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ABSTRACT

Polyploid nuclei from rat liver were isolated after 
partial hepatectomy. Cytophotometric analysis was per
formed to measure ploidy content of nuclear suspensions 
from initial and residual liver lobes. Results indicated 
no significant shift in ploidy levels between initial 
and residual liver lobes. Results were inconclusive
due to technical difficulties.
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INTRODUCTION AND LITERATURE REVIEW

The phenomenon of polyploidy, denoted as multiples 
of the normal 2N complement of chromosomes within the 
same nucleus, occurs in a variety of cell types in both 
plants and animals. In man, specific examples of tissues 
with polyploid cells are myocardium, megakaryocytes, 
Purkinje cells, ovarian cells, amniotic-fluid cells, 
acinar cells of the breast, endometrial gland cells, 
thyroid gland cells, liver parenchymal cells and islets 
of Langerhans (5). It appears that one of the common 
denominators of polyploid cells is a high metabolic 
rate and in some instances active secretory function. 
Also, polyploid cells are believed to function more 
efficiently than non-polyploid cells (5). However, 
substantial evidence to support these explanations is 
lacking.

Though regeneration has been described in numerous 
species, nearly all the detailed systematic experimental 
work has been carried out in mice and rats - particularly 
rats, from which a major share of the available quantita
tive data is derived. The impressive proliferative 
capacity of rat liver is well illustrated by its nearly 
complete restoration after repeated resections.

1
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Partial hepatectomy in rats initiates a series 

of events that begin almost immediately and occur diffuse
ly throughout the residual lobes. In mice the course 
is similar but progresses more slowly. Quantitative 
data in dogs are fewer and more variable, but indicate 
a still slower response. In humans, on the basis of 
scintillation scanning studies following administration 
of various radioactive substances sequestered by the 
liver, the most striking observation reported recently,
is the enormous increases in size of the liver remnant
during the first month after the resection. The hepatic 
mass is estimated to be fully restored in about 6 months.

A problem in evaluating the alterations in morphology 
and biochemistry that occur during the early period 
of regeneration is the difficulty in distinguishing 
the initial steps of regeneration from reaction to the 
surgical intervention, or to the sudden metabolic over
load. The triggering agent or the source of exciation 
for regeneration remains poorly defined (4).

In normal adult rats, about 20-30% of hepatocytes 
are binucleate, and the nuclei are largely polyploid. 
Approx. 70-80% of hepatocyte nuclei are tetraploid, 
and 1 to 2% are octoploid. During the course of develop
ment a high proportion of the hepatocytes, which at 
birth were all mononucleate diploids, become binucleate 
through failure of the cells to divide following nuclear
division. When these binucleate cells subsequently
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undergo mitosis, the chromosomes in each nucleus double 
in the usual manner, but all deploy upon a single spindle, 
yielding two mononucleate daughter cells of proportionate
ly greater size and of the next higher order of ploidy.

This process is proposed to account for all of 
the polyploidy arising in rat liver and seems the most 
likely universal mechanism, even though unresolved dis
crepancies remain in some instances.

There are no intermediate ploidy classes - only 
the geometric progression of 2,4,8,16, and rarely 32 
N. The volume of each cell is directly proportional 
to its ploidy. Since the ratio of cytoplasmic to nuclear 
material is thus fixed, a possible advantage to the 
cell from the increased ploidy is the relative decrease 
in surface area. Why the hepatocytes benefit from this 
added compactness remains a mystery (2).

One possibility so far not explored by "modern" 
means is that polyploid cells provide a reservoir of 
replicate sets of chromosomes which can be drawn upon 
in times of injury (emergency). This reservoir could 
serve to rapidly replace lost or damaged tissue prior 
to availability of new nuclei generated by mitotic divi
sion. That this may be the case has been suggested 
by two German investigators, Grundmann and Bach, who 
in 1960, found decreases of 4N nuclei accompanied by 
an increase of 2N nuclei in the residual liver during 
the first hr after partial hepatectomy. DNA synthesis
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and mitosis are initiated approx. 16-18 hr later (4). 
Their study suggests that polyploid liver cell nuclei 
in the residual liver undergo nucleokinesis presumably 
to rapidly increase the number of nuclei and possibly 
also increase the number of liver cells prior to the 
onset of liver regeneration. These observations, if 
correct, could provide a new explanation for a) the 
existence of polyploidy and b) for the mechanism by 
which tissue reacts and adapts to injury.

