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INTRODUCTION

The Normal Cerebral Cortex

In preface to this dissertation, the author feels it is proper to present
the following brief description of the normal central nervous system as seen
with electron microscopy. It is based on control tissues as observed during
this investigation and on previous descriptione of a number of authors (Palay
and Palade, '55; Wyckoff and Young, '56; Luse, '56; Farquhar and Hartmann,
'57; Maynard, Schultz and Pease, '57; Schultz, Maynard and Pease, '57; Bemnett]
Luft and Hampton, '59; De Robertis, and Gerschenfeld, '61; and Gray, '61).
Those structures most pertinent in this study are accentuated, and where
necessary, terms are clarified.

When viewed with electron microscopy, the central nervous system appears
extremely compact (figs. 1 and 3). The distance between cells consists of a
narrow, but rather uniform, extracellular space of about 200 to 250 A (figs.

b and 5). Processes of clear glial cells are abundant in the tissue and tend
to accumulate at the periphery of capillaries (figs. 1, 2, and 3). These
cells have occasionally been classified as oligodendroglial cells (Luse, '60),
but it seems that the majority of the investigators consider them to be
astrocytes. In the present study they are referred to as astrocytes.

The cytoplasm of astrocytes is recognized by its ''watery'" appearance and
relative lack of organelles (figs. 1, 2, 3, 4, and 5). Astrocyte nuclei are
also comparatively clear; the chromatin material tends to be clumped and

1
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usually forms a dense rim at the inner surface of the nuclear membrane.

Nerve cell bodies are distinguished by their granular cytoplasm, and
nuclei in which the chromatin appears sparse but rather evenly distributed
(figs. 1, 2, and 3). At higher magnification (fig. U4) one sees that the
granular portion of the cytoplasm, containing mitochondria, dense bodies, and
clear vacuoles, is often interrupted by cisternae of endoplasmic reticulum.

In general, the axons of these cells are recognized by their investing myelin
sheaths. Dendrites are not surrounded by myelin and are seen to contain fine
tubules in their cytoplasm (figs. 2 and 3).

Oligodendroglial cells contain cytoplasm which, although much less in
quantity, resembles that of neurons. They are best identified by their
relatively small and dense nuclei (fig. 1).

Microglial cells are easily distinguished by the extreme density of their
cytoplasm and nuclei (fig. 3). The cytoplasm contains an abundance of g:mnnﬂssJ
and appears to be separated into strands and clumps by clear areas which
apparently represent endoplasmic reticulum. Nuclei of microglial cells are
also packed with granular material, so much so, that it is often difficult to
distinguish the periphery of the nucleus from the surrounding cytoplasm.

The capillaries of the central nervous system have been classified by
Bennett, Luft, and Hampton ('59) as type A-l-beta, that is, they have a com-
plete bssemant membrane, they do not have intercellular fenestrations or pores,
and they are completely invested by pericapillary cells (fig. 5). These capil-
laries differ from other capillaries in the A-1 category (eg., muscle capillar-
ies, A-l-alpha) only in that the tissue elemsnts are in close contact with

their periphery, viz., they lack pericapillary extracellular space.
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The cytoplasm of capillary endothelial cells contains scattered clusters
of granules, a few mitochondria and numerous vesicles, It is believed that a
number of these vesicles are formed by invaginations of the plasma membrana_
(by pinocytosis), and that they are active in conveying some substances
through the endothelium (Palade, '6l1). Endothelial cells are often seen to
overlap, leaving a small space of about 150 to 250 A between the surface
membranes at the area of the junction.

The basement membrane surrounding the endothelium is probably of a
polysaccharide nature (Pease, '60). It is distinctly divided into three zones
an inner light zone which is continuous with the intercellular junction
between overlapping endothelial cells, an intermediste dense zone, and an
outer light zome which is continuous with the narrow extracellular space of
the neural tissue (fig. 5). Together, the three zones measure approximately
500 A: the intermediate zone being aslightly larger than either of the other
two.

Perivascular cells, elongate flat cells arranged longitudinally in the
capillary wall, are found within the basement membrane (figs. 5 and 6). All
three zones of the basement membrane pass on either side of the cells (fig. 5\
In structure, the perivascular cells are simiiar to endothelial cells; the
nuclei are dense and clusters of granules are dispersed throughout the cyto-
plasm.

