in the cytoplasm,
the N(40 hr) values are within the range of the controls for the whole energy
range tested (0.02 to 0.6 FE). An analysis of individual growth curves (examples
given in Fig. 4) shows that the retardation of N(t), following irradiation of nucleoplasm, results from a superposition of heterogeneous responses of the irradiated individual cells (Tables II and III). The criteria in Table II are (a) the ability
of the irradiated cells to divide once or more often, as characterized by the maximum cell number of a clone obtained within 80 hr after irradiation, and (b) the
occurrence of abortive colonies; i.e., all cells died within the observation time of
80 hr after having divided once or several times. With increasing energy, there is
a marked increase in the proportion of nondividing cells (cell number = 1). Most
TABLE I
Synopsis of IrradiationExperiments Performedwith Singly Lying Cells
Irradiation site

Nucleoplasm

Cytoplasm

tirr

Pap

UV-energy

Number of

(sec)

(FE/sec)

(FE)

cells

1/125
1/30

0.4 to 0.9
0.3 to 0.6

0.003 to 0.007
0.01 to 0.02

12
49

1/30
1/15
1/30
1/15

0.9 to 1.2

0.04 to 0.08

19

0.6 to 1.2

0.02 to 0.08

14

0.8 to 1.2

0.2 to 0.6

294

1.2

1.2

1/4
1/4
1/2
1

Controls

-

-

Ten cells were observed only until t = 40 hr after irradiation.

1
350
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FIG. 2. Average growth curves of singly lying cells after laser uv-microirradiation. The average
cell number, N, is plotted as a function of time t (hours) after irradiation. To obtain N(t), the cell
numbers Ns(t) of the individual growth curves (e.g., Fig. 4) were determined for t = 10 hr, 20 hr,
.
if necessary, by interpolation. Co, average growth of unirradiated controls (sample of 30
all cells have lysed or detached from the substratum at the time indicated by the cross.
cells);i,
(a) Average growth following irradiation of nucleoplasm: 0, 0.003 FE (6 cells); 0, 0.007 FE (6
cells); A, 0.01 FE (26 cells); A, 0.02 FE (23 cells); D, 0.04 to 0.05 FE (6 cells); ), 0.06 FE (8
cells); E-, 0.08 FE (5 cells). (b) Average growth following irradiation of cytoplasm: 0, 0.02-0.08
FE (14 cells); 0, 0.270.3 FE (11 cells); A, 0.6 FE (14 cells).

of these cells (approx 80%) lysed within 80 hr and/or detached from the substratum. The proportion of cells having divided only once after being irradiated
(cell number = 2) is relatively small, as was the proportion of cells which had
proliferated only to 3 or 4 cells within the observation time. The proportion of
clones which reached a size of 5 or 16 cells (Table II) within 80 hr, is large for controls and at least for cells irradiated in the cytoplasm, but diminishes quickly
with increasing energy for cells irradiated in the nucleoplasm. Those cells which
were able to divide once after irradiation in most cases showed further proliferation
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FIG. 3. Laser uv-microirradiationof singly lying cells. Average cell number 40 hr after irradiation, N(40 hr), as a function of the energy delivered per cell (FE) following irradiation of
nucleoplasm (0) and cytoplasm ( ). (Double logarithmic plot) Co: mean value of controls with
standard deviation, SD, calculated by evaluating a sample of 170 individual growth curves. For
irradiated cells, the vertical bars indicate the deviations of the mean values, SDM. In two cases, experiments within the energy range indicated by horizontal bars have been combined. The numbers
of cells irradiated with the same energy are given in parentheses.

