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ABSTRACT

Hereditary anemias of mice are the chief objects of investigation under
AEC Contract AT(11-1)-3264.  At present under study are four macrocytic

anemias, four hemolytic anemias, nonhemolytic microcytic anemia, transitory
siderocytic anemia, sex-linked iron-transport anemia, and the autoimmune
hemolytic anemia of NZB mice.  These anemias are studied through:  (a)
characterization of peripheral blood values, (b) determinations of radio-
sensitivity under a variety of conditions, (c) studies of iron metabolism
and heme synthesis, (d) histological and biochemical study of blood-forming
tissue, (e) functional tests of the stem cell component, (f) study of
responses to erythroid stimuli, and (g) transplantation of tissue between

individuals of differently affected genotypes.

LEGAL NOTICE

This report was prepared as an account of Government-sponsored work.
Neither the United States, nor the Atomic Energy Commission, nor any person
actidg on behalf of the Commission:

A.  Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the in-
formation contained in this report, or that the use of any infor-

mation, apparatus, method, or ptocess disclosed in this report
may not infringe privately owned rights; or

B.  Assumes any liabilities with respect to the use of, or for damage
resulting from the use of, any information, apparatus, method, or
process disclosed in this report.

As used in the above, 'person acting on behalf of the Commission' in-

cludes any employee or contractor of the Commission, or employee of such
contractor, to the extent that such employee or contractor of the Commission,

or employee of such contractor prepares, disseminates, or provides access to,
any information pursuant to his employment or contract with the Commission or
by his employment with such contractor.

RESEARCH ACCOMPLISHMENTS

A.   Delineation of inborn anemias

The basic purpose of this Research Contract is to delineate idborn anemias
of the laboratory mouse.  This is carried out by preparation of genetically
homogeneous stocks segregating only for anemia-producing genes, by descriptions
of each condition at all stages in the life-history, by determination of tissue-
-sites of primary gene action through transplantation experiments, and by analysis
of reactions of normal and anemic mice to a variety of stressful stimuli, including
X-irradiation and hypoxia.  At present 12 single-locus anemias are known in the

mouse, plus one with multifactorial inheritance (the autoimmune hemolytic anemia
of NZB inbred mice).  Effects of anemia-producing mutant alleles at 10 of these
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loci (82# f; .112; .12; Els; nk; 21 and Sld; sla; sph; and W, H/, HI) are
currently under investigation at the Jackson Laboratory with support from
this contract.  We also have established an NZB/BlNJ colony susceptible

to autoimmune disease.

We are continuing to analyze all presently known hereditary anemias of
the mouse and to apply our findings towards an increased understanding of
the genetic control of hemopoiesis, regulation of gene action, mechanisms

for erythroid homeostasis, and relations between erythropoiesis and myelo-
poiesis.

The anemias under investigation may be classified as follows:

Macrocytic anemias: dominant-spotting H-locus  (H/H,  H/HI, and other
double-dominant combinations) ; steel  (Sl/Sl,  21/Sld) ; Hertwig' s anemia
(an/an)·

Hemolytic anemias: jaundiced (jivcia) ; hemolytic (ha/ha); normoblastic
(nk/nk); spherocytic (sph/sph); NZE (autoimmune hemolytic anemia).

Iron defect anemias:  flexed (f/f) transitory siderocytic anemia;
sex-linked anemia (slf/sla 99,  sla/Y dbl ; microcytic anemia (Ek/Ek)·

B.   Establishment and maintenance of anemia-producing genes on homogeneous

genetic backgrounds

Considerable effort has been devoted to establishing each mutant allele

on a genetically homogeneous genetic background that allows some postnatal
survival of affected individuals.  Wherever possible, all mutant alleles have
been transferred (by repeated crosses) to two specific genetic backgrounds,
C57BL/6J and WB/Re, so that WBB6Fl-m/m individuals, congenic except for the
differing mutant allele, m, could be compared with each other and with con-

genic hematologically normal WBB 6Fl-+/+ mice.

Two features of this gene-maintenance should be stressed in this 19th

progress report.

1.  In the very near future, we will begin transfer of each of these

mutant-bearing stocks to the Jackson Laboratory's new Mammalian Genetics
Laboratory as a way of establishing a foundation stock. of each to ensure

their future availability for research both here and in other laboratories.

2.  In 1973-1974, we have established a balanced stock, highly congenic
with C57BL/6J (currently at backcross generation 11) in which the sex-linked

recessive sla is carried on one X-chromosome, and the closely linked sex-linked

dominant, To, on the other.  Because To t/Y males are lethal, and To t/+ sla
females are recognizable by coat color at 7 to 8 days, the identification of

affected individuals will be much simplified.  At present, clpssification
depends on hemoglobin determinations and blood counts at 3 to 5 weeks; this
is not only time consuming but prohibitive for many prospective users of the

mutant.  Earlier identification by hematology requires specialized techniques.
Also, under some environmental conditions, spontaneous improvement of affected

individuals in segregating litters make identification undertain after 3 months

of age.
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C.   Hemopoietic transplantation via blood transfusion

1

In the 1973 progress·report we presented preliminary observations on
the extent to which erythroid stem-cells circulate in the blood.  We continue

with our questions:  Are there differences between genotypes?  Of what sig-
nificance are they?  Can one concentrate, identify, and isolate such cells?

In these studies we were able to use the H/Wv mutant as a sensitive
analytical tool because we established that this mutant is stem-cell deficient,
its erythroid environment is wholly normal, and it readily accepts and sustains

hemopoietic grafts from histocompatible donors without requiring pregrafting
treatment of any kind.  Moreover, such grafts retain and express their full
intrinsic potentialities in this environment.  Thus, in a typical case, trans-
plantation of nk/nk bone marrow into a H/Wv recipient results in conversion
of the latter from a macrocytic, anemic mouse (no elevations of serum bilirubin,
peripheral blood contains only normally stained and shaped mature red blood
cells, and spleen weight average 85 mg) into a jaundiced, hemolytic anemic
mouse (serum bilirubin approximately 5 mg per 100 ml; peripheral blood contains
numerous erythroblasts and a great variety of hypochromic erythrocytes that
differ in size, shape, and staining capacity; and a large spleen of weight up
to 2 g).  Because the hematological parameters of donors and recipients employed
in these studies have been clearly defined and are distinctly different, we

have had no difficulty in distinguishing unconverted from converted recipients.
Accordingly, graded doses of whole blood, to bevassayed for their stem-cell
content, could be trans fused into untreated H/W_ mice, their blood values fol-
lowed for 90 days, and the dose that converts 50% of the recipients (CD50/90d 
calculated.

