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ULTRASTRUCTURAL STUDIES OF SPLEEN AFTER WHOLE-BODY IRRADIATION
EHNHEBRBHAORBOEBEMEME OMRZR

INTRODUCTION

The ultrastructural changes induced in tissues and cells
by ionizing radiation have been described in only a few
tissues.!” Few studies which deal with the electron mi-
croscopy of radiation effects on spleen or other lymphoid
tissues are available.”” The limited amount of information
about the ultrastructural appearance of tissue following ir-
radiation contrasts with the rather complete descriptions
available on a light-microscopical level for many tissues "’

The present study was designed to allow a survey of the
acute effects of whole-body X-irradiation upon lymphoid
tissue of the mouse spleen and to a somewhat lesser extent
upon other splenic cellular elements. Longer term, re-
generative changes in lymphoid tissue have not been
studied.

MATERIAL AND METHODS

Young adult female mice of a partially inbred strain (BB),
obtained commercially, were fed ad libitum with all purpose
laboratory chow CE-2 (Nippon Haigo Hiryo KK). They
were subjected to whole-body X-irradiation of 800r and
following this, experimental animals were sacrificed at
intervals of 45 minutes, 3 hours, 8 hours, 24 hours, 72
hours and 6 days after irradiation and splenic tissue
processed for both light and electron microscopy. Tissue
for electron microscopy was fixed in buffered osmium
tetroxide, at pH 7.45, and embedded in epon 812 after
the method of Luft.'" Sections were cut at 100 my with
a Porter-Blum ultramicrotome and glass knives, stained
with lead using Karnovsky's tet:l-micp.m12 and examined with
a JEM 5G electron microscope.

RESULTS

Lymphoid follicles comprised about one-half the volume of
normal mouse spleen and red pulp, the sinusoidal com-
ponent, made up most of the remainder. The same types
of cells were present throughout the spleen, the difference
between white pulp and red pulp being in large part due
to differences between the proportions of the various types
of cells present.
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Lymphoid follicles contained, in addition to numerous
mature lymphocytes, many immature lymphocytes, lympho-
blasts or hemocytoblasts, reticulum cells, many of which
were phagocytic and designated as macrophages, plasma
cells and a few megakaryocytes (Figure 1).

The sinusoids of red pulp contained all normal components
of peripheral blood. Sinusoidal fixed cells included retic-
uloendothelial cells lining sinusoids and cords, which were
indistinguishable from macrophages of the lymphoid folli-
cles (Figure 2), and larger numbers of megakaryocytes
than were found in the follicles. The supporting frame-
work of mouse spleen appeared to be a continuous network
of reticulum, consisting of relatively homogeneous moder-
ately electron dense material having in it variablﬂe numbers
of small fibers, some of which showed the 670 A banding
pattern of collagen. The reticulum was identical with the
sinusoidal basement membrane and was similar in appear-
ance to basement membranes seen under epithelia, except
for the presence of collagen fibers.

Sinusoidal reticulum or basement membrane was covered
on both sides by reticuloendothelial macrophages, and dis-
tinction between sinusoid and cord was difficult ultra-
structurally. The structure of mouse spleen appeared to
be similar to that of human, rabbit, and rat spleen as de-
scribed by Weiss,13:1* except there was less distinction
between sinusoid and cord.

Splenic trabeculae consisted of fibroblasts, and a stroma
of collagen fibers and reticulum with apparent continuity
between the reticulum of sinusoids and that of trabeculae.
Trabecular connective tissue was intimately related to fi-
broblasts. Fibroblasts tended to be confined to the tra-
beculae, and were seen only infrequently in other parts
of the spleen, which suggests that sinusoidal basement
membrane is elaborated by the sinusoidal reticuloendothelial
macrophages. The distribution of fibroblasts in mouse
spleen apparently differs from that of the rabbit, which
has fibroblasts scattered diffusely throughout its paren-

5
chyma.'