TABLE II

Ability of Singly Lying Cells to Divide after Laser-UV-Microirradia
Irradiationsite
UV-energy(FE)

Controls

Nucleoplasm

0

0.003-0.007

350

12

49

19

In
2n
3,4n
>5n
>16n

4
13
18
315
245

0
1
0
11
9

17 (r)
3
5
24 (d)
5 (d)

14 (r)
0
3 (r)
2
1 (d)

(b) Abortive colonies, with
maximal cell number 2n
3n
4n

13
1
3

1
0
0

3
2 (r)
0

0
1 (r)
0

Number of experiments (no)
(a) Maximal cell number
within 80 hr after
irradiation

0.01-0.02

0.04-0.08

a no, numberof cells irradiated; n, number of cases which met the criterionstated at left. For each figure a
tion n/no was calculatedunder the assumption of a binomial distribution. If CR-values for irradiated cells of
correspondingCR-values for controls, a significant rise (r) or decrease (d) was assumed.

TABLE III

Division Delay of Singly Lying Cells after Laser-UV-Microirradiati
Irradiationsite
UV-energy(FE)
Number of experimentswith
at least one division (ni)
Division delay 10-30 hr (n)
Division delay, 30 hr

Controls

Nucleoplasm

0

0.003-0.007

0.01-0.02

346
9
2

12
5 (r)
0

32
8 (r)
1

.4-.
5
0
2 (r)

a
nl, numberof cells which divided after irradiation.For total number of irradiatedcells (no), see Table II.
lay. For each figurea "confidencerange" (CR) of the proportionn/nl was calculated under the assumption of
irradiatedcells of a given category were higher than the correspondingCR-values for controls, a significant ri
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FIG.4. Examples of individual growth curves of singly lying cells after laser uv-microirradiation
(semilogarithmicplot). Ns, cell numberof a clone; t, time after irradiation; o, cell lysed. (a) Proliferation after irradiationof nucleoplasmwith Eap = 0.01 FE. The graph shows a sample of nine
individual growth curves of the total of 26 cells irradiatedwith this energy. (b) Proliferationafter
irradiationof cytoplasm with Eap - 0.3 FE. The growth curves of all six cells irradiated with this
energy are shown.
so that a clone size of at least 5 cells was reached within 80 hr. From this clone size
it is concluded that, following the first division after irradiation, at least two subsequent cell cycles have been completed.
As Table IIb indicates, abortive clones occurred very rarely within the time investigated. Division delay (Table III) was observed in a considerably higher proportion of cells which divided after irradiation of the nucleoplasm compared to
control cells. The delay possibly increases with higher irradiation energy. Development of giant or polynucleate cells, described as occurring frequently in
mouse-L-cells after uv-microirradiation
(4), was a rare event both in control cells
and in irradiated cells.
of Small Clones Each Containing Four Cells
The cells of 14 clones were irradiated in the cytoplasm, the cells of 49 clones were
irradiated in the nucleoplasm, and 90 unirradiated clones served as controls.
Microirradiation

P(40 h)
10- Co
50 - C A
(1)
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12)
(
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energy (FE)