We confirmed our earlier observations, using this method (Table Cl).  The

peripheral blood of mice of all seven tested anemic genotypes contained stem-
-cells, but there were great differences between genotypes in the relative
effectiveness of transfused blood as a means of stem-cell transplant.  The

CD50/90d for nk/nb blood is 0.02 ml, but that for mk/mk blood (2.25 ml) is
more than 100 times as great.  Each anemic genotype has its own characteristic
relative effectiveness, significantly different from that of normal (t/t) mice.
To further analyze these differences, we asked the following questions:

1.  Are intact, viable cells required? We transfused H/WI recipients with
1 to 50 CD units of whole blood with blood from the same sample treated with50
ultrasound blood or subjected to a single freezing and thawing, and with blood

centrifuged free of its cellular elements (plasma).  The findings demonstrate
that viable cells are required for conversion (Table C2).

2.  Can the differences between genotypes be related to the differences in
the number of nucleated cells encountered in their bloods?  A 33-fold difference
in numbers of nucleated cells was observed between genotypes (Table C3).  The
mk/mls anemic mouse has the lowest nucleated cell count (6 x 106 per ml) and the
38/18  mouse  has the highest   (195  x   106  per ml). However, there seems  to  be  no
direct relationship between the number of nucleated cells encountered and its
potential for conversion (CD50).

3.  Is there a morphologically identifiable cell type whose presence might
correlate with the converting power of whole blood? We determined cellular

composition of whole blood from each mutant and calculated mean absolute numbers
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for basophils, eosinophils, neutrophils, lymphocytes, monocytes, and erythro-

blasts (Table C4, Section 1).  Erythroblasts were omitted from this table be-

cause they were found to be totally absent from the circulating blood of mice

of some of the genotypes (i.e., mk/mk)· Because we have already determined
that transfused blood from mice of each of the genotypes studied possesses

cells with stem-cell properties, we presumed that we were looking for a common

stem-cell.

We do not see any consistency or even any simple pattern in the relation-

ship of the numbers per CD of any single cell type (Table C4, Section 2),
50

nor in the relative effectiveness of the computed fraction (Table C4, Section

3).

We next plotted (Table C5) the genotypes in their order of effectiveness

(from least to most) against CD50' against number of nucleated cells, an
d against

numbers of specific cell types.  Here we seem to see a good correlation b
etween

the number of nucleated cells transfused, the lymphocyte content, and the CD50·

Yet, on returning to the data in Section 3 of Table C4, the genotypic order

appears correct, but there are great disparities in the order of magnitu
de.

Possibly, a small portion of the lymphocyte population (transitional cells
 or

small lymphocytes) may be circulating stem-cells, but if this is the case 
the

proportion of these cells in the circulating lymphocyte population is not con-

stant for all genotypes.

In collaboration with Dr. John Hutton and Mr. David Roodman, both of the

Department of Medicine of the University of Kentucky School of Medicine, we
are attempting to fractionate whole blood by discontinuous bovine serum a

lbumin

density gradient centrifugation obtaining fractions at 17 to 25%, 25
 to 27%,

27 to 29%, 29 to 31%, and 31 to 35%.  The relative numbers of each cell type

in each of the different fractions differed from unfractionated blood, yet

every fraction contained every cell type, and although such fractions may
 be

useful in concentrating various cellular elements, they are not at this po
int

"Clean enough" to be useful for the identification of one or more cell types

that possess stem-cell qualities.

4.  What is the relationship between blood CFU-S content and its con-

verting potential?  Because all of the analyses require intravenous inoc
ulations,

which impose limits on volume injected, we were able to examine C
FU content

only for those mutants (ha/ha, 33./13, and nb/nk) whose converting potential is

high (CD below 0.5 ml).  In each case, blood samples were pooled and divided50
into two portions, one of which was used for the determination of CFU/ml 

and

the other for the determination of CDJO.  Our findings are presented in 
Table (6.

Genotypic differences in CFU/ml were encountered as were differences in CD
50,

but between genotypes there is no direct linear correlation b
etween CFU/ml and

CD50, meaning either that the potential for conversion does not originate 
in

the cells that are measured by the CFU-S assay, or that there are intrinsic

differences in mutant CFUs in their ability to convert.  It may be possib
le to

distinguish between these possibilities when we develop better fractionat
ion

procedures.

D.   Dynamics of the erythropoietic response in normal and anemic mice

To set the stage for this study, it will be necessary to re
call that:
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1.  W/Wv mutai ts and Sl/Sld mutants are genetically afflicted with
severe hypoplastic anemias.

2.  In both cases the defect is expressed in the production phase of
erythroid homeostasis.

3.  Erythrocytes from these mutants, although larger than normal, contain
the proper concentration of hemoglobin, and their lifespans are normal.

4.  Both mutants are highly resistant to the administration of the hormone,
erythropoietin, although both respond well erythropoietically to hypoxia.

5.  Transplantation studies and stem-cell analyses have demonstrated that
H/Ev mice have a deficient erythroid stem-cell pool, but if they are given t/+
or Sl/Sld marrow they become normally responsive to erythropoietin.

6.  Mice of the §1/Sld variety, however, possess normal numbers of
potentially normal stem-cells, but these cells function poorly in their own
blood-forming system.