Crowded processes of neural cells are seen at the immediate periphery of
the basement membrane (figs. 1, 2, 5, and 6). Maynard et al. have estimated
that about 85% of this area is occupied by the processes of astrocytes; the

remaining area being occupied by various portions of other cells,
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In summary, one can see that the component cells, already described with
light microscopy, can again be identified with electron microscopy. The
tissue appears exceptionally compact, having only a small extracellular space
even in the area of capillaries (areas such as the choroid plexus, area
postrema, and apparently other regions that stain with acidic vital dyes do
have considerable pericapillary space. Dempsey and Wislocki, '55; Van Breeman
and Clemente, '55). The bagement membrane is seen as three distinct zones
survounding capillaries and measuring about 500 A in thicknesa. Perivascular
cells are surrounded by the basement membrane. The majority of the area
immediagely external to the basement membrane is occupied by processes of
astrocytes and neurons.

Purpose of the Investigation

Electron microscopy has been of special value in studies of the central
nervous system., In addition to the usual advantage of resolving structure
with high magnification, it has presented a method whereby all of the compo-
nents of this tissue can be viewed with equal clarity in a single preparation.
In the present study, the advantages of electron microscopy are used to study
a lesion which develops in the cerebral cortex of rats following a localized,
high dose of X-irradiation. The purpose of the investigation is to gain
further information on some of the current problems concerming the pathomor-
phological response of the central nervous system to radiation and other
injurious media.

Specific Problems

1. 7The Primary Effects of Radiation on the Central Nervous System Since

the turn of this century, a number of investigations using light microscopy
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have dealt with the effects of radiation on the central nervous system. The
results of these studies have often led to conflicting opinions as to the
manner in which this tissue responds to the irradiation. A controversy still
exists as to whether all of the damage following irradiation is secondary to
vascular damage (Clemente and Richardson, '62; Scholz, 8chiote and Hirschberge
'62), or whether the neuroectodermal elements are also directly effected by
the irradiation (Arnold et al., 'Sk; Bailey, '62).

Recently, Hager, Hirschberger and Breit ('62) and Pitcock ('62) have
presented ultrastructural studies which have direct bearing on this subject.
Hager et al. have examined the cerebral cortex and cerebellum of Syrian
hamsters during various intervals following localized X-irradiation of dosages
ranging from 7500 to 45,000 r. Their observations show early swelling and
outpouching of capillary endothelium. This is accompanied by plasma exudation
erythrodiapedesis, and swelling with possible rupture of astrocytes. The
authovs consider these early changes to be secondary to increased vascular
permeability,

Pitcock has exposed rats to 15,000 r of whole~body gamma firradiation and
examined tissues during two days following the treatment. His observations
also show an early swelling of capillary endothelium and astroglia. He
suggests that the swollen endothelial cells may be the route for the migration
of fluids into astrocytes.

In both of the investigations, the cerebellar granular cells show early
changes. However, Hager et al. believe that this is a general response of
these cells which is related to edema, and can be seen during a number of

injuries to the central nervous system. Changes in other neuroms occur
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relatively late and are not defined as either direct or secondary effects of
the frradiation.

In the present study the radiation dosage is not varied and tissues are
examined on consecutive days into the late stages of radiation injury. Under
these conditions it is possible to gain a rather good perspective of the
sequence of changes as the lesion develops, and to estimate the dependence of
some changes on previous alterations in the tissue.

2. The "Break Down' of the Blood-Brain Barrier to Vital Dyes In addition

to morphological studies, the use of vital dyes has also indicated changes in
vascular permeability in the central nervous system following irradiationm.

From the pioneering studies of Ehrlich (1885) and Goldmann ('13), and
subsequent studies by numerous investigators, it is well known that acidic
vital dyes introduced into the blood stream of normal animals, rapidly stain
most organs of the bddy, but, with the exception of a few areas, they do not
stain the central nervous system. This phenomenon has led to the concept that
. a special barrier exists between the blood and the central nervous system,
viz,, the blood-brain barrier. The idea of a blood«brain barrier has received
further support from radioactive tracer studies. However, with these

substances, eg., Pja, Brea, Kha, and Naah

, it is not a case of complete
restriction, as indicated with vital dyes; it is rather a slower penetration
rate into this organ as compared to other organs (Bakay, '56).