Spleen Following Irradiation Spleen, 45 minutes after
irradiation, showed both by light and electron microscopy
a moderate increase in the number of fragments of nucle-
ar debris inside follicular macrophages, an indication of
increased phagocytic activity (Figures 3,4).

Ultrastructurally, most phagocytes showed few changes
except for the numerous intracytoplasmic pycnotic nuclei
and cells. The cytoplasm of macrophages contained nu-
merous pycnotic lymphocytes, with both cytoplasm and
nucleus intact but markedly shrunken and electron dense
(Figure 4). These were only one-third to one-half the

Uy ERITIE, 2HOMB) » RO I AT, £¢
DENF Y oS ER, ) v oSEEIRE X MERSEME, £ { A
EHALETH - TREER OS2 M@, BEek,
»LUDSHEoBERBERAGINTVE (K1) .

FEHO 2V 4 P2, BRLED ER2#ES -0
sudgEh T, FAVA4 FEEMBICZE, IR
74ra;umﬁwmm&ﬁammm&mwﬁﬁﬁf,
2R rotERN o KESRERM TE Ao (2.
FRERAIET2LNL EHOEEBRFES L,
= A ORI RE L, Ao ERER o L
TThoT, EBEMIHELAIEEOETEEL L2
WEDARD, Z2OtizuwAVWARE EEOEHREL 4
STE Y, FOBETIHOTIE, BROMAMIEL 670 A
RLRLA. SiBl2, vy 4 FEERZOLOTH -
T, BEBEFBHLNEH5HBE, ToMEILEET
CAGhAREEREMUETSH 2.

SR A P 4 b b ERERL, WA ENE P R
RERCCE s THBManT T, YRV FPEmELD
LAlid, MBS dMEETH 2. =7 20
DEEL, Weiss i< T w3 Lk z, 31 2y f F
EMBLOKYHSSE VBT S EERTE, AN,
ReELF7y PoBEO#ECHEULTH3L) T

by, EeEEek, MEEAOMEOBMY, &2 0MWME» L 2
D, YRV A4 FoM@ENEoMBIEHR T3 X3
S ﬂ-‘HF%L’;’:’:’rhffuh MBS Mo AL MRS
B Ll BHEFEROEREIL, A0 LE, B
$ﬂ:&alvtwf,H$ﬁwﬁwn&ﬁ?uiiu:L#AH
N s, IRV, FREEN Y22, VO
MBS R R L TE TV A L ERET A,
B AL B (A BHESER e A 1L, EE ek R
THEEF R ET AROBGLERLE T AL T
HH

s R AT £ DR ERR B B aHis it o 4557 %, el
fEd LUV EAMET T, Mo Y o SsEER A e (C
B A IR RER B SRR G A, AU,
Mmoo Bsst Rt Lo THE (K3, 4).

R Y L, MR A RS £ Ol AT #
dwwhhmm M T, ZuToo gfialEe A
EEEAH L kBEHROMBEIZL, FHO®R
WIEY > SERAE 41”wf,%mm%ﬁh;wﬁu&
LA S Y, BLOBHELELEE SD -
t{@d}‘:ﬂBU?ﬁﬂﬂﬁﬁu,}mUxﬁﬂ



diameter of intact lymphocytes. Occasional macrophages
showed mitochondrial swelling (Figure 5), but moest were
unaltered except for the evidences of increased phagoeytic
activity. Plasma cells, fibroblasts and megakaryocytes
appeared essentially unremarkable 45 minutes after ir-
radiation.

Because Murray reported possible nuclear chromatin
clumping in immature lymphocytes following irradiation,'®
an attempt was made to demonstrate this change by light
microscopy. No consistent nuclear chromatin clumping
was found in immature lymphocytic cells. Occasional im-
mature lymphocytes showed apparent nuclear swelling and
lysis by light microscopy, but they were present in small
numbers, and it was not certain that they were more fre-
quent than in non-irradiated spleen.