7.  In the unmanipulated state, the plasma of both mutants contains high
concentrations of an erythropoietin-like hormone.  It is not known whether this
hormone is functionally normal, whether it is produced at the right time, or
whether it is used preferentially by femur or spleen in these anemics.  Still
further, it is not known if erythroid homeostasis is controlled exclusively
by erythropoietin.

To try to answer these questions w'e undertook a study in which we exposed
t/t, H/WI, and S.1/Sld mice to hypoxia in a low pressure tank for 25 days -- a
time sufficient to elevate the hematocrits 20 to 50% above pretreatment values,

and to cause complete cessation of erythropoiesis when the animals are returned

to ambient conditions.  After removal from the low pressure tank (conditions

equivalent to 18,000 ft in altitude, one-half atmosphere, pO2 = 380 mm), groups
of normal and mutant mice were examined to ascertain when new blood-formation

commenced, and how and where it continued.  To do this, mice selected for
analysis were inoculated intravenously with transferrin-bound Fe 24 hr before59

autopsy.  On the day of killing, hematocrits and reticulocyte counts were made

prior to an assessment of the percentage of Fe appearing in the blood, spleen,59

and femur, and the enumeration of benzidine peroxidase positive (erythroid)
cells appearing in the femur and spleen.  Their plasmas were subsequently

analyzed for erythropoietin by means of the plethorized mouse assay method.

Duration.of lag and recovery phases of the hemopoietic response. Numerous

complications were encountered in analyzing the temporal differences in the

decay, lag, and growth phases of the hemopoietic response.  A large  art of

the cause of these difficulties is the fact that both H/HI and Sl/Sl  mice, but
M

not +/+, still maintain high levels of plasma erythropoietin, even after 25 days

in a low pressure tank.  Consequently, initial levels of erythropoietic activity,

however measured, are not the same for exhypoxic mice of the  hree genotypes.
It would be hazardous, therefore, to attempt to state with precision the time

of initiation of each of the phases of erythropoiesis and' so we chose to estimate

their durations.
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Unfortunately, there also is considerable variation within and between
genotypes in their initial achieved packed cell volume, but it is interesting
that hypoxic Sl/Sld mice achieved hematocrit levels as high as 50%. Within-

-

-group variance could be handled statistically, and transformation of scale
could be applied to facilitate analysis, but the data are somewhat sparsely
distributed, especially in the early portions of the curves, despite the com-
pilation 6f over 500 independent observations that were used in the con-
struction of these graphs.  We are, therefore, compelled to rely on examination

of computer-generated best fit curves drawn from raw data.  These curves are
based on the least squares polynomial regressions of the 5th to 7th degree
(Program 1568 for two variables for the IBM 1320 computer).  They are presented

in Figure Dl and simple analyses of the data are presented in Tables Dl through
D3.

a.  The data show that the same length of th3 lag phase (Table Dl)
is   increased   in  W/HI   and is further increased   in   Sl/Sl

b.  In a similar fashion the half-recovery values (the time from the
end of the lag period to the mid-point on the growth curve) is somewhat greater

than normal  for W/HI and much greater than normal  for Sl/Sld (Table D2).    This
delay in the initiation and completion of an effective erythropoietic response
undoubtedly displays itself in the degree of anemia encountered in each of
these hypoplastic mutants.  We feel that these delays are of considerable

physiological importance and require careful examination and confirmation by
other means.

c.  There are too many inconfistencies and inadequacies Jithin the

group of data collected on the length of the decay phase (Table D3) to warrant
determinations of the half-survival time (T/2) of anemic reticulocytes, or
the decline (T/2) of any of the other erythropoietic activities.

Relation of exhypoxic hemopoietic response to hematocrit percentage.  One

way of bypassing these difficulties, which yields more meaningful observations,

is to plot the data as a function of packed-cell volume (hematocrit), rather
than as a function of time, because the former is biologically of more signifi-

cance to the mouse and its blood-forming system than is the passage of time.
In this section we ask the question:  At what hematocrit level do the various

erythropoietic responses occur, and do they differ for the various anemic mutants?

Figures D2 and D3 and Table D4 present our observations.  Based on an

analyses of raw data, manually prepared graphs, and computer-generated best

fit curves, these data reveal:

a.  There are major differences between genotypes in their erythro-

poietic transition point.  For example, the hematocrit value at which hemoglobin-

ized cells reappear in the femur is 44.5 for +/t, 35.8 for H/HI, and 33.2 for

Sl/Sld.-

b.  It is interesting that the first response of each genotype occurs

at, or very near, the homeostatic level which is characteristic of untreated

mice of that genotype.  For example, in Table D4 we see that the mean for the
seven parameters studied in Sl/Sld is 33.1 & 0.3 and that hematocrit for controls

(untreated Sl/Sld) is 31.7 3=0.3.

c.  There are no significant differences between genotypes in the
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sites where erythroid activity commences.  Both spleen and femur appear to be
"turned   on"   at   the   same   time.

d.  Within a genotype, six of the activities measured we're turned on
essentially at the same point, the only exception being the appearance of

circulating erythropoietin which lags behind the others.

General conclusions.  In theory, erythropoietin should appear prior to the
appearance of other erythropoietic activities.  At least two explanations are
possible for failure to detect it in these experiments: (1) the initial response
may not be erythropoietin-mediated and the hormone is not detectable because it
has not been turned on at this-point, or (2) erythropoietin is produced but does
not become detectable until the target organ has been saturated.  Under the con-

ditions of these experiments, 24 hr or more might be required to produce and
saturate the pool of erythropoietic stem-cells or their derivatives.  This would
allow sufficient time for the hematocrit level to drop several additional points.

Little solid evidence to support the first of these alternatives is available,
although earlier discovery that H/Wv and Sl/Sld are unresponsive to erythropoietin,
but responsive to hypoxia, suggests that erythropoietin may be but one of several
controlling elements in erythropoiesis.

As measured here, there is no,evidence that the spleen serves as either a

buffer organ for the marrow or as a supplementary site of erythropoiesis, which
must first be seeded by the marrow; both sites begin activity at the same point.