FIG. 5. Relative cell number 40 hr after irradiation, P(40 hr): = N(40 hr)/N(0 hr), of small
clones each containing four cells. P(40 hr) is given as a function of the energy applied per cell
(FE). The plot is doublelogarithmic.For notation see Fig. 3. Co, P(40 hr) from 90 control clones;
A, irradiation of nucleoplasm (49 clones); A, irradiationof cytoplasm (14 clones); 0, P(40 hr)
values for singly lying cells, after iradiationof nucleoplasm,from Fig. 3. For controls,the standard
deviation SD, calculatedby evaluating a sample of 90 individual growth curves, is given by vertical bars. For irradiatedcells, the vertical bars indicate the deviations of the mean values, SDM. In
five cases, experimentswithin the energy range indicated by horizontal bars have been combined.
The numbers of cells irradiatedwith the same energy (range) are given in parentheses.
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Figure 5 shows the relative cell number 40 hr after irradiation [P(40 hr)]. Whereas
the P (40 hr) values of cells irradiated in the cytoplasm showed no difference compared to the control groups in the energy range tested (0.003 to 0.06 FE), the
P(40 hr) values of cells irradiated in the nucleoplasm quickly diminished in the
same energy range. At 0.06 FE, almost no increase of P(40 hr) was observed. For
comparison, the corresponding values for single cells from Fig. 3 are plotted. Considering the degree of accuracy given in these experiments, no difference is seen in
P (40 hr) whether the cells were irradiated lying singly or together in small clones.
DISCUSSION
The main points of the following discussion are:
(a) spatial extent of nuclear lesions produced by laser uv-microirradiation;
(b) influence of distance between microirradiated cells;
(c) comparison of the sensitivity of cells microirradiated either in the nucleoplasm or in the cytoplasm with the same energy;
(d) heterogeneity of cell growth in different cells after the same microirradiation treatment, and possible causes which might contribute to this phenomenon;
(e) comparison of energies and energy densities used for laser uv-microirradiation of cells with data known from uv-microirradiation with a conventional
uv-source and from uv-irradiation of cells as a whole;
(f) theoretical considerations concerning the possibility of thermal effects by
laser uv-microirradiation.
(a) After laser uv-microirradiation of either nucleoplasm or cytoplasm with
energies and intensities used for the experiments presented in this paper, we saw
no alteration of the irradiated cell site by light microscopic observation. However,
using much higher energies and intensities, dark spots appeared in the nuclei of
unstained living cells, the "lesions" having a diameter of approx 0.5 um (1). Lesion
diameters, as seen by light microscopic observation, were found to be significantly
smaller than the largest diameter of the cone of rays within the nucleus, calculated
from the aperture angle. They were denoted as "effective" spot diameters. To
study the correlation between spot size and spatial extent of DNA damage induced by laser uv-microirradiation, human fibroblasts were irradiated in the nucleoplasm and labled with a pulse of 3H-thymidine. Autoradiographic findings
indicated that a local repair synthesis (7, 8) occurred to eliminate DNA lesions
induced by laser uv-microirradiation (Zorn, Cremer, and Cremer, unpublished
results). The area of local repair was small in comparison with the nuclear area;
however, its diameter was found to be larger than the "effective" spot diameter
defined above. This observation suggests that DNA photoproducts are produced
in the whole cone of rays within the nucleus.
(b) As Fig. 5 shows, cell growth was very similar, regardless of whether the
microirradiated cells lay singly or together in clones of four cells each. So far,
neither positive nor negative interactions of microirradiated cells with regard to
proliferation were detected. But when all cells of small clones, except one or two,
were microirradiated with high energies (>1 FE) leading to cell death within a
few hours, it was observed that the unirradiated cells sometimes died also (unpub-
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lished results). For technical reasons, we have been unable, as yet, to decide
whether the proliferation of a single microirradiated cell could be improved by
unirradiated adjacent cells.
(c) Figures 2-5, and Tables II and III show that there is a large difference between the proliferation of cells irradiated in the nucleoplasm and cells irradiated
in the cytoplasm. According to Table II, the incident energy, at which a significant increase of the proportion of nondividing cells was first observed following
irradiation of nucleoplasm, fell in the range from 0.01 to 0.02 FE. The incident
energy required to produce this effect with cytoplasmic irradiation, was approx
30 to 60 times larger.
A similar figure is obtained if one compares the proportion of cells which proliferated to clones with at least five cells within 80 hr after irradiation. A large difference of sensitivities is also suggested if division delay is considered (Table III).
If one assumes the uv-absorbance by nucleoplasm and cytoplasm to be 50 and
30%, respectively (9), the sensitivity difference resulting for the energies absorbed
is still considerably larger than 10.
Smith and Dendy also found significant differences in the effects on proliferation of mouse L-cells between microirradiation in the nucleoplasm ("nuclear sap")