In this study we tested the hypothesis that within 
the first hr after partial hepatectomy, the polyploid 
nuclei in the residual liver undergo nucleokinesis. 
We postulated that within the first hr after injury 
the number of tetraploid nuclei decreases and the number 
of diploid nuclei increases in the residual liver. We 
approached this by counting the numbers of diploid and 
polyploid nuclei in the amputated portion of the liver
and in the residual liver at various intervals after
surgery. We have identified several problems associated
with this project.



MATERIALS AND METHODS

Twelve Sprague-Dawley rats were used. They weighed 
from 390-600 g and they had unrestricted access to commer
cial chow (Purina) and water and were housed in individual 
cages bedded with ground corn cobs. Tissue sampling 
was carried out with the animals under inhalation anes
thesia by Penthrane (methoxyflurane). Partial hepatectomy 
was performed according to the method of Higgins and 
Anderson (10). The procedure involves removal of the 
left lateral and median lobes which comprise approx. 
68% of liver mass. A median-line incision extending 
4-5 cm posteriorly frojn the xiphoid process was used. 
The left and median lobes were then ligated at the hilum
and excised. The abdominal-incision area was covered
with saline-moistened gauze until remaining lobes were
excised with varying interval lengths between partial
and remaining hepatectomy. Following excision, we rinsed
the liver in saline then isolated nuclei by adding NIM-
DAPI, which is a buffered-detergent/fluorescent dye
preparation consisting of two solutions as follows:
NIM-DAPI (Nuclear Isolation Medium)-(4',6-diamidion-2
phenylindole-2HCl)
Solution A: 0.146M NaCl

0.1 M Tris Base - pH=8.0-
5
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1 mM CaCl
0.5 mM MgS04 . 7H20 
0.6% NP40

Solution B: 106 mM MgCl2
To make NIM-DAPI, add one part solution B to four parts 
of solution A. Then add 100 X DAPI (1000 mg/ml) to 
make 10 mg/ml final solution. Enough solution was added 
to cover liver pieces (approx. 1.5-2 ml/liver tissue 
sample). The liver tissue samples (approx. 1 cm^; 0.1-0.3 
g) were minced with scalpels in the NIM-DAPI solution 
for about 1 min. After mincing, the tissues were left 
in the NIM-DAPI for 4 min at' room temperature. The
suspensions were then filtered through a 70- nylon mesh 
(Small Parts, Inc.) to remove tissue debris. Samples 
were then repeatedly aspirated and expelled through 
a 22 G needle to facilitate further disintegration of 
the plasmalemma and to prevent clumping of nuclei.

An ICP-22 Pulse Cytophotometer computer was used. 
It automatically measured the DNA content of nuclei 
that were rendered fluorescent by NIM-DAPI and expressed 
the DNA content of nuclei in solution as 2N and 4N per
cents.

Tissue Preservation Protocol
Tissue samples were removed from animals and proces

sed at one location then transported to facilities with
the cytometer. Two- 3 hr elapsed before sample analysis,
thus we initiated a series of tests to prevent nuclear
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suspensions from deteriorating between the time of pre
paration and time of analysis. Three different methods 
were utilized.

Method 1: Tissue samples were removed from the
middle and left lateral liver lobes, processed according 
to the method above and stored at room temperature. 
Nuclear suspensions from both lobes were combined to 
yield 20 ml solution. This was divided equally into 
three sample groups as follows:
Group 1 - samples refrigerated at 4 C
Group 2 - samples fixed with gluteraldehyde (3% final 

cone.) then refrigerate at 4 C
Group 3 - samples "quick-frozen" at -70 C immediately 

after processing
All samples were stored in plastic containers with screw- 
top caps.

Method 2: Preservation was carried out in combina
tion with a test for plsidy distribution in liver lobes 
(see below). In this method, all four lobes were excised 
at the same time and processed individually in NIM-DAPI. 
Samples were divided equally into three groups (see 
above). Three alterations in procedure were followed 
due to the failure of method 1: 1) In group 2 samples 
the gluteraldehyde concentration was reduced from 3% 
to 1% final concentration, 2) group 3 samples were pre
pared with 10% (final concentration) DMSO (dimethyl 
sulfoxide) to prevent nuclear lysing by ice crystal 
formation, and 3) tissue preparation and transport was 
carried out on ice to "stabilize" nuclei in suspension.
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All three groups were analyzed (same day) by cytophoto- 
meter (Fig. 1).