As might be expected, the appearanfe of Fe59-labelled red blood cells  cor-
responds precisely with the appearance of circulating reticulocytes because they
are biologically coupled reactions.  Note also that some of the other activities    '

measured in these experiments are not wholly independent of each other, being
coupled by a common circulatory system in the case of Fe uptake into spleen,59

femur, and reticulocytes, or by the process of hemoglobinization itself.

The benzidine peroxidase method for the identification of erythropoietic
cells, while more specific than the organ content of Fe in the sense that59

the peroxidase positive cells do not circulate and can therefore only be counted
in situ, has not proven to be a more definitive or precise Analytical tool in

these experiments.

In terms of simplicity of sample preparation, ease of analysis, statistical
accuracy, and time required, the Fe method is to .be preferred over the cumber-59

some benzidine peroxidase method with its especially hazardous reagents (30%
hydrogen peroxide, benzidine).

We are led to conclude that following plethorization by hypoxia each of

these mutants resumes production of red blood cells at its own genotype-specific
hematocrit level, and that within a given mouse all of the early measures of
erythroid activities begin essentially at the same time.  This pattern of
response is the same for the normal t/+ and for the anemic mutants (H/Wv and
21/sld.  It remains a mystery why the erythropoietin-producing system does not
begin to produce its product in H/Wv and 21/Sld mice at a higher hematocrit

level or at an earlier time.

-7-
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E.   Utilization of glucose by normal mice and mice with hemolytic diseases

We have long been concerned with the causation of hemolysis and a deter-
mination of the nature of the biochemical lesion encountered in each of the
hemolytic anemias maintained under this contract.  Such a search has led us
to look for biochemical derangements in red cell metabolism in collaboration
with Dr. Hutton at the University of Kentucky.  These investigations have

resulted in a publication:

HUTTON, J. J., and S. E. BERNSTEIN. 1973.  Metabolic properties
of erythrocytes of normal and genetically anemic mice.
Biochem. Genet. 10:297-307.

A summary of this paper follows:

The murine hemolytic anemias, microcytosis (mk), normoblastosis (nk),
spherocytosis (sph), and hemolytic anemia (ha), are inherited as autosomal

recessive diseases and resemble the human hereditary hemolytic anemias caused
by defective enzyme activities in erythrocytes.  The activities of 14 different
enzymes of the glycolytic and pentose phosphate pathways were compared in

erythrocytes of normal and anemic mice, but no quantitative differences suggesting
enzyme deficiency were found.  There were no major changes in reduced gluthathione,
NAD, NADP, or methemoglobin content.  The rate of entry of glucose into the
glycolytic and hexosemonophosphate shunt pathways of intact erythrocytes was
higher in mk/mk erythrocytes than predicted.  Interpretation of studies of

erythrocytes from anemic. mice is generally complicated by the extremely high
reticulocyte and nucleated cell counts in ha/ha, sph/sph, and nk/nk mice.

Seven reprint copies of this paper are included with this application.

F.   Effect of testosterone propionate on the erythropoietic supportive tissue
of 1/Hv, Sl/Sld, and an/an mice

It is well known that some human hypoplastic anemias respond favorably to
treatment with androgens even though the mechanism of action is still in dispute.

Androgens have been postulated to act through potentiation of erythropoietin or
to act directly on stem-cell differentiation, or both.  Its erythropoietic activity

was found b* accident when patients with hypogonadism were treated with testosterone.4/HI, Sl/Sl , and an/an mice, with defective gonads, could possibly be deficient
in testosterone, and certainly have problems with utilization or erythropoietin.
Therefore, it seemed logical to investigate the effect of testosterone on these
anemic mutants.  Working with Drs. Pietro Molinari and Larry Snyder of the
St. Vincent' s Hospital in Worcester, Massachusetts, we treated H/Wv and Sl/Sld
mice with testosterone propionate, and after 7 days of continuous treatment
measured in vitro the rates at which their bone marrows formed new heme. The

results of these investigations are reported in the following publication:

MOLINARI, P. F., P. BULAT, S. E. BERNSTEIN, and L. M. SNYDER. 1974.

Effect of testosterone propionate on the erythropoiatic tissue of
three congenital anemias in mice.  Biomedicine 21:111-114.

A summary of this paper follows:

i Genetically anemic WBB6Fl-H/liv, WBB6Fl -an/an,  WCB6Fl-Sl/Sld,   and
I             littermate normal WCB6Fl-t/+ mice received a daily subcutaneous dose of

4.56 mg/kg of testosterone propionate for 7 days.  Untreated H/WI mice showed
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a hypoplastic anemic with increased heme synthesis in bone marrow and elevated
2,3 DPG levels in erythrocytes.  The same parameters were further increased by
androgen administration.  The heme synthesis in bone marrow and erythrocyte
2,3 DPG levels of untreated 21/Sld mice were similar to those of +/+ mice, and
they remained unchanged following testosterone propionate injection.  Erythro-
cyte 2,3 DPG levels of untreated an/an mice were similar to those of +/+ mice,
whereas the heme synthesis in an/an bone marrow was half that of the normal
+/+ mice.  These parameters did not change following androgen administration.

Heme synthesis in bone marrow and 2,3 DPG levels in +/+ mice were enhanced by
the testosterone propionate treatment.  The results suggest that elevated con-

centration of 2,3 DPG in erythrocytes and increased synthesis of heme in marrow
are important effects of androgen on normal erythropoietic tissue, but that
mutant erythroid cells differ in their response to this stimulatory agent,

some being quite refractory.

Reprints of this paper are not yet available.

G.   Regeneration of intestinal crypt cells of normal and genetically anemic
mice after whole body X-irradiation.

Both H/Hv and Sl/Sld anemic mice are known to be extremely radiosensitive.