Although many investigations have been made to determine the nature of
this barrier, as yet, there is little agreement as to exactly where it exists

or as to what it may be. Among the loci suggested are: the luminal surface

of the endothelium (Rodriquez, '55), the area of the capillary basement
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membrane (Dempsey and Wislocki, '55), and the glial membranes facing the
capillary wall (De Robertis and Gerschenfeld, '61). Maynard et al. ('57) see
no reason for considering '"a specialized barrier". They claim that the limite-
ed penetration of substances into this tissue is merely & reflection of the
lack of extracellular space and the necessity for the substances to enter
directly into cells. On the basis of metabolic studies, Dobbing ('61) also
denies the existence of a special barrier. In his opinion the entrance of a
given substance into the central nervous system is entirely dependent upon

its metabolism within the tissue,

Whatever the barrier may be, it is well known that the central nervous
system becomes stainable with acidic vital dyes after a number of injuries.
This has been demonstrated following such insults as stab wounds (Macklin and
Macklin, '20), intra-arterial injections of high concentrations of Diodrast
(Broman and Olsson, '48 and '49), and exposure of the brain to air (Prados,
Strowger and Feindel, '45). It is also seen after damaging amounts of
radiation (Rachmanow, '25; Mogilnitzsky and Podljaschuk, '30; Clemente et al.,
'61; Scholz et al., '62; Van Dyke, Janssen and Tobias, '62), It is interest-
ing that some of these authors consider this stainability an indication of
increased vascular permeability caused by a "break down" of the blood-brain
barrier.

In the present investigation, ferritin, & protein containing an electron-
dense iron core, is used as a "vital stain''- Having an isoelectric point of
less than 5.4 (Grsnick '42), this substance is acidic to blood. It is known
to pass through capillaries into muscle tissue within 15 to 30 minutes after

injection (Wissig, '58). Observing the penetration of this substance into
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the brain before and after irradiation may present some evidence as to the
structural changes which accompany the staining of this tissue with vital
dyes following injury.

3. Ultrastructural Changes During Cerebral Edema Probably directly

related to the increased vascular permeability which follows irradiation, is
the common occurrence of edema in these tissues. Ultrastructural studies of
the changes representing edema in the central nervous system are as yet few.
The necessity of further studies of this type is implicit in their brief and
controversial history.

In an early investigation of this subject, Torack, Terry and Zimmerman
('59 and '60) have shown that cerebral injury caused by cold wounds, expanding
tumors or tin poisoning is manifested by swelling in astrocytes, with no
change in the narrow space between cells. This finding appears to be in
contradiction to observations made with light microscopy, where it is general-
ly agreed that edematous fluids cause enlargements of the extracellular space
as well as swelling in cells.

In consideration of the submicroscopic findings, Feigen et al. ('62)
have repeated the light microscopy of cerebral edema using recent staining
technics to localize edematous fluid in the tissues. Since their observations
reaffirm the findings of earlier light microscopy, the authors have concluded
that the basic mechanism of edema remains undetermined. However, they present
the possibility that under severe conditions, the swollen astrocytes seen
with electron microscopy may rupture forming enlarged spaces in the tissue,
This they agree would reconcile the observations as made with both methods.

That this may well be the case, is indicated by the work of Evans
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et al. ('61), who have described disintegration and disruption of "perivas-
cular glial cells' in brain tissues which have undergone severe edematous
changes. They note that the disruption of these cells results in extensive
extracellular space in the tissue.

The present investigation offers an additional study on this subject.
The changes in astrocytes and in the extracellular space are followed through
the various stages of the edema which follows radiation damage.

' Changes in the Perivascular Cells Following Irradiation Although

perivascular cells were described in early ultrastructural studies of the
central nervous system, (Parquhar and Hartmann, '56 and '57), the function of
these cells remains obscure. Farquhar and Hartmann ('56) believe that they
may be related to microglial elements, and Maynard et al. (*'57) suggest that
they may represent vestigial smooth muscle cells. In & recent study of the
capillary reaction to tumors and allergic encephalitis, Torack ('6l) found
that perivascular cells show a phagocytic response to injury. He has suggest-
ed that these cells may be adventitial histiocytes.