When examined by electron microscopy, the majority of
the mature lymphocytes showed no evidence of nuclear
chromatin clumping. Many immature lymphocytes or he-
mocytoblasts did have irregularly clumped nuclear chro-
matin (Figure 6), an abnormality which probably was a
direct effect of the radiation. This may or may not be
related to the subsequent pycnosis and phagocytosis, since
mature lymphocytes rarely had clumped chromatin, vet
became necrotic and were phagocytized in large numbers.
Also, some lymphoblasts showed focal disruption of the
nuclear membrane (Figure 7).

The phagocytized content of macrophages was maximal
3 hours after irradiation. Extensive sequestration both of
pyenotic whole cells and nuclei was noticeable both by
light and electron microscopy (Figures 8,9). Some macro-
phages contained clumps of cytoplasmic material ineluding
mitochondria and ribosomes in addition to pycnotic nuclei.
At this time a few pycnotic, electron dense lymphocytes
were found extracellularly (Figure 10).

Cytoplasmic elements without nuclear debris were not
found in the cytoplasm of macrophages, but numerous
nuclear remnants devoid of cytoplasmic material were
seen. This finding indicates that the cytoplasmic material
of phagoeytized cells was digested more rapidly than the
nuclei or perhaps that some lymphocytes may undergo
cytoplasmic lysis before phagocytosis. Schwartzendruber
and Congdon'” reported the presence of ingested whole,
shrunken cells with intact cytoplasm in the reticulum cells
of mouse spleen following antigenic stimulation. Most of the
pyenotic cells in their material were plasma cells, which
were considered to be related to an immunologic response
induced by the antigenic stimulation.
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By 8 hours after irradiation the peak of phagocytic activity
had passed although there remained a marked increase
over normal in the amount of phagocytized debris. Lami-
nated membranes resembling myelin figures were seen in
relation to some of the nuclear debris (Figure 12). These
laminated membranes tended to occur after partial diges-
tion of the nuclei and were present in control tissue, al-
though they were found much more frequently following
irradiation.

Plasma cells showed moderate dilatation of the endoplas-
mic reticular cisterns (Figure 13) somewhat more frequent-
ly than in control tissue, but there were no significant
changes in most of them. Occasional plasma cells showed
disorganization of the parallel arrays of rough endoplas-
mic reticulum, with the formation of numerous cytoplasmic
vessels rimmed by ribosomes (Figure 14). No changes
were found in fibroblasts or trabeculae.

Evidence of moderate lymphocyte necrosis and phagocy-
tosis was still present 24 hours after irradiation. Many
of the numerous small nuclear fragments in macrophages
were probably remnants of lymphocytes phagocytized inthe
first few hours after irradiation, but there was also recent-
ly phagocytized debris and whole pyenotic lymphocytes
were occasionally observed.

Many plasma cells were essentially normal, while others
showed mild sinusoidal dilatation, similar to the findings
at 8 hours after irradiation. No changes were observed
in fibroblasts (Figure 15), which appeared entirely normal.

Three days following irradiation the spleen grossly was
markedly reduced in size. The reduction in size was due
to dropping out of cellular elements. The cell loss was
even more marked than was grossly apparent because of
the moderately severe congestive changes which were
present in the sinusoids of red pulp. Reticuloendothelial
cells lining the sinusoids, and those in the small residual
lymphoid follicles ultrastructurally showed no apparent
abnormalities except for the presence of increased phago-
cytic debris most of it apparently old. Very little evidence
of recent phagocytosis was found. Megakaryocytes were
reduced in number by light microscopy, but their ultra-
structural appearance was essentially normal except for
possible reduction in the number and density of platelet
alpha granules. Plasma cells were unchanged from their
appearance at 24 hours after irradiation, and fibroblasts
appeared essentially normal.

Six days after irradiation, the spleen was extremely
shrunken and continued to show moderate congestion, thus
the total number of parenchymal cells was much smaller
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than might be expected from its size. Sinus reticulo-
endothelial cells contained moderately large amounts of
partly digested phagocytized material (Figure 16), but evi-
dence of recent phagocytosis was not seen. No differ-
ences coild be detected between these sinus lining macro-
phages and those of control spleen except for the more
abundant phagocytic debris. There was relative increase
in the number of immature lymphocytes, which had multi-
ple large nucleoli and a moderate amount of cytoplasm
with many mitochondria.