The LD50/30  for W/Kris 25OR (Bernstein,  1962),  and the LD50/30  for Sl/Sld is
13OR (Bernstein, unpublished).  While it is probable in each case that the
hemopoietic defect is sufficient to account for this radiosensitivity, we felt
it would be desirable to test whether these same mice might also have a defect

in regenerative capacity of the intestinal mucosa.  An additional reason for
undertaking this study  was that several• types  o f cells, which in normal  mice
proliferate very rapidly, fail to do so in E/Wv and Sl/Sld anemic mice.  There

is a delay in marrow regeneration following sublethal irradiation (Russell
et al., 1963).  Also, there is failure of multiplication of primordial germ
cells between 8 and 12 days of prenatal development (Mintz and Russell, 1957),
and failure of melanocyte proliferation of hair follicles (Mayer and Green,
1968; Mayer, 1973).  It seemed desirable to see if proliferation in another
rapidly dividing cell population, the intestinal crypt cells, might also be
impaired in H/Hv or 21/Sld, or both.  The intestinal mucosa is extremely
sensitive to harmful agents, but also has a high capacity for recovery and

repair which has resulted in its use as a system in which to study injury and
repair processes.  One agent that has been studied extensively is ionizing
radiation (Williams et al., 1958; Sherman and Quastler, 1960; Lamerton, 1963;
Cairnie et al., 1965; Baker and Hopper, 1968).

The present study, carried out in collaboration with Dr. Arthur Hopper
of Rutgers University, will report on the normal proliferative activity of
the crypt cells as well as on the response of these cells to ionizing
radiation, both in control (t/t) and in genetically anemic (H/Wv and Sl/Sld)
mice. If mutant alleles at the H- and Sl-loci affect proliferation in the
intestinal mucosa adversely, this should be reflected in the cell population
kinetics of this tissue, and in addition, the ability to recover from radiation

injury should be greatly impaired.

Intestinal crypt activity was measured in four non-irradiated WBB6Fl-t/+
young adult mice, four WBB6Fl-W/WV mice, and four WCB6Fl-§1/Sld mice, as well
as in four mice of each genotype which had received 70OR of whole-body irradi-
ation 2, 6, 12, 24, 48, 72, 96, or 120 hr previously.  Animals were irradiated
on a rotating platform using a General Electric Maxitron unit operated at 250

-9-
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kvp and 20 ma, with 1/2 mm Cu and 1 mm Al filtration.

A minimum of 20 crypts per animal was scored for each time interval.
Tritiated thymidine, the squash technique (Wimber and Lamerton, 1963) and
autoradiography were used to determine the labeling index (percentage of
cells taking up the 3HTdr), the mitotic index (percentage of cell dividing)
and the number of cells per crypt.  Mice were injected (IP) with 90 Mc
3HTdr/100 gmBW (specific activity 6.7 c/mM) and were killed by cervical

dislocation 45 minutes after injection.  A small piece of the ileum
approximately one centimeter from the ileocecal junction was removed and
fixed for autoradiographic assay.. A four centimeter piece of intestine,
scraped free of the submucosal and muscular layers, was also used for
scintillation counting.  No significant differences between genotypes were
observed in the unirradiated mice in number of cells per crypt, labelling
index, mitotic index, or counts per minute per milligram of mucosa (Table
Gl).

Normal +/+ and anemic H/Ht and Sl/Sld mice all showed the same response
of 70OR of X-irradiation.  The number of cells fell steadily to a low point
at 24 hr and then rose slowly over the next 24 hr.  During the third and
fourth days there was a marked increase in cell numbers and by 96 hr they
reached maximum values significantly above,those in the control (unirradiated)

mice (+/4-, 350 =1: 52; H/WI, 348 f 15; Sl/Sla, 304 f 15; all values mean f S.E.).
During the interval between 96 and 120 hr the cell numbers decreased toward
control values.

There also was no significant difference between genotypes in the pro-

portion of cells taking up 3HTdr.  The labeling index fell rapidly and
reached minimum values at 6 hr in the t/+ and the H/Wv mice and at 12 hr in
the Sl/Sld mice, and then rose rapidly from these minima to maximum values
at 48 hr at levels well above those of the unirradiated control (+/+, 35.1
f 2.3; H/HI, 39.1 f 1.5; 21/Sld, 41.5 f 0.2; all values mean * S.E.).  Over
the next two days, values returned to normal and by 120 hr were slightly below
normal.

There also were no significant differences between genotypes in the
changes in mitotic index following 70OR of X-irradiation.  There was no mitotic
activity at 2 hr following irradiation in any group and at 6 hr activity was
still absent in the t/+ and H/Wv mice and only a very few mitotic figures
were counted in the §1/Sld mice, the mitotic index being 0.11 i 0.05.  During
the interval from 6 to 48 hr cell division resumed and the mitotic index reached
a maximum at 48 hr, well above values for the unirradiated controls (+/+, 2.7
f 0.4; H/HI, 2.6 3: 0.2; Sl/Sld, 3.0 f 0.3; all values mean E S.E.).  By 120 hr
the mitotic index in all three groups fell to values somewhat below those of
the controls.

Similarly, mice of all three genotypes showed the same changes in uptake
of 3HTdr (counts per min per mg of mucosa.  Minimum values were reached by 6 hr
followed by an increase to maxima well above controls (unirradiated) at 72 hr

(+/+, 4704 f 56; H/Hv, 4297 :1: 292; Sl/Sld, 3908 f 138; all values mean f S.E.).
By 96 hr, uptake had returned to control values.

These response patterns following whole-body irradiation -- which show
for mice of all genotypes a rapid decline in proliferative activity, followed
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by  an equally rapi/ recovery resulting   in an overshoot,   and a return   to  near
normal values -- correspond well to responses observed in experiments by others

(Sherman and Quastl r, 1960; Baker and Hopper, 1968; Cairnie et al., 1965).
Both H/Wv and S.1/Sl  mice were as efficient as normal +/+ mice in responding
to radiation damage to the intestine.  The mutant alleles at the H- and Sl-loci

which adversely affect cell proliferation in the blood-forming, germ cell, and
neural crest tissues, appear in these tests to have little or no effect on pro-

liferative activity in the crypts of the mucosa of the ileum.