After determining gluteraldehyde to be an unaccept
able fixative, efforts were directed to find a satisfac
tory preservative which would not cause clumping nor 
solution precipitate as encountered in the previous 
methods. Partial hepatectomy (left lobe) was performed 
and the lobe sample was processed in the usual manner.
The nuclear suspension was separated into three protocol
sets:
1. "Fresh" - refrigerated at 4 C•
2. Fixed with Carnoy's Fixative (25% final concentration)
3. Fixed with ethanol (EtOH) (25% final concentration) 
Thirty min after left lobe removal, the right lobe was 
excised and processed in the same manner. The 30-min 
interval was selected in agreement with Grundmann and 
Bach's study (8); they performed residual lobe hepatectomy 
at a 30-min interval and obtained measurable ploidy
shifts as compared to initial lobe ploidy counts. The 
tissue sample sets were analyzed (same day) by cytophoto- 
meter (Figs. 1,2).

Flourescent Microscope Analysis
In connection with the test of protocols of preserva

tion techniques, samples were retained from both method 
1 and 2 for "subjective" analysis using flourescent 
microscope. Approximately 200 nuclei per trial were
observed by microscope, counted and subjectively categor
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ized as 2N, 4N or 8N. In this way, we hoped to determine 
consistencies of human counting/categorizing method 
vs. the machine. If we could consistently duplicate 
data counts from the same sample, the need to transport 
for machine analysis would be eliminated. This technique 
would also provide a means to observe suspension changes 
over a period of time (with counts taken at different 
intervals) (Results 14,15). Method 1 samples were counted
at 1 hr and 4 hr.

Precision Analysis
Another problem encountered in the study was our 

inability to obtain reproducible ploidy measurements. 
This problem occurred both in measuring ploidy content/
distribution between the four different liver lobes 
(left, middle, right and-, caudate) and in measuring ploidy 
in the solution samples from the same lobe. Precision
is denoted as the agreement among several measurements 
that have been made in the same way (18). All our samples 
were prepared and analyzed in the same manner. We had 
hoped to establish ploidy percents which would be repre
sentative of lobe ploidy content, that is, establish 
a percent for each of the four lobes so that shifts 
in content in residual tissue could be based on changes 
in these percents. As mentioned in the tissue preserva
tions methods, complete hepatectomy was performed removing
all four lobes and processing them separately. Both
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samples were analyzed, 
sampled for the study.

fresh, frozen and EtOh-fixed
Three different animals were
Analysis on the cytophotometer of samples from animal
1 (Fig. 1) and animal 3 (Fig. 4) was done approx. 4 
hr after removal and preparation. Samples from animal
2 were analyzed 3 days later (Fig. 3).

DAPI Stability
We were also concerned with determining the effects

of NIM-DAPI over a period of time and determining changes 
occurring (if any) at specific time intervals. In order 
to analyze short-term affects, the entire operation-proce
dure was carried out at the cytophotometer location, 
thereby eliminating transport. Two methods were utilized, 
that is, two subjects were used in the study.

In method 1, middie and left lobe hepatectomy was 
performed. Tissue was prepared as above. Samples were 
analyzed by machine at 10-, 30-, 60- and 180-min intervals 
(Fig. 5).

Method 2: This method was carried out in basically
the same manner, however, only the left lobe was sampled.

-ZY
This trial involved removal of the left lobe only, and 
a variation in protocol was used. One portion of the 
sample suspension was kept on ice in the usual manner, 
but at the same time the other sample portion was main
tained at 37° C in a water bath. It was felt any degener
ating effects would be accelerated with heat. The same
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time intervals of analysis were used as in method 1 
(Fig. 6).

Percent Polyploid Nuclei
Another problem we encountered was the inability

to obtain ploidy percents which correlated with Grundmann 
and Bach's experiment. They obtained initial ploidy 
distribution was approx. 80% 4N and 20% 2N. We attempted 
to artificially induce ploidy to raise our initial 4N% 
(approx. 50%) distribution. With the rationale that 
detoxification of substances in the liver activates
liver cells and could thus increase polyploidy, we "toxi- 
fied" the animals. In an earlier attempt at this,
Phenolbarbitol at 0.1% was administered in water bottles
for 2 mo with no measurable increase in ploidy. Thus 
we opted for another chemical - cadmium chloride (CdCl2), 
commonly used in research to induce polyploidy. CdCl2
was administered in water bottles at a final cone, of
0.1% for a 2-wk period. The 2-wk exposure was rather 
limited when compared with other studies which employed 
CDCI2 for up to 2 mo. This may have had a bearing on 
the results obtained (Fig. 6,7).

Determination of Accuracy
Accuracy refers to the "closeness" of a measurement

to the accepted value for a specific physical quantity 
(18). From the outset we were uncertain of the cytophoto- 
meter accuracy in measuring the percent nuclei distribu
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tion as compared with the intact liver tissue, that 
is, we were uncertain if the nuclear suspension corre
sponded with the nuclear distribution in tissue. We 
employed two methods to study accuracy of the ICP-Cytopho-
tometer.