Increased numbers of hemocytoblasts were seen. These
immature blastlike cells probably are lymphocyte and plas-
ma cell precursors and typically have cytoplasmic ribo-
somes arranged in clusters, in addition to large nuclei
and moderately abundant cytoplasm.'® There were also
numbers of moderately large cells with much rough endo-
plasmic reticulum, similar to plasma cells in general ap-
pearance. These probably were plasmablasts. The pres-
ence of these two types of primitive cells, hemocytoblasts
and plasmablasts, indicates the beginning of regenerative
changes which if continued, presumably would allow gradu-
al reconstitution of splenic parenchyma in the small pro-
portion of surviving animals. Six days after irradiation
was the longest time period studied.

DISCUSSION

Previous investigations of the histologic changes in spleen
after irradiation were reported by Murray in 1948.1% He
exposed mice to 350t of whole-body X-ray, which was
two-thirds of the LDso dose at 30 days, and described
the light microscopical appearance of spleen at intervals
from 1 hour to 21 days. The presently reported material
serves to confirm Murray's light microscopical observa-
tions in most details. Murray described marked lympho-
cytic destruction with nuclear pycnosis and karyorrhexis,
and phagocytosis by macrophages in the first few hours
after irradiation, with subsequent marked reduction in the
cellular content of white pulp. There was partial morpho-
logic recovery in his material by 3 weeks after irradiation.

As previously indicated, Murray noted nuclear chromatin
clumping in immature lymphoid cells. In the presently
reported material, this finding was only provisionally dem-
onstrated by light microscopy, although nuclear clumping
was observed with the electron microscope. It is difficult
to evaluate the significance of this chromatin clumping in
immature lymphocytes since mature lymphocytes, which
more frequently showed cytopathic change, did not display
clumped nuclear chromatin.
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The splenic cells most sensitive to damage by X-radiation
were small mature lymphocytes, while immature cells
seemed to be less sensitive. Reticular macrophages
showed mitochondrial changes which may be due to radi-
ation, and of course there was a marked increase in
phagocytic activity by the macrophages. Megakaryocytes
and plasma cells were relatively resistant to radiation,
although they showed minor changes. No changes were
recognized in fibroblasts following irradiation.

Marked differences among various types of cells in sus-
ceptibility to nuclear pycnosis and chromatin clumping
following ionizing radiation has been described in brain
tissue by Pitcock’ who found nuclear pycnosis and chro-
matin clumping in cerebellar granular layer neurons, but
only minimal chromatin clumping in neurons of other sites
and glial cells.

Braun® reported the changes in small gut epithelium fol-
lowing 450 r whole-body irradiation of mice. The epithelial
cells showed vacuolization of endoplasmic reticulum at 2
hours, becoming much more marked by 6 hours. There
were few early changes in mitochondria, although they
showed some swelling 24 hours after irradiation. By this
time the endoplasmic reticulum had probably recovered.
Amongst splenic cells plasma cells and reticular macro-
phages have the most endoplasmic reticulum; lymphocytes
have scant endoplasmic reticulum. No significant changes
were observed in the smooth or rough endoplasmic reticu-
lum of macrophages and there was only slight dilatation
of endoplasmic reticular cisterns in plasma cells. Mito-
chondrial swelling and slight central vacuolization were
found occasionally in macrophages but in lymphocytes only
when there were other evidences of cytoplasmic or nucle-
ar damage.

Seki and co-workers’ in an abstract reported disintegra-
tion of lymphocytes and lymphoblasts 2 hours after irradi-
ation, followed by condensation and increased electron
density of the fragments prior to phagocytosis by macro-
phages. In the present study lymphocytes were sometimes
found to undergo marked pyenosis extracellularly, but in
most instances appeared to have been phagocytized whole
and to have fragmented subsequently while within macro-
phage cytoplasm.