In the present study, the perivascular cells are found to undergo a
series of changes leading to their formation of phagocytes following the

irradiation.




MATERIALS AND METHODS

Over 60 male Sprague-Dawley albino rats weighing 90 to 110 gm were used
for this experiment. Thirty-one of these were irradiated according to the
following procedure. Animals were anaesthesized with intraperitoneal injec-
tions of 0.75 ce of 0.54% Nembutal Sodium (Abbott Laboratories) and positioned
at a General Electric Maxitron 250 X-ray unit. The middle thirxrd of the cere-
bral cortex was then subjected to 26,000 r of X-irradiation by means of a
horizontally collimated beam meagsuring 1 cm in diemeter.

The machine setting factors were 250 KVP, 30 ma, 5.12 mm aluminum
filtration, HVL 0.62 mm of copper. Target distance was 28 cm, the penstration
in depth dose through 1.5 cm of tissue was approximately 80%, and the average
dose rate was 610 r/min.

The irradiated portion of the cerebral cortex was removed from snimals
during the eight consecutive days that followed treatment. The number of
experimental animals sacrificed on each of the eight days is listed in Table
111, page 38. Non-irradiated animals of the ssme original weight and received
in the same shipment were sacrificed with each experimental aniwal; the
tissues were prepared in the same manner.

A 10% solution of ferritin (Lschat Chemicals, Inc.) in doses ranging from
0.75 ec to 1 cc was injected into the tail vein of a number of the experimental
animals one or two hours before they were sacrificed. 1In the majority of the

animals the ferritin was allowed to circulate two hours before sacrificing

10
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(see Table III, page 38). The corresponding control animals received the
same treatment.

With electron microscopy, the iron core (Ferric hydroxide micelles) of
ferritin molecules appears as an electron-dense particle of approximately 60 A
in diameter (Farrant, '54k). The protein portion of the molecule forms an
opaque shell about the iron core. In total, the molecule measures about 95 A
in diameter.

A variation of Palade's ('52) fluid, 2% buffered osmium tetroxide (see
Table I, page 36) was used as a standard fixative, Removal and fixation of
the tissues were carried out as follows. The vertebral column of an animal
under light anaesthesia was severed in the cervical region with a scissors
and the animal was quickly placed in a laboratory hood, After removing the
epicranium, the exposed dorsal cranium was divided with a scissors along the
superior saggital sinus and the transverse sinuses; the resulting flaps were
peeled away laterally. Five to ten drops of chilled 2% buffered osmium
tetroxide were placed on the exposed cerebral cortex over a period of about
2 minutes. A wedge-shaped piece of tissue measuring about 2 mm at the base
was excised from the cortex and placed in a drop of cold fixative on a wax
slab, where thin pie slices were made, The slices were transferred to a
larger volume of fixative for one hour at a temperature of ¥° c. During the
process of dehydration that followed fixation, all surfaces of the tissue
slices were trimmed in order to remove tissue that may have been damaged in
the process of dissecting the fresh material.

The tissues were dehydrated in graduated conceantrations of ethanol, and

embedded in Epon (see Table I, page 36.) according to a variation of Luft's
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('61) method (see Table 1I, page 37.).

Tissues were sectioned with a Porter~Blum microtome, stained for three
hours in uranyl acetate, and observed with RCA EMU 3E and EMU >F microscopes.
Micrographs were taken at magnifications ranging from 1800 to 30,000 diameters
on Kodak medium and contrast lantern slide plates and enlarged 3 to 4.2

diameters when printed.




OBSERVATIONS

Effects of Irradiation on the Animals and Macroscopic Observation of the

Irradiated Area

During the first three days following irradiation the animals became
anorexic, irritable, and showad general weakness. About the fourth day the
condition of approximately two-thirds of the animals was improved, while the
other third exhibited tremors, emacistion, and were moribund. An external
ulceration appeared in the irradiated region of the epicranium on about the
fourth day.