Method 1: Flourescent photomicroscopy. Nuclear
solution was obtained from left liver lobe and processed 
as above. A sample drop was placed on a microscopic
slide and the slide was observed under flourescent scope.
Photographs of one field were taken every 2 min over 
an interval of 40 min (ASA 1000, speed = 25 sec). It 
was hoped viewing a sequence of photographs taken over 
a period of time would reveal the "degenerating" changes 
that were occuring in solution. In this way, we'd hoped
to determine if there were nuclear subsets in the solution
that were more fragile >than others (by "capturing" the 
changes on film).

A morphometry study was carried out as an adjunct 
to the photomicroscopy method. We used the photographic 
prints to calculate diameter and area of nuclei. The 
nuclei to be measured were traced with the stylus of 
a Grafaeon Planimeter (Model 10-10A, Bolt, Beranek, 
and Neuman, Inc.) attached to a PDP-8 computer. When 
one-half of a single nucleus was traced, the computer 
rang a bell and the technician marked the other half 
of the nucleus on the print. In this manner, 2000 nuclei
were measured and recorded by computer. The computer
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tabulated diameters and areas of nuclei. Overlapping 
or clumped nuclei were not recorded. By this method, 
we hoped to establish morphometric standards of 2N and 
4N nuclei that would allow designation of nuclei on 
the basis of their diameters and areas, similar to Grund- 
mann and Bach's experimental method (8). In their proce
dure, measurements of nuclear radius were made from 
sections of tissue in paraffin blocke and DNA content 
(Feulgen stain) was measured by light absorption spectro
photometer. They obtained correspondence between DNA 
content and nuclear size, that is, the more DNA present, 
the greater the nuclear size.

Method 2: Coulter Counter. In further attempts 
to identify two distinct nuclear populations, we used 
a Coulter Counter (a ^machine which measures volume by 
displacement, based on the principle that resistance 
across a small aperture is an indicator of volume of 
particle passing through the aperture). A window range 
was selected which selected and counted nuclei within 
the specified range. Liver tissue samples were obtained 
and processed according to our standard method.

Residual Liver Changes After Partial Hepatectomy
After "preliminary" studies in which our "methods"

were analyzed (precision, accuracy, etc.), we tested 
our original hypothesis by partial hepatectomy on remain
ing liver tissue in vivo after a certain time interval
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from removal. Three methods were utilized.

Method 1: Partial hepatectomy with removal of
left lobe. Preparation on procedure as above. Animal 
was reopened at 30 min (from time 0 = to be removal) 
and middle lobe was excised. Initial samples from left 
lobe were analyzed on machine at 15-, 30-, 60- and 95-min 
intervals from time of excision. Residual samples from 
the middle lobe were analyzed at 15-, 3Q-and 60-min inter
vals from time of residual lobe excision (Fig. 8).

Method 2: Initial liver removal included left
lobe. Samples were processed immediately upon excision. 
Animal was reopened after 30 min and right lobe was 
removed and processed (Fig. 9). Initial and residual 
samples were analyzed at 10-, 20-, 30-, 60- and 135-min
post removal.

Method 3: Four animals were used on this trial.
Each rat served as its own control and one designated
time interval for residual lobe removal. Left and middle
lobes served as initial lobes of removal in all 4 sub
jects. Right and caudate lobes served as residual lobes 
and were removed at 15-, 30-, 45- and 60-min intervals
(one animal served for each interval) (Fig. 10).



RESULTS

Tissue Preservation Protocol
Method 1: For Groups 1-3, no results were obtained 

on cytophotometer. The preparation procedure was modified 
(see Methods and Materials).

Method 2: No results were obtained for Group 2 
(gluteraldehyde-fixed) samples. A cloudy precipitate 
apparent in test solution containers clogged the cytopho
tometer flow mechanism. Group 3 (quick-frozen) and 
Group 1 ("fresh") samples showed no significant variation 
between the protocols used.

Group' 1 Group 3
Lobe Fresh (refrig. 4°C) Frozen (10% DMSO)

Left

2N%
60.7
50.0

4N%
39.3
50.0

1
2N%
51.1

4N%
48.9

Middle
56.9
57.6

43.1
42.4

57.0 43.0

52.4 47.6 _ _ machine
SRight 52.8 47.2 recorded
!
Caudate

54.7
55.1

45.3
44.9

— no results

Avg. = 55 45 54 46
Fig. 1. Ploidy levels in liver lobes - Method 2 - Group 1 

vs. Group 3 + ploidy distribution among four lobes 
(Animal 1)

15
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Method 3: Clumping (precipitate) occurred in
samples fixed with Carnoy's Fixative and were not anal
yzed. EtOH was an acceptable fixative since sample 
readings corresponded with fresh sample data. The data 
indicate a definite decline in 4N% and a subsequent 
rise in 2N% (Fig. 2).