H.   Studies of Hertwig's anemia

A third deleterious mutant, Hertwig' s anemia (an/an), causing severe
macrocytic anemia, has been established congenic with WBB6Fl-t/t, making its

genetic background comparable to that of many others of our hereditary anemias.
On this genetic background, the viability of an/an individuals is much greater
than previously observed with the mutant gene on the other genetic backgrounds.
We are taking advantage of this favorable situation to undertake a broad range

of investigations not feasible earlier.

1.  Basis for improved viability.  One reason for increased viability of

an/an individuals appears to be that during the period of rapid growth both
normal and anemic WBB 6Fl mice have higher blood counts than do, for example,
BAN/Re normal and anemic littermates.  At 2 weeks the mean values were observed

for WBB6Fl-82/an and normal mice compared with previously established comparable

mean values for BAN/Re (Table Hl).

2.  Typical adult drythrocyte valuBs·  WBB6F -an/an and normal littermates.
Mean erythrocyte counts and mean cell volumer )-Tiave EFEn established for
groups of anemic WBB6Fl-an/an and normal littermates (an/+ and t/t) mice at 3
months and at 6 months (Table H2).  It is interesting that the anemia of male

an/an  mice  is more severe  than  that  o f females  at  both  3  and 6 months.

3. Typical leukocyte values of Hertwig' s anemic compared to normal  mice.
Leukopenia, as well as anemia, has been observed in an/an mice. This character-
istic is present in WBB 6Fl-an/an mice, but is not as severe as in previously

studied BAN/Re cases. Characteristic total WBC values for WBB 6Fl-an/an, an/t,
and +/+ are given in Table H3.

4.  Germ cell defect.  Although previous investigations of Hertwig's

anemia have indicated some degree of infertility, it has never been certain
whether this was a true independent pleiotropic effect of an/an or a secondary

result of very severe anemia.  Histological studies of testes of adult

WBB6Fl-an/an mice show very little spermatogenesis. The number of developing
follicles in ovaries from young WBB 6Fl -an/an females is considerably lower
than normal, although a few corpora lutea have been observed in 4-month-old

females.  A few have become pregnant,  arrying one or two fetuses, which theydid not deliver.  As in H/Wv and Sl/Sl females, ovarian tumorigenesis occurs
in an/an females as soon as their supply of oocytes is exhausted.

I.   Hemopoiesis in anemic 21/Sld fetal liver

In collaboration with Dr. David Chui of McMaster University, we are
investigating hemopoiesis in anemic WCB6Fl-Sl/Sld fetusesi and in their normal
counterparts.  Counts of nucleated (yolk-sac derived) erythrocytes and of

non-nucleated (fetal liver derived) erythrocytes, have shown that as early as
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13 days of gestation, the mutant fetuses have fewer circulating erythrocytes
and a lower proportion of non-nucleated erythrocytes than do normal litter-
mates.  Numbers of nucleated cells are very similar in mutant and normal

embryos, but numbers of non-nucleated cells are extremely different.

Erythroid precursor cells at various stages of maturation in mutant
fetal livers were studied by light and electron microscopy, and their fine
structure was found to be identical to that in normal fetuses. The number

of immature erythroid precursors per unit area fetal liver was not significantly
different between comparable aged. Sl/Sld  and t/+ fetuses,  but the number  of
mature erythroblasts  was much lower in Sl/Sld  than  in t/+ livers.

From day 13 to day 17, the total number of hemopoietic. stem cells (CFU)
(as assayed by the macroscopic spleen colony technique) in each Sl/Sld fetal
liver was smaller than the number in each +/+ fetal liver, but numbers of CFU
showed a greater increase with age in Sl/Sld than in t/+ fetuses.

These data indicate that Sl/Sld fetal liver "microenvironment" fails to
support the normal rate of differentiation of immature erythroid precursors
to mature hemoglobinized erythroblasts, a finding that fits well with our
observations of defective hemopoietic environment in adult §1/Sld mice.  A

paper reporting these investigations is in preparation.

i.
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TABLE Cl.  VOLUME OF TRANSFUSED WHOLE BLOOD REQUIRED TO PHENO-

TYPICALLY CONVERT W/9 HYPOPLASTIC ANEMIC MICE.

CD50/9Od* Equivalent volumes
Genotype for man

Rf Volume Relative  •
donor (ml) effectiveness pints/155 pounds

+ /+ 0.75 1.00 4.5

ha/ha 0.27 2.78 1.6

12/11 < 0.03 25.0 < 0.2

mk/mk 2.25 0.33 13.4

nk/nk 0.02 37.5 0.12

sph/sph 1.25 0.60 7.4

Sl/Sld 1.80 · 0.42 10.7
-

*  CD50/9Od = Dosage of blood which converts 50% of the recipients to

the hematological phenotype of the donor within 90 days.  This hema-

tological conversion is permanent.
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TABLE (2.  EFFECTS OF SONICATION, FREEZING, OR CELL REMOVAL ON

THE  PHENOTYP IC CONVERSION  POTENTIAL OF WHOLE BLOOD.

Amount of blood Number
administered converted

Blood freatment
donor ml CD5O units of blood Total

ha/ha 0.3 1.1 None* 6/6
0.3 1.1 Frozen** 0/9
1.0 3.7 Sonicated*** 0/8

laila 0.25 8.3 None 111
0.25 8.3 Sonicated 0/9
0.25       -            Cells removed

(plasma) 0/9

nb/all 0.33 16.5 None 9/9
0.33 16.5 Frozen 0/8
1.0 50 Sonicated 0/8
0.33       -            Cells removed

(plasma) 0/9

*    Fresh whole blood.                            -

**  Fresh whole blood frozen at -25 C overnight, thawed at 37 C and

given intravenously without further treatment.