In preliminary experiments several animals were allowed to live up to §
months following the same irradiation procedure. With the exception of being
slightly resistant to handling, these animels resumed the activities and

general appearance of the control animals within three weeks following irradi

ation. By the fifth week the epicranial lesion healed, but the new skin
remained furless. At autopsy, the irradiated region of the cerebrum was
completely absent in animals sacrificed at 61 days or later. The remaining
space measured approximately 3 mm in width, coursed across the right cerebrum
into the left cerebrum, and extended to the floor of the latsral ventricles.
Macroscopic examination on the fifth day indicated discoloration due to
petechial hemorrhages (fig. 7). By the eighth day the irradiated area seemed

soft as compared to the surrounding tissue.
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Observations of the Changes in the Cerebral Cortex from the First to_the

Eighth Day Following Irradiation

When viewed on consecutive days, the manifestations of injury do not
always follow in a uniform pattern. Certain cellular changes that are observ-
ed in tissue from an animal of one day, may be less severe or even absent
from tissues of an animal observed on the following day. This is probably
due to differences in the response of individual animals to the irradiation.
Therefore, in the following descriptions, several days may be included as a
single period. In this manner, the major points of the progressing lesion can
be stressed.

The First Day Following Irradiation

Within twenty-four hours after irradiation, extravasated erythrocytes
are sparsely scattered throughout the tissues. Some are seen tightly packed
within the extracellular space, while others appear to be located within the
cytoplalm of astrocytes. The endothelium of a few capillaries may be enlarg-
ed and somewhat clear, and occasionally, a thrombosed capillary is encountered
(fig. 8). An uneven thickening of the basement wmembrane also occurs in some
capillaries., In some aress it may measure up to 1000 A in thickneas, about
twice the normal measurement.

In addition to extravasated erythrocytes, osmiophilic material of a seem-
ingly foreign nature and an increased amount of vesicles appear in the cyto-
plasm of some astrocytes (fig. 8). Since the vesicles are often associated
with granules, they may represent a prcliferaticn of endoplasmic reticulum.

Second Day Following Irradiation

By the second day following irradiation, altered capillaries are randomly
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dispersed throughout the tissues. The alterations appear to be of two types
depending on the components involved. Least seen, are those in which the
endothelial cells are severely damaged (fig. 9). They are exceptionally nar-
row, reduced in some areas to a width of about 500 A. The cytoplasm is dark,
due to an accumulation of granules, and the outlines of these cells afe indis-
tinct in some areas. Mitochondria may be swollen or lacking in internal
structure. In the lumen of these capillaries, one occasionally finds vacuo-
lated masses which may repreeent disintegrating erythrocytes.

ﬁorc commonly, the capillary alterations involve the basement membrane,
In some areas this structure is thickened to over 2000 A, and may be occupied
by indistinct fibrils (fig. 10). 1In other areas the basement membrane has
split, forming large spaces in the region of capillaries. (fig. 11). It is
interesting that the separations consistently occur within the intermediate
zone, thus, one portion of this zone remains at the periphery of the endo-
thelium, and the other is found at the border of the surrounding tissue (figs.
11, 12, and 13). The intervening space appears clear, but occasionally
contains fibrils. The nature of these fibrils cannot be determined in this
study, but they usually show a regular sequence of bands across their axis,
and the larger fibrils are about 400 A in diameter (fig. 12). They are
apparently related to the less distinct fibrils that occupy thickened basement
membranes. Since the fibrils are not seen in the basement membrane of normal
cerebral capillaries, the structures seen at this time are evidently formed
de novo.

Perivascular cells also undergo alterations at this time. They appear

enlarged and spheroidal in cross section, and usually contain indented nuclei
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(figs. 13 and l4). Pseudopodia-like extensions project from their periphery
and occasionally appear to engulf osmiophilic material (fig. 13). Some peri-
capillary cells contain numerous dense bodies (fig. 14), which apparently
represent lysosomes; organelles that are believed to be closely associated
with phagocytic activity (de Duve, '56; Benmett, '56).