Lobe Group 1 (Fresh)
Group 3

(EtOH-fixed) (25%)

2N% 4N% 2N% 4N%

Left1
39.88 60.12 38.88 61.12
40.78 59.22 39.27 60.73

1 44.70 55.30 43.50 56.50
fright 44.36 55.64 43.35 56.65

Fig. 2. Ploidy level in fresh and EtOH-fixed liver lobes 
Method 3.

Flourescent Microscopic Analysis
Method 1: Fresh samples

1 hr post-hepatectomy 4 hr post-hepatectomy
2N% 4N% 8N% 2N% 4N% 8N%
23 67 10 16 f 54 30
14 71 8 11 2 53

ft

Method 2: Of the three protocol groups retained
for flouro-scope count only fresh and frozen samples 
were counted. No nuclei were observed in the fixed
samples due to marked solution clumping. Results agreed 
with those from samples analyzed cytophotometrically.
Group 1 (Fresh Samples) Group 3 (Frozen Samples)

2N% 4N%
47 52
33 54

2N% 4N%
54 j 4655 1 45
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It is difficult to assign any significance to these
results , particularly trial 1, because there were no
machine results to compare with . When data from the
1 hr counts were compared with the 4 hr counts, there 
was an obvious discrepancy; however, since it was not 
known which numbers were correct, no definitive conclu
sions could be reached. Discrepancies between Method 
1 and 2 (fresh samples) may be attributed to the differ
ence in time of analysis. Method 1 samples were analyzed 
the same day obtained (at 4 hr) while Method 2 data 
were analyzed 1 day after acquisition. However, frozen 
sample data of Method 2 correlated with machine results. 
We presumed the frozen state preserved the samples, 
regardless of length of time between preparation and 
analysis. Thus, the "quick-frozen" data were accurate, 
and comparable to that from cytophotometric analysis. 
Further trials verified these results.

Precision Analysis
Fresh and fixed sample data from animal 2 varied 

greatly compared to sample data from subjects in Group 
3. This may be due to length of time between fixation 
and analysis, a 3-day period. The long-term effects 
of EtOH were unknown. Thus, only the fresh sample data 
from this subject could be utilized for comparison of 
ploidy distribution. It was apparent that the ploidy 
distribution between the four anatomic lobes varied,
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however, there was no consistency or reproducibility 
of ploidy content measurements that allowed us to esta
blish ploidy percents which would be representative 
of each lobe. We were also unable to obtain reproducible 
ploidy measurements within specific samples of individual 
lobes (Fig. 1). Ploidy distribution among 4 lobes - 
Animal 1; Fig. 3 below - Animal 2, and Fig. 4 below
- Animal 3.

Fig. 3 Percent ploidy content in frozen lobe samples 
3 days after hepatectomy - Animal 2.

Lobe Ploidy Content' Ploidy Content

2N% 4N%
58.05 41.95

Left 60.18 39.82
62.74 37.26

Middle 61.95 38.05
61.59 38.41

Right 62.39 37.61
55.26 44.74

Caudate 60.67 39.33



19
Fig. 4. Percent ploidy levels in fresh and frozen liver 

samples 4 hr after hepatectomy - Animal 3

Lobe Fresh Frozen

Ploidy Content 2N% 4N% 2N% 4N%
45.06 54.94 45.96 54.04

Left 45.21 54.79 46.48 53.52
50.36 49.64 49.32 50.68

Middle 49.54 50.46 49.58 50.42
51.11 48.89 51.61 48.39

Right 52.03 47.97 52.15 47.85
52.71 47.29 53.71 46.29

Caudate 53.10 46.90 52.85 47.15

N1M-DAPI Stability
Method 1: It was obvious in both middle and left

lobe samples that there was a progressive decline in 
4N% nuclei and a subsequent increase in 2N% after 30 
min, increasing up to th§ 3 hr interval (Fig. 5).

Method 2: As in Method 1, there was a steady in
crease in 2N% with a correlating decline in 4N%. In 
the "incubated" samples the changes were much more 
marked and more rapid. Three-hr incubated samples gave 
no results on the machine because solution precipitated
and clogged the flow apparatus of the cytophotometer. 
This seemed to support the hypothesis that degeneration 
of nuclei was occurring (Fig. 6).
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Trial 1

Lobe_______________Time 2N% 4N%

Left

10 min.

30 min.

60 min.

180 min.