and in the cytoplasm (4). Their experiments were performed on colonies of four
to eight cells using an incoherent heterochromatic uv-source and a spot diameter
of 3.5 jum. In contrast to our results, however, irradiation of the cytoplasm required an incident energy only two times larger than irradiation of the nucleoplasm to disturb cell growth clearly. The question, remains, however, whether
this difference from our results is mainly due to differences of the microbeams regarding wavelength, irradiation intensity, spot diameter, or due to differences in
cell material, culture conditions, and ambient temperature during irradiation.
(d) Individual growth curves (Fig. 4a) show that the retardation of average
growth (Fig. 2a) after microirradiation of nucleoplasm is due to heterogeneous
responses of the single cells: Microirradiation with the same energy, duration of
irradiation, and spot size either led to cell death, or induced only a division delay,
or had no detectable influence on cell proliferation at all (Tables II and III). A
wide variation in effects produced by the same microirradiation treatment was
also found by Smith and Dendy (4). A large variety of causes may contribute to
this heterogeneity, a phenomenon which is, of course, well known from other kinds
of irradiation experiments (10). Therefore, the reasons mentioned here, with regard to the conditions of our microbeam experiments, are only some of many
possible aspects.
1. Since the cells were not synchronized before irradiation, differences in position of the irradiated cells in the cell cycle must be taken into consideration (11).
2. A genetic heterogeneity of the cell line used might lead to differences in uvsensitivity of cells (12). The influence of parameters 1 and 2 on heterogeneity can
be controlled much better as soon as synchronized, euploid cells of high colonyforming ability become available to us.
3. Two points have to be considered with regard to a contribution of chromatin
damage to the different fates of irradiated cells. First, depending on the extent of
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a nonhomogeneous distribution of chromatin (13), the quantity of chromatin
damaged can differ from cell to cell. Second, parts of the chromatin can be of
minor or major importance for proliferation. These parts may be spatially separated in the nucleus (14). The possible concentration of thymine dimers in the irradiated chromatin is discussed in Section (e).
4. Due to the aperture angle of the objective used for irradiation (see Materials
and Methods) the irradiated area of the nuclear envelope, and hence the energy
density there, varies considerably with the position of the focus within the nucleus. The function of the nuclear envelope might, therefore, be disturbed locally
to a different extent in different cells.
Since the nucleolus, which plays a special role with regard to uv-sensitivity
(4, 15, 16), was excluded as a target in our present experiments, it will also be excluded from this discussion. Regarding the possible effects of uv-damage to chromatin, nuclear envelope and nucleoli, one should remember that other "nucleusspecific" bodies (e.g., interchromatin and perichromatin granules), whose functional
roles are not defined (17), might also contribute to uv-sensitivity. Which of the
points mentioned above are of real importance with regard to the heterogeneity
of cell growth observed in our experiments is not clear.
(e) Since differences of irradiation energies used in our experiments were large
in comparison with the relatively small differences of uv-power (Table I), the
latter are omitted in the following considerations. Determination of absolute absorbed energies and energy densities is difficult in uv-microirradiation experiments. Therefore, a comparison of the absolute data given in this paper with data
obtained from the literature must be made with caution. Furthermore, different
ambient temperatures used during irradiation may complicate such a comparison. In spite of this, an attempt is made, assuming that the orders of magnitude
may be comparable. In the paper of Smith and Dendy (4), an absorbed energy of
0.5 X 10-4 ergs/Mm3is given for the experiments carried out with an irradiation
time of 0.2 sec for irradiation of the nucleoplasm. This energy was clearly sufficient to disturb cell growth. Further details concerning energy measurements are
not given. Under the assumption that the absorbing volume corresponds to a
cylinder 3.5 jum in diameter and with a height of 4 jum,equal to the thickness of a
flattened interphase cell, an absorbed energy of approximately 2 X 10-3 ergs per
cell results. In our experiments, irradiation of the nucleoplasm clearly influenced
cell proliferation when an energy of 0.01 to 0.02 FE per cell was used (Tables I
and II, Figs. 2a and 3). This energy is equivalent to an absolute energy of 1 to 2
X 10-3 ergs per cell, assuming an absorption of 50% by the nucleoplasm. This
value for the absorbed energy is in rather good agreement with the absorbed
energy derived from the statement of Smith and Dendy (4).
Following whole-cell irradiation of various Chinese hamster cell lines at energy
densities of approx 102 ergs/mm2, 37% (l/e) of the irradiated cells are able to
form clones (18). This corresponds to an energy of 5 X 10-2 ergs delivered per