***  Fresh whole blood sonicated for 20 sec at 20 kHz at 50 W at 5 C.
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TABLE C3. RELATIONSHIP OF NUCLEATED CELL CONTENT OF WHOLE BLOOD

TO THE PHENOTYPIC CONVERSION   DOSE    (CD 0) ·

Nucleated cells administered
Genotype

of CD50 No.   x  10 6 No. X 106 Relative
donor Vol. (ml) per ml per CD50 effectiveness

+ /+ 0.75 11.2 8.36 1.00

ila/ha. 0.27 22.9 6.18 1.35

laila < 0.03 195 5.85 1.43

mk/mk 2.25 6.0 13.5 0.62

Ilk/nk 0.02 66.2 1.32 6.33

sph/sph 1.25 20.5 25.6 0.33

21./Sld 1.80 13.7 24.6 0.34
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TABLE (4. DISTRIBUTION OF CELL TYPES IN WHOLE BLOOD AND THEIR

RELATION TO THE CONVERTING DOSE.

,-

Total

i Lympho- Mono- Eosino- Neutrb- nucleated

Genotype cytes cytes phils phils RBC cells

SECTION 1.  No. x 105/ml

+ /+ .86 5.90 2.87 1.61

12/]EL 185 5.73 0.23 25.2

la/.12 437 5.85 1.95 42.9

mk/mk                         35 1.35 1.44 21.5

nk/nk 308 13.90 4.97 2.91
I sph/sph 162 3.08 1.02 16.4

Sl/Sla 117 1.36 0.25 7.65

SECTION 2.  No. x 105/CD50

+ /+ 64.5 4.42 2.15 1.21

ila/ila
'

50.0 1.55 0.06 6.80

jui/jiL 13.1 0.18 0.06 1.29

mls/mk 78.8 3.03 3.24 48.4

nk/nk 6.16 0.28 0.10 0.58

sph/sph 202 3.83 1.28 20.5   -

Sl/Sld 210 0.49 0.45 13.8

SECTION 3.  Relative effectiveness/CD50*

-        + /+ 1.00 .1.00 1.00 1.00 1.00 1.00

ha/ha. 1.29 2.85 35.8 0.18 7.88 1.35

jugill 4.92 24.6 1.10 0.94 63.7 1.43

mk/mli 0.82 1.45 0.66 0.02 0.22 0.62

nk/nk 10.5 15.8 21.5 2.09 76.4 6.33

sph/sEh 0.32 1.15 1.68 0.06 2.90 0.33

Sl/Sld 0.31 1.80 4.78 0.09 1.00 0.34

*     Value   for  +» CD50 /value for mutant   CD50 ·
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TABLE (5. ORDERING OF GENOTYPES - LEAST EFFECTIVE TO MOST EFFECTIVE IN

TERMS OF CD50/90 

Number
nucleated Lympho - Eosinb- Neutro- Mono-

Order CD50 cells cytes phils phils cytes RBC

1. mk/mk sph/sph 11/Sld Ek/mk Eli/mk + »            Ek/mk

2 21/Sld Sl/Sld sph/sph + /+ sph/sph sph/sph  21/Sld

3 sph/sph mk/mji mk/mli ialli S.1/sld mk/wk        +/+

4 +/+ + /+ + /+ sph/sph ha/ila ha/ha sph/sph

5 ila/ha ha/ha  ila/ila 21/Sld kill Sl/Sid ha/ha.
6 la/11 laili lilli nk/nk + /+ nk/nk 18/11

7 nk/nk Ilk/Ilk nk/nk ha/ha. nk/nk 11/11 nk/nk
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TABLE (6.  RELATIONSHIP BETWEEN BLOOD CFU-S(l  AND CONVERTING POTENTIAL

OF BLOOD(2).

· ·t

Genotype
Cl)50 (ml)           CFU/mf              CFU/C])5O               CFU 106    NC (4)               CFU/109    RBC(5)

'

+ /+, 0.75 ca. 10 ca. 7.5 ca. 1.20 ca.              1

ha/ha 0.27        74        20            3.23                30

ialia 0.03 425 12.8 2.18 142

nk/nk 0.02 200 4.0 3.02                86

(1)      Assayed   in   WBB 6Fl    - +/+ irradiated   with   90OR of total body irradiation.

Spleen colonies counted on- day 9.

(2)   Dose of whole blood in ml which converts 50% of iv inoculated Ji/Wv re-

cipients within 90 days (CD50/9Od) to the hematological phenotype of

the donor.

(3)  According to Barnes and Loutit, 1967.

(4) CFU-S/106 nucleated cells present in peripheral blood.

(5.)  CFU-S/109 erythrocytes.

-19-



\

.

I.

TABLE Dl.  LENGTH OF LAG PHASE IN DAYS (MEAN f S.E.).

+ /+ H/wv St/Sld

Reticulocytes 3.0 * 0.9 2.9 2 0.5 2.3 f.0.3

Fe59 in blood 2.3 f 0.2 3.3 * 0.3 4.1 f 0.5

Fe59 in femur 1.8 f 0.5 1.5 f 0.2 3.2 & 0.6

Fe59 in spleen 2.0 f 0.8 3.2 f 0.7 2.8 f 0.2

BP+* cells in femur 2.1 f 0.1 3.1 f 0.3 3.7 * 0.4

BP+ cells in spleen 2.0 a 0.3 2.7 f 0.3 3.2 f 0.8

*  BP+ = Benzidine peroxidase positive cells ( = erythroid).

1                                                                                                                                                                                                                                 1

t--
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TABLE D2.  LENGTH OF GROWTH PHASE AS MEASURED IN DAYS TO HALF

RECOVERY (MEAN f S.E. ).*

+/+
Wfwi 21/Sld

Reticulocytes 4.3 3: 1.3 4.5 f 1.3 5.2 * 0.7

Fe59 in blood 3.6 f 0.9 4.4 f 0.3 4.4 f 0.7

Fe59 in femur 3.6 f 0.5 2.9 a 0.3 5.3 f 0.1

Fe59 in spleen 1.2 f 0.5 2.0 f 0.7 3.3 f 0.4

)
BP+** cells in femur 2.3 f 0.8 3.2 * 0.7 6.7 f 1.1

BP+ cells in spleen · 1.3 f 0.4 1.3 a 0.4 3.5 f 0.7

*   Time in days from end of the lag phase to midpoint of the growth

phase.