51.53
57.16
51.24
48.40
51.59
49.45
57.63
55.96

48.47
52.84
48.76
51.60
48.41
50.55
42.37
44.04

10 min. 49.06 50.94
46.13 53.87

30 min. 48.50 51.50
45.67 54.33

60 min. 50.22 49.73
46.94 53.06

180 min. 55.73 44.27
Middle 50.37 49.63

Fig. 5. Percent ploidy content in liver lobe samples 
prepared in NIM-DAPI - Method 1.

Samples Incubated
Samples Maintained on Ice _________ at 37° C

Lobe Time
Ploidy Content Ploidy Content
2N% 4N% 2N% 4N%

Left 10 min. 42.37 57.63 44.64 55.36
— — 44.75 55.25

30 min. 44.05 55.95 48.72 51.28
44.42 55.58 50.13 49.98

60 min. 44.87 55.13 54.12 45.79
44.66 55.34 57.12 42.90

180 min. 53.67 46.40 — —
48.40 51.60 data not recorded

Fig. 6. Percent ploidy content in liver lobe samples pre
served on ice or incubated at.37° C for 2 wk follow 
ing CdCl2 administration - Method 2.
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Percent Polyploid Nuclei

It was difficult to determine whether or not an
increase in ploidy resulted, because our previous ploidy 
distribution experiments were inconclusive and an average
with which to compare these results was unavailable 
(Fig. 6,7).

Time intervals
Lobe post removal 2N% 4N%

Left 15 min. 44.33 55.67
42.74 57.26

30 min. 44.33 55.67
43.80 56.20

60 min. 45.22 54.78
45.27 54.73

Fig. 7. Percent ploidy level in post-removal liver lobe 
samples 2 wk following CdCl2 administration.

Determination of Accuracy
Method 1: Flourescent Photomicroscopy. There

were no noticeable changes in the nuclei themselves. 
There was a definite streaming of suspension liquid 
so that the nuclei merely shifted positions in the field
of view.

We failed to identify specific nuclear subsets 
based on size/structure (morphometry), that is, we were 
unable to obtain separation in size of nuclei that would 
identify specific populations of DNA content (2N, 4N,
etc.). Our results seemed to contradict those of Gundmann
and Bach's (8).
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Method 2: Coulter Counter. Solutions analyzed

yielded no distinct populations. After several trials 
it was concluded the Coulter Counter was not measuring 
the nuclei. "Smaller" window ranges also yielded no 
results. We concluded the Coulter Counter was counting 
particle debris in solution and that one or more of 
the nuclear populations were within an "unmeasurable"
zone.

Residual Liver Changes After Partial Hepatectomy
Method 1: No measurable change in ploidy content

other than the "degenerative" affects (decline in 4N%
with subsequent increase in 2N%) as was typical in an
earlier study on DAPI solution stability.
Fig. 8. Percent ploidy content in initial and residual 

liver lobe samples after partial hepatectomy - 
Method 1.

Ploidy Content Ploidy Content
Lobe Time 2N% 4N% Lobe Time 2N% 4N%

Left
(initial)

15 min. 44.33
42.74

i

55.67
57.26

Middle 
(residual)

15 min. 44.95
44.40

55.05
55.60

30 min. 44.33 55.67 30 min. 45.93 54.07
43.80 56.20 46.04 53.96

60 min. 45.22 54.78 60 min. 47.77 52.23
45.27 54.73 48.64 51.36

95 min. 46.34 53.66 No results for 95 min.
45.99 54.01 due to ppt. in solution.
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Method 2: These results do not lend themselves

to significant interpretation because we never established 
consistent ploidy percents for each liver lobe. In 
order to demonstrate shifts during the interval between 
initial removal and residual lobe removal, all four 
lobes would have to have the same ploidy content or 
uniform ploidy distribution in the four lobes.

Lobe Time 2N% 4N% Lobe Time 2N% 4N%

Left 10 min. 52.51 47.49 Right 10 min. 48.51 51.49
(initial) 52.20 47.80 (residual) 48.51 48.51

20 min. 51.68 48.32 20 min. 49.71 50.29
52.19 47.81 49.44 50.56

30 min. 52.43 47.57 30 min. 49.29 50.71
53.23 46.77 49.96 50.04

60 min. 54.09 45.91 60 min. 50.84 49.16
54.36 45.64 50.93 49.07

135 min. 56.64 4$. 36 135 min. 51.76 48.24
55.17 44.83 50.96 49.04

Fig. 9. Percent ploidy content in initial and residual 
liver lobe samples after partial hepatectomy - 
Method 2.