cell, assuming a cell area of 500 jum2(19), and 1 to 2 X 10-2 ergs delivered per nucleus assuming a nuclear area of 100-200 jum2.When 0.1 FE equivalent to 2 X 10-2
ergs were delivered to the nucleoplasm by laser uv-microirradiation, we observed
no proliferation (Fig. 5). This comparison tends to suggest that an energy suffici-
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ent to kill practically all cells irradiated locally in the nucleus in a considerable
percentage does not destroy the ability of cells to form clones when delivered to
the whole nucleus, although irradiation of the whole nucleus includes the even
more uv-sensitive nucleoli (4). To verify this suggestion, however, a direct comparison of the survival of cells of the same stock after partial and total irradiation
of nuclei with uv-light of the same wavelength is required, using identical culture
conditions.
A fact which deserves further investigation is the difference in the distribution
of photoproducts within the nucleus: In the case of uv-microirradiation, local
DNA-repair is found limited to the irradiation site [(7, 8); Zorn, Cremer, and
Cremer, unpublished results; see point (a)], while DNA-repair in the case of
totally irradiated cells is distributed over the whole nucleus (20). This might influence the efficiency of DNA-repair. An energy of 2 X 10-3 ergs (0.01 FE) corresponds to an energy density of approx 104 ergs/mm2 when it is focused on an
area with a diameter of 0.55,m. However, the energy density which is actually
given in the focus within a living cell may differ considerably from this value: Cell
structures outside the focus scatter and absorb uv-light. Furthermore, the distribution of intensity within the focus of an objective with a high aperture is
highly heterogenous (21). But we assume that the actual mean energy density
within the focus is not decreased so much that the following estimation, which suggests that there may be a strong accumulation of thymine dimers at the irradiation
site, becomes invalid. Results from whole-cell irradiation of Chinese hamser cells,
performed with a wavelength of 2537 A and energy densities up to 104 ergs/mm2,
have shown a linear increase of the dimer/thymine percentage of approx 3
X 10-2% per 100 ergs/mm2 (22). Assuming a similar relation in uv-microbeam
experiments, a focal energy density of 104 ergs/mm2 would be equivalent with a
dimer/thymine percentage of 3% in the focal region. However, thymine dimers
should be regarded only as an example of the many possible local accumulations
of photoproducts; other kinds of dimers and crosslinkings of DNA to protein (23)
might also accumulate at the irradiation site.
(f) In uv-microbeam work with conventional uv-sources, isothermic changes
are assumed to take place (3). The maximum focal intensities (ergs/(Mm2sec))
used in the laser uv-microbeam experiments reported here, however, are higher
by several orders of magnitude than those used in earlier work. Therefore, the
question arises whether thermal effects might influence the proliferation of laser
uv-microirradiated cells.
The temperature rise in the focus was estimated with the aid of a greatly simplified model (see Appendix). However, the assumed conditions were selected in
such a way that the temperature rise calculated should constitute an upper limit.
The conditions are as follows.
1. Because the local temperature rise increases if the focus becomes smaller, the
smallest spot observed, having a diameter of 0.4 um (1), is used for the calculation. The focus, therefore, is assumed to be represented by a cylinder having a
diameter and a height of 0.4 jum. The whole energy incident to the cell (Einc) is
assumed to be converted into heat within this cylinder.
2. The heat conductivity of water is taken both for cell and medium.
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3. Dissipation of heat occurs only perpendicular to the cylinder axis, which is
coaxial with the optical axis of the uv-beam.
4. The ambient temperature at a distance of 100 ,um from the focus is not perceptibly different from the temperature prior to irradiation (22?C).
At first, the stationary case was considered, resulting from a permanent uv-irradiation with the largest incident uv-power applied (0.24 ergs/sec corresponding
to 1.2 FE/sec; see Table I). From these assumptions, the temperature difference
between the edge of the cylinder and the temperature at a distance of 100 ,um
(ambient temperature) was calculated to be smaller than 0.13 ?C. The temperature
difference between the maximum temperature obtained in the cylinder axis and
the edge of the cylinder is calculated to be smaller than 0.01?C.
The temperature increases estimated for the stationary case are not exceeded
in the nonstationary case (no permanent irradiation) if the heat conductivity is
not decreased and if no heat-producing reaction is induced. Because there is no
evidence for the induction of such reactions, a temperature rise of 0.14?C should
also be an upper limit for the nonstationary case. Other models, e.g., representation of the focus by a sphere with a diameter of 0.4 um, with heat dissipation in all
directions, result in still smaller increases. Since all irradiation experiments were
performed at 22?C ambient temperature, it seems very unlikely to us that such a
small temperature rise should influence cell proliferation. This does not deny,
however, that with the use of much higher uv-intensities [obtained, e.g., by pulsed
laser sources (3)], thermal effects may play an important role.
APPENDIX