**  BP+ = Benzidine peroxidase positive cells ( = erythroid cells).
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TABLE D3.  LENGTH OF THE DECAY PHASE IN DAYS (T/2) (MEAN f S.E.).

.-

+ /+ W/WY. Sl/Sld

Reticulocytes 1.6 f 0.0 1.6 & 0.4 3.0 * 0.7

Fe59 in blood 3.0 f 0.4 3.0 * 0.5 3.0 & 0.9

Fe59 in femur 4.2 f 0.7 4.5 f 0.6 3.7 f 0.9
.-

59                                                                          'Fe in spleen 1.9 f 0.7 3.5 f 1.5 1.3 * 0.6

BP+* cells in femur 2.8 E 0.6 1.2 f 0.2 1.3 f 0.4

BP+ cells in spleen 1.9 f 0.3 3.8 f 0.2 3.3 f 0.4

*  BP+ = Benzidine peroxidase positive cells ( = erythroid).
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TABLE D4.  HEMATOCRIT LEVEL AT WHICH ERYTHROPOIESIS RESUMES (MEAN

f S.Eo).

*-

+ /+ H/Jil 21/sld

Reticulocytes 45.3 * 0.4 39.8 f 0.3 34.4 f 0.2

Fe in blood59                      44.2 * 0.8 39.2 * 0.3 32.2 f 0.4

Erythropoietin 42.5 & 0.3 37.3 f 0.9 32*

Fe in femur59                      45.0 * 0.4 40.0 8 0.5 33.0 * 0.3

Fe59 in spleen 42.0 * 0.7 38.0 f 0.6 33.6 * 0.4

BP+** cells in femur 44.5 a 0.8 39.8 * 0.2 33.2 * 0.3

BP+ cells in spleen 44.8 f 1.4 38.0 f 0.5 33.2 * 0.6

Mean for 7 parameters 44.0 f 0.5 39.0 * 0.4 33.1 f 0.3

Hematocrit of controls 49.0 *'0.3 40.4 f 0.2 31.7 *0.3

*   Insufficient data for further analysis.

** BP+ = Benzidine peroxidase positive cells ( = Lepehne positive

cells).

e
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TABLE Gl. VALUES OBTAINED FOR THREE PARAMETERS OF INTESTINAL CRYPT

ACTIVITY IN CONGENIC    NON -RAD IATED   MICE OF THREE GENOTYPES (NORMAL,   t»;

ANEMIC, H/HY.;  and Sl/Sld).

;

 '                               Parameters of crypt activity

Labeling Mitotic
Number Cells/crypt index index CPM/mg

Genotypes mice/crypts m a S.E. m f S.E. m f S.E. m f S.E.

WBB6Ff - +/+   4   20    190.6 * 7.3 22.4 f 1.1 1.8 a 0.2 1683 * 140

WBB6Fl-H/f  4 22 216.2 f 8.3 24.4 a 1.2 1.2 f 0.2 1798 f 189

WCB6Fl-Sl/Sld 4   20  ' 234.9 * 9.7    23.9 * 1.1   1.9 f
0.2 1684 a 154

-
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TABLE Hl.  ERYTHROCYTE CHRACTERISTICS OF ANEMIC AND NORMAL MICE

AT   14   DAYS.

t»                  0            --an/an

Genetic

background m RBC m MCV m RBC m MCV

WBB6Fl 5.96 x 106 56.2  4.34 x 106 70.5;2
mm3 mm)

1

BAN/Re 5-.3 x 106 58#3 3.4 x 106 85u3
Inm3 mmj
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TABLE H2.' ERYTHROCYTE CHARACTERISTICS OF ADULT HERTWIG'S ANEMIC MICE AND THEIR NORMAL LITTERMATES.

3 months 6 months

-

n    m RBC x 106 m MCV            n    m RBC X 106 m MCV
3

Genotypes sex mmj S.E. #3 S.E. sex mmj S.E. U    S.E.

WBB 6Fl     -   +  + 11 99 9.92 a 0.12 48.8 a 0.5 22 99 9.89 f.0.12 47.2 & 0.4

17 du 10.05 f 0.09 47.3 a 0.3 17 du 10.13 a 0.10 47.6 a 0.05

F
WBB 6Fl -an/an 13 99 - '7.69 f 0.28 59.6 f 0.9     21 99 7.40 f 0.12 55.2 a 2.0

1 12 du 6.71 a 0.27 56.5 a 1.0 15 cti 6.53 f 0.38 56.7 f 1.4

.

-
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TABLE H3.  CHARACTERISTIC TOTAL WHITE-CELL COUNTS (MEAN f STANDARD

ERROR, NUMBER) FOR MICE OF THREE CONGENIC GENOTYPES AT THREE DIFFERENT AGES.

.1

Genotypes .
1

..

WB869·1  - + Mr WBB6Fl -an/+ WBB6Fl -22/2n

WBX x 103 WBC x 103 WBC x 103
nunj

· mm3 nm 3

-

, Age     nm    f S.E. . n. m & S.E. n m f S.E,

3 months 3 16.37 f - 8    14.90 f  -      19    10.02 f 0.57

6   "      10     14.90 f  -     20    16.40 f 0.74    27    11.73 * 0.43

9   "      20     15.41 a 0.67   25    15.76 f 0.76    32    11.65 * 0.39

\                                           -
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FIGURE D2. DYNAMICS OF ERYTHROPOIESIS IN MUTANTS RECOVERING FROM

HYPOXIA - RESPONSES PLOTTED AGAINST PACKED CELL VOLUME.
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FIGURE D3. DYNAMICS OF ERYTHROPOIESIS IN MUTANTS RECOVERING FROM HYPOXIA

- CHANGES IN HEMATOCRIT AND PLASMA CONTENT OF ERYTHROPOIETIN.

-30 -


