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R1 Repair of Sublethal DNA Damage

DSB Repair time on the order of hours

R2 Re-Assortment or Redistribution 
Cell Cycle Effect or Cell Age effect
Explains Inverse Dose Rate Effect 
Time scale on the order of < cell cycle period 
( < Tc)



Chapter 21

Growth Phase 
(7 hours)

Prepare for 
Genomic 
Separation

(8 hours)

Chromosome 
Condensation

Prophase, Metaphase, 
Anaphase,Telophase,
Cytokinesis

(Total of 1 hour)

Replicate Chromosomes        
(12 hours)

G0 Stationary Cells

CELL 
CLOCK

e.g. TC = 24 hours



In G2 phase

2n = 46      
-

chromosomes 

http://www.mun.ca/biology/desmid/brian/BIOL2060/BIOL2060-19/1901.jpg

In G1 phase

2n = 46 single-legged 
chromatids

In human cells,

n = 23 chromosomes

per parent



Cell Phase Durations in Experimental Systems

More 
Variable



Table 21.4



DNA Replication in S-Phase

http://en.wikipedia.org/wiki/Image:DNA_replication_editable.svg

Freshly-
made  DNA

http://upload.wikimedia.org/wikipedia/commons/2/27/DNA_replication_editable.svg


Pulse/Flash S-Labeling

Fig 4.2



% Labeled Mitosis



Cell Cycle Analysis via % Labeled Mitosis

Fig 21.4

Observation window in mitosis

Assumes 

Tc = constant



Multiple Cell Cycles 
Dilution Effect

In 2nd

mitosis

In 3rd 
mitosis

50 %

In 1st 
mitosis

Assuming Tc = constant



G1 cell

Pulse with tritiated thymidine

Labeled strand is red
Original strand is blue

S phase cell
Label Present

2 daughters
100% cells labelled

One of the 2 daughter
Cells from 1st mitosis

S phase cell
No Label  Present

G1 cell

DNA replication

DNA replication

DNA with both
Strands visible

At the 3rd

Mitosis only 
50% of cells
are labeled

This cell is not
Labeled at 3rd mitosis

Double 
Strand DNA

in 
M1

in 
M3

G1

in 
M2

But still semi-labeled

in 
M3

DILUTION at M3



Distribution 

Tc

fre
qu

en
cy



Real Flash Label Experiments

Fig 21.6

Peak fading is due to:

Plus

Dilution of labeling 
agent at M3

Background Label



How are cells distributed around the cell cycle ?



Cell Subpopulation Size in Phases
(Asynchronous Cells)

More cells here ! 
WHY ?

Darwin Yip




Cell Exponential Growth

t
0N(t) N e

http://bmc.ub.uni-potsdam.de/1475-2867-5-13/1475-2867-5-13-4.jpg

Adapt

Saturate

TD =0.693/

t

Cell Doubling Time

Darwin Yip
alpha is a growth constant





Distribution of  Cells in Cell Cycle
t

0N(t) N e

ln2
T

n(t, ) N(t)e

where t observation real time
time before cell division

T total cell cycle duration 
T- = cell age
N0 initial number of cells
N(t) number of cells at time t
n(t, )

point on the cell cycle preceding division by 

Darwin Yip
a lot of young cells in G1 compare to the later phases



Fraction of  Cells in Mitosis              
(Mitotic Index)

m

0
T

0

n(t, )d
M(t)

n(t, )d

mM(t) e 1

m mM(t) for T

where m period of mitotic phase
M(t) fraction of cells in mitotic phase

estimate:

M= TM/Tc

Where 

= 0.693



Fraction of  Cells with Label Uptake
(Labeling Index)

2

2

2

2 2

G S t

G

G S t T t

G T G

n(t,0)dt

N(t)
L(t)

n(t,0)dt n(t,0)dt

N(t)

2for t G

2for t G

where t time after adding labelling agent
S period of S phase
G2 period of G2 phase
L(t) fraction of labelled cells

L = TS/Tc

Where 

= 0.67 to 1.00



A Great Reference

Paper 
is 
posted



Cell Cycle Analysis by   
Flow Cytometry

Darwin Yip


Darwin Yip


Darwin Yip
cells exponentially distributed



Fluorescence-activated cell sorting (FACS)

Fig 21.9

Number of cells

(S-labelled,DNA)

Darwin Yip


Darwin Yip


Darwin Yip
cells that are labeled glow green, and redness indicates DNA content. More green, more time in synthetic period. 



S DNA Synthesis Phase

Fig 21.10

Darwin Yip
use DNA amt as clock to tell duration of S-phase



Cell Age Effect
Chapter 4



Cells can be Synchronized using drugs 
(e.g hydroxyurea)

S cells 
killed

End of G1 block

Fig 4.5

Darwin Yip
hydroxyurea piles up cells in G1 phase. When hydroxyurea is remove, cycle starts. S phase highly radioresistant. G2 and M more radiosensitive.



Single Dose Experiment of 
Synchronized Cells

Fig 4.7

Darwin Yip


Darwin Yip
most radioresistnat part



Cell Survival of Synchronized Cells

cGy
Fig 4.8



R2 - Cell Cycle Phase 
Radiosensitivity

Fig 4.1





Cell Cycle Regulation

Fig 17.15

Darwin Yip




Cell Cycle Check Points

http://www.physiomics-plc.com/images/Cell%20Cycle11-12-05.jpg

Darwin Yip


Darwin Yip




Damaged Chromosomes can 
stop Cell from Cycling

Single-Legged 
Chromosome

Double 
Strand 
Break 
(DSB)

Fig 4.11

Darwin Yip
originally exponentially distributed, now all stall at G2



Radiation-induced G2 Pileup

Fig 5.17

Darwin Yip
taken them out of S phase, pile up in G2, the more sensitive part



Dose Rate Experiments
ln (S)

R2

R3

No O2

Inverse 
Dose 
Rate 
Effect

Fig 5.18



Does a lower dose rate always improve     
cell survival ? Nope

Repair time for DNA injury (R1)

Re- assortment/bunching in G2 phase (R2)

Darwin Yip


Darwin Yip
Repair improves cell survival, whereas Re-assortment causes more radiation death
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