Method 3: The data showed no significant shifts, 
specifically significant decreases in 4N% with subsequent 
increases in 2N% regardless of the time interval at 
which the residual sample piece was removed (Fig. 10).
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Time Initial Lobes Removed
removal of Left Middle
residual 2N% 4N% 2N% 4N%
Animal 1-15 min. 44.91 55.09 44.35 55.65
Animal 2-30 min. 45.31 54.69 44.37 55.63
Animal 3-45 min. 57.20 42.80 57.09 42.91
Animal 4-60 min. 52.03 47.90 54.93 45.07

Re sidual Lob es
Right Caudate

Animal 1-15 min. 45.99 54.01 44.79 55.21
Animal 2-30 min. 49.80 50.20 48.88 51.12
Animal 3-45 min. 58.52 41.48 53.74 46.26
Animal 4-60 min. 52.51 47.49 51.52 48.48

Fig. 10. Percent ploidy content in initial and residual 
liver lobe sampj.es after partial hepatectomy - 
Method 3.

The only animal that demonstrated even a slight shift
was #2. The initial lobe content was 54.69 and 55.63
for the left and middle lobes, respectively. The residual 
lobes (right and caudate) showed a decline in this 4N% 
to 50.20 and 51.12%, respectively. This shift does
not appear significant in light of the other data.

sampj.es


DISCUSSION AND CONCLUSION

Our study of ploidy changes in rat liver nuclei
after partial hepatectomy neither supports nor refutes 
the hypothesis that polyploidy shifts occur, specifically 
decreases in 4N% with subsequent increases in 2N% in
the residual liver. Our results were inconclusive due
to the technical difficulties. Thus, we do not offer 
a clear answer to the hypothesis but have identified 
several problems associated with this study. Our observa
tions have several possible explanations.

1. The changes in ploidy could be related to the 
experimental conditions. Bucher and Malt (4) suggest 
several modifying factors which could alter results 
related to partial hepatectomy. An especially important 
modifying influence is the age of the animals. They 
noted that after partial hepatectomy in aged mice or 
rats, the liver is restored more slowly and less complete
ly than in young animals. With age, the growth fraction 
of the liver parenchyma decreases. In young animals 
the growth fraction includes practically all the hepato
cytes (99.8%); in adult animals 90-93% of the cells 
are capable of reproduction; and in aged animals a maximum 
of 70-77% (2).

25
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Another factor is the size of the hepatic deficit

(the initial piece of liver removed). When less than 
the usual 68% (left and middle lobes) of liver is excised, 
the timing of the regeneration response is unaffected, 
but its magnitude varies with the extent of the liver
deficit. If the liver loss is below a certain critical 
level, only a small elevation in DNA labeling results, 
and as judged by radioautography after injection of 

thymidine, relatively few cells seem to be involved.
Above this critical level a disproportionately larger 
rise in DNA specific activity occurs and many more cells 
are labeled. Thus, the larger liver losses result in 
high initial rates of repair, followed by a slower phase, 
whereas small losses are restored gradually over a pro
longed period (4).

External and environmental factors may also influence 
the pattern of regeneration. It is well known, for 
example, that many cellular functions, including mitotic 
activities, are characterized by diurnal periodicity 
(circadian rhythms) which are influenced by schedules 
of illumination and darkness. Regenerative activity, 
then, is superimposed upon diurnal periodicity; although 
the initial mitotic wave appears at a constant interval 
after operation, the height of the peak depends upon 
the time of day (4). Dietary factors also exert a modify
ing role on regenerative patterns. There are divergent
views concerning effects of starvation, possibly because
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young growing rats are more susceptible than adults. 
Several recent reports (4) agree that DNA synthesis 
and mitosis are depressed in regenerating livers of 
rats and mice denied food for 48 hr. We believe our 
inability to duplicate the Grundmann and Bach study 
(8) may have been related to the initial ploidy levels 
in the animals. On the average, we obtained equal ploidy 
distributions, 50% diploid and 50% tetraploid nuclei. 
This was significantly different from the German investi
gators (8) which obtained approximately 20% diploid 
and 80% tetraploid nuclei. It is difficult to determine 
the variables that would account for such a discrepancy, 
however, in their study the animals were fed "kitchen
garbage." We had no way of knowing what this consisted 
of, but could only conclude there was some element(s) 
which affected the liver by causing an increase in tetra
ploid nuclei.

Thus, it is apparent a number of variables, either 
internal or external, may influence the physiological
state of the liver and its response to partial hepatec
tomy. This indicates experimental conditions must be
rigorously controlled to obtain reproducible results
(4). Our study incorporated uncontrolled variables, 
specifically age and amount of initial liver deficit. 
The age of our rats varied from 3 to 24 mo. Regarding 
the initial stress, we generally followed the protocol
of Higgins and Anderson (10), removing middle and left
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lobes which comprise approximately 68% of liver mass. 
However, as mentioned in the text, initial lobe removal 
in some trials included only one lobe. Based on Bucher's 
findings (4) this deficit may have been insufficient 
to bring about a regenerative response.