Splenic lymphocytes following whole-body irradiation
appear to undergo rather sudden general shrinkage of
nucleus and cytoplasm, with concomitant marked increase

in their electron density. In many instances whole
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pvenotic cells were phagocytized by macrophages and non-
phagocytized necrotic cells seen in the extracellular space
showed similar marked shrinkage and electron density,
yet were not fragmented. Fragmentation of nuclei or cells
therefore does not appear to be the usual mechanism of
lymphocyte necrosis after irradiation. Phagocytized ne-
crotic lymphocytes have an appearance similar to that of
the tingible bodies reported by Schwartzendruber and
Congdon'” in spleen reacting physiologically to antigenic
stimulation. Shrinkage or pycnosis may be the way
lymphocytes react to a variety of necrotizing agents.
Possibly this is related to loss of cellular water with re-
tention of organic molecular constituents. The marked
electron density of the pycnotic cells argues that there
must be considerable retention of organic content. The
digestion of lymphocytes by macrophages after radiation
damage does not seem to differ from similar digestive
activity observed in control spleen.

After the pycnotic lymphocyte has been phagocytized, its
cytoplasm disappears rapidly, followed by nuclear lysis at
which time myelin-like laminated membranes appear.

Most of the lymphocytes became necrotic and were phago-
cytized in the first 8 hours after irradiation. Therealfter
necrosis of lymphocytes continued at a slower rate, sug-
gesting that the diminution of splenic cellularity several
days after irradiation results from loss of individual cells
as well as retarded regenerative proliferation.

SUMMARY

The ultrastructural changes in mouse spleen during the
first 6 days after 800 r of whole-body irradiation have been
described. Mature lymphocytes showed early cytonecrosis,
characterized by marked cellular shrinkage without frag-
mentation and usually were phagocytized whole by reticular
macrophages, subsequently fragmented and were digested.

Immature lymphocytes showed chromatin clumping, in ad-
dition to cytonecrotic changes like those in mature
lymphocytes but appeared less sensitive to radiation than
mature Iymphocytes.

There was mild dilatation of endoplasmic reticular cisterns
in plasma cells, but reticular macrophages, megakaryocytes
and fibroblasts appeared to be directly affected relatively
little by radiation.
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Figure 1

BE1
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Normal spleen. A lymphoblasi (LB) shnu-ing abundant cytoplasm with many ribosomes and several mitochondria.
Part of a reticular macrophage (M) has numerous Golgi membranes and rough endoplasmic reticulum ( x14,500) .
ERZERR. V" 1 FR(LB)o {0 #F¥- 2t UrNEoREftif BN E8BRLENHS. &
BAAEE(M)0—81, SHOTALYESLUVERZABEBEREES S 5( % 14,500).

Figure 2 Normal spleen. Tingible bodies (T) remnants of phagocytized and digested cellular material in the cytoplasm of
a macrophage ( % 26,600).
ERLCHR. TRE(T), AEAFEBRALSUIBENAL s n - HEEHNORRE (X 26,600).
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Figure 3

Figure 4

G4

38 minutes after irradiation. Recently phagocytized cglinlar material in @ macrophage, including one markedly
pvenatic cell, probably a lymphocyte, the nucleus and cytoplasm of which appear to be intact ( x16,000) -
HHREN RS, AERAOBRZATHLVEREWETH. T, 1HoENLsHaEERERYS.
HEELLINRYV SR THST, TOBSIUCERNEEBIZAZ S (X16,000).

48 minutes after irradiation. Cytoplasm of @ macrophage contains a pycnotic, electron dense [ymphocyte whose
nuclear and cyloplasmic membranes appear intact. A mitochondrion is recognizable in the cytoplasm of the phago-
cytized bymphocyie ( %18,500) .

ExEgMEyEes. kERoEBERICE, HESEETRTE
REBMIEMO LI THS. BREALY > AROBRRRAL, AREERHSIEHN T 5(X]18,500).
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Figure 5 50 minutes after irradiation, Dilatation and vacuolization of mitochondria and mild widening of ough endoplasmic
reticular cisterns in the cytoplasm of a macrophage ( x14,600).