Local TemperatureRise by Laser UV-Microirradiation
The maximum local temperature rise is obtained in the focus of the beam. In
this model, designed for the estimation of an upper limit, the focus is represented
by a cylinder having a radius R and a height H. The quantity of heat, f, produced
in this focal cylinder per unit of volume and time, is assumed to be constant during irradiation. For f, an upper limit fo,
f < fo: = max (Einc/tirr)/min

Vc

(1)

exists, max (Einc/tirr) being the largest incident uv-power (ergs/sec) applied to
the cell and min Vc being the smallest volume of focus used. In Table I, a largest
uv-power of 1.2 FE/sec corresponding to Einc = 0.24 ergs/sec is stated. The minimum focus diameter is given by 2R = 0.4 jm (1). Inserting these figures in Eq.
(1), fo = 1.2 X 105 cal/(sec cm8) results. The heat conductivity k is assumed to be
constant in cell and medium and to be equal that of water at 20?C [k = 1.4
X 10-3 cal/(cm sec ?C)1. The temperature Tp prior to irradiation is assumed to
be the same in cell and medium. The dissipation of heat is assumed to occur only
perpendicular to the cylinder axis, which is coaxial with the optical axis of the
beam. This means that the dissipation from the top and from the bottom of the
cylinder is not taken into consideration.
From the assumptions made, the differential equation for the temperature distribution (24) has to be solved under the following boundary conditions: f(r, t)

120

CREMERET AL.

= const for r < R and to < t < tl; else f(r, t) = 0 (r, distance from axis of cylinder; t, time). The maximum temperature rise is given for very long durations of
irradiation ti - to. This case is characterized by a temporally constant temperature distribution. Then the following temperature distribution results:
for r < R,
T(r) = T(R) + (f/4k)(R2 - r2)
(la)
T(r) = T(R) + B In (R/r)

for r > R,

(lb)

where T(R) is the temperature at the cylinder surface. The numerical value for B
is calculated from common equilibrium considerations to be smaller than Bo
= 1.6 X 10-2 ?C, even if one assumes that the largest incident uv-power applied
to the cell is absorbed totally within the focus cylinder. It seems reasonable to
assume that under the actual conditions used, for r = 100 jm the temperature
(Tloo) does not change significantly compared to the temperature prior to irradiation (Tp):
Inserting Bo into Eq. (lb), T(R) - Tp - T(R) - Tloo < 1.3 X 10-1 ?C is
calculated. The temperature distribution inside the cylinder is given by Eq.
(la). As Eq. (la) shows, the maximum temperature is obtained for r = 0. With
fo = 1.2 X 105 cal/(sec cm3), T(r = 0) - T(R) < 1 X 10-2 ?C follows. Hence,
the maximum temperature rise which could occur under the assumptions made is
T(r = 0) - Tloo < 0.14?C.
The temperature rises actually induced are probably still lower. If one assumes
that only a small part (< 10%) of the total absorbed energy is absorbed in the
focal region itself, a maximum temperature rise of the order of magnitude 10-2 ?C
follows from the equations above. A still smaller value results if instead of a cylindrical focus a model is considered in which the focus is represented by a sphere
of 0.4 ,Amdiameter and heat is dissipated in all directions. In this case, a maximum
temperature rise of the order of magnitude 10-3 ?C results.
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