Other experimental conditions include nuclear vulner
ability. The shifts we observed from tetraploid to 
diploid nuclei may have been due to the greater vulner
ability of 4N nuclei to damage and destruction. Thus, 
as a function of experimental time, a greater number 
of 2N nuclei would be present than 4N nuclei. Since 
the nuclei were counted in relative terms (2N% relative 
to 4N%), vulnerability may have been a significant factor 
in our study. Another explanation for ploidy shifts 
related to experimental conditions is that a large propor- 
tion of nuclei occur as two adherent diploid nuclei 
in pairs. The ICP machine would recognize these nuclear 
doublets as the sum of their ploidy - 4N. Two observa
tions in our study support the possibility of "sticking" 
nuclei: the ICP Cytophotometer measured hexaploid nuclei 
which more than likely represent a diploid and tetraploid 
"fusion." Secondly, when nuclear suspensions were ob
served with the flourescent scope, nuclear pairs (mostly 
two diploid and infrequently one diploid and one tetra
ploid) were seen. However, adherent nuclei do not 
explain all our data, because inspection of solution 
samples did not reveal different proportions of doublets
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in initial lobe samples vs. residual samples.

2. Another possibility is that the tetraploid 
nuclei are diploid nuclei that have been formed earlier 
by an open mitotic process and have subsequently fused.
If such nuclei would have two sets of chromosomes that
are segregated presumably the separation of the two 
chromosome sets into individual diploid nuclei would 
require a mechanism that is simpler than mitosis.

3. Another alternative is that the polyploid liver 
nuclei undergo a rapid mitosis that does not require
dissolution of the nuclear membrane and formation of
an "open" spindle. As mentioned in the Introduction, 
this process would occur prior to onset of DNA synthesis 
and normal mitotic activity. Possibly this mechanism 
would resemble the "closed" mitosis that is common among
the lower eukaryotes.

The morphological diversity of mitotic division 
in eukaryotes is well known although not completely 
understood (7). A morphological difference between 
lower and higher eukaryotes is the presence of an open 
spindle. The occurrence of an open spindle in mitosis 
is first noted phylogenetically in algal and fungal 
group organisms - lower eukaroytes. An open spindle 
and formation of a metaphase plate in nuclear division 
appears to distinguish higher eukaryotes, including 
mammals. In lower organisms (protozoa and some fungi) 
microtubule spindles form inside the nuclear membrane
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while the nuclear membrane remains intact, thereby indi
cating active transport of tubulin (microtubular precur
sor) from cytoplasm to nucleus. This type of nuclear 
division and chromosome replication is referred to as 
intranuclear or closed division and is a precursor to 
the "open" division of higher species. Whether closed 
nuclear division occurs in higher eukaryotes has not 
been examined systematically. Some studies in liver 
cells in adult higher vertebrates have suggested the 
possibility of "amitotic" nuclear divisions, however 
the term is not precisely defined (11).

In conclusion, though the data are limited and 
merely represent trial and error in a difficult technical 
study, it in no way refutes the possibility that polyploid 
nuclei form a reserve pool of diploid nuclei that become
available to the tissue 16-18 hr before the open mitotic 
process generates additional nuclei. This process could 
represent an emergency response in situations in which 
the total tissue mass is decreased below an optimal 
volume and rapid tissue replenishment is essential for 
life. An added advantage of such a system is that in 
addition to a relatively rapid increase in the number 
of diploid nuclei, the cell's cytoplasm would not have
to be "dedifferentiated" to create the space needed 
for accommodating the spindle and the metaphase plate. 
Decreases in the volume of functioning cytoplasm would 
only add to the burden of injured organs or tissues
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(16).
In myocardium, for example, tissue damage must 

be repaired during rhythmic contractions. It would 
seem formation of a spindle and dedifferentiation (which 
would accompany a "normal" open mitotic repair process) 
would be unable to withstand the myocardial contractions. 
Thus, although we did not conduct experiments with the 
myocardium, the foregoing considerations and the fact 
that polyploidy is very prominent (3) in hearts excessive
ly stressed suggests that as in the liver the myocardium 
may also have mechanisms for dividing nuclei and regener
ating tissue that occur more rapidly and require less 
space than the open mitosis (16).

In the future, technological advances will no doubt 
decrease the technical difficulties associated with 
this study and allow ^elucidation of the "mystery" of 
polyploidy.
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