M5 HERAHEOT. AAFHBERN - HUSEAHNSOBESLUCERER s VLRSI ANEREABE
HOER(X14,600).

Figure 38 minules after irradiation. An immature bmphoid series cell shows irregular clumping of nuclear chromatin
(x24,100).

M6 HRUHBREHERBET. 95 > BERFCTHUMIBERARNEREIEN S (x24,100).



Figure 7 38 minutes after irradiation. A lymphoblast has rhl'm;n'd' nuclear chromatin and the nuclear membrane is focally
disrupted ( % 17,400),

M7 HHBHHKBD. ) FROBLAARESHIUVERORKRBE LY 5 (X17,400).

Figure 8 3 hours afler irradiation. Large quantities of electron dense phagocytized debris, most of il of nuclear origin
(x19,000) .
48 HUH@BNNEIGH. sROZTFEEOFVEFRHCIINEARMEENS. TokHaERERED
(%19,000).
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Figure 9 3 hours after irradiation. A phegocytized lymphocyte is pycnotic and electron dense. Note preservation of nuclear

and cyloplasmic membranes and mitochondria(x25,800) ,

B Sari. EEFCLIEREALY X RE, RSN TR TFEEIE . BE S 2 UVERE
BARFEATVSHCEETS - E(X25,800).

Figure 100 3 hours after irradiation. A distoried, electron dense pycnotic cell, probably a lymphoblast, lies free in a lissue
space. Its diameter, 5.3 g . is only slightly larger than that of necrotic phagocytized lymphocytes within macrophages
(%25,300).
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HURESEIEGE. ) " ER L b EALZBORIERoAVHBREERFrEI BB CIES
LTHETZ. TOEESIpl, KEKACEREIALME > RoAREIVE, bTF2I2kTH3
(x25,300).
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Figure 11
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Figure 12

3 hours after irradiation. An immature cell, probably & lymphoblast, shows no recognizable abnormalities. Many
cells which appeared ultrastructurally aormal were present after irradiation (% 17,500) -

BHEEEEIEM. VY ER B HAIHEEARCAFTLED S A LR TV, RHEHEMN®R, 8
REREHCERL2 258 (0EELESH 5 (X17,500),

8 hours afier irrudiation. Macrophages conigin phagocytized debris which shows partial replacement by laminated
membranous material, the resullt of partial digestion. These laminaled membranes indicate the presence of phospho-
lipid ( x16,100)

EHEESEHESEN. AR, FNERRCI) -BEMREAL, T4 bs, EaOFAKERTRER
CXIMEMEENS. ChonRER, BEROTELRT(X16,100).




Figure 13 8 hours after irradiation. A plasma cell shows no recognizable change from normal, excep! for moderate dilatation
of rough endoplasmic reticular cisterns ( x14,500)

13 BHSMHZSEH. SELAREREABT-IFHEOERSH3 3413, BRRCERERL LIS
05z (X14,500).

Figure 14 8 hours after irradiation. A plasma cell shows disorganization of the rough endoplasmic reticulum and the for- —
mation of numerous vesicles with ribosomes on the exterior surface (15,700}

M4 HMBUHESER EE:AERENEE0RIS LN EC I HF-—ABERTIERDAREREERTE
1ImEH3(x15,700).
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Figure 15
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H 16

24 hours after irradiation, Parts of several fibroblasts gnd collagen bundles show no abnormalilies aftributable to

irrediation { 23,7001
HESEHEUGH. 'ROREFRSICBEFRARFOLE 1., RHREHITEF T3 LANsNRE

BY Ly (X23,700).

The reticular macrophages otherwise appear normal ( x11,400)
HHERHEGOH. PVHROARROEZZE, AEACIVBREZALANERFr oRSITFEROAVRAN
EEU. TOROATUEEARREEEICS 2 5 (X11,400).
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