Processes of the astrocytes at the periphery of the altered capillaries
(£ig. 11) are often swollen and some of the mitochondria are disrupted.
Peculiar formations have accumulated in the cytoplasm. Basically, these
formations appear as vesicles, granules, and ill-defined strands which may be
a type of precipitate. Combinations of these forms are seen in most of the
swollen astrocytes, and, in some instances, in astrocytes which do not appear
swollen.

Third and Fourth Days Following Irradiation

During the third and fourth days following irradiation, swollen astro-~
cytes are prominent in many aress of the tissue. A number of these cells have
ruptured (figs. 15 and 16). However, the cytoplasm of the ruptured cells is
not ssen to spread into the extracellular space of the adjacent tissue at this
time. The nuclei appear enlarged, and the chromatin material may be detached
from the nuclear rim, leaving thin, at places indistinct, membranes separating
the cytoplasm from the nuclear sap (fig. 16).

Processes of other astrocytes seem to remain intact, and contain con-
centrated amounts of the cytoplasmic formations already noted in astrocytes of
the second day (fig. 15).

Altered capillaries are not noticeably increased in number, and, in

general, the alterations are of the same type as seen on the previous day.
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Occasionally, one finds cells, which are characteristically similar to altered
perivascular cells, extending beyond the basement membrane of capillaries into
the surrounding tissues (fig. 17).

Early changes in neurons are first seen during this period. Swelling in
the mitochondria, cytoplasmic vesicles and endoplasmic reticulum is apparent
in many of these cells (figs. 15 and 16). Nuclear profiles are often distort-
ed, but the internal structure of the nucleus is not significantly different
from that of control tissue.

A number of microglial cells also exhibit swollen cytoplasmic components
during this period (fig. 17).

Fifth Day Following Irradiation

By the fifth day it is more evident that the manifestations of injury
occur in differing degrees within the same tissues. In some areas the tissue
remains relatively intact, although cellular changes are obvious (fig. 26),
in other areas the astrocytes are extraordinarily swollen (fig. 18), and in
still other areas, large spaces separate cells (fig. 19). The large spaces
contain small vesicles, broken membranes, and other fragments of disrupted
cells, If one contrasts these areas with those having extremely swollen
astrocytes, it seems obvious that the large spaces are formed as the result
of the disruption of swollen astrocytes.

Concurrent with the formation of large spaces, there is a general
"loosening" of the tissue in many areas. This is menifested by var&ing
enlargements of the extracellular gap between cells (figs. 20, 21, and 23).
It is conceivable that these expansions represent areas of disrupted astrocytes

'as well as true expansions of the extracelluler gap. The relative density of
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the contents in many of these spaces, suggests that plasmatic fluid may leak
into these areas,

Phagocytes laden with osmiophilic inclusions of various forms populate
the tissues. Some of them are attached to capillaries (fig. 20); others
appear to be removed from capillaries (fig. 21) and are usually congregated
in areas showing severe cellular damage (fig. 19). Again, a number of these
cells are basically similar to the altered perivascular cells seen during the
earlier periods, presenting the possibility that perivascular cells give rise
to some of the phagocytes now present in the tissues. Granular leucocytes
and macrophages such as the type observed by Ross and Bemditt ('61) in healing
skin wounds are also seen.

Conspicuous slterations of capillary endothelial cells are not common.
Basement membranes continue to show splitting and formations of fibrils, and
occasionally are seen to hypertrophy, forming odd meshworks in the tissue
adjacent to some capillaries (fig. 22).

Practically all of the astrocytes in these tissues exhibit obvious
alterations of one kind or another. Those that have not undergone severe
swelling or disruption, contain various formations in their cytoplasm. These
usually include the vesicles, granules and obscure strands seen during
earlier periods. In addition, they may contain extravasated erythrocytes
(fig. 18), lipoid inclusions and membranous whorls (figs. 26 and 27). The
whorls seem to represent a compression of small vesicles within the cytoplasm
(£ig. 27).

Some neurons, particularly those in more severely damaged areas of the

tissue, may show reduced amounts of cytoplasmic granules in addition to swell-
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ing in cytoplasmic constituents (fig. 19). Dissolution of axons within myelin
sheaths (fig. 19), and interruption of tubules in dendrites (fig. 20) also
indicate damage to nerve cells.

A loss of cytoplasmic granules is apparent in some microglial cells
during this period (fig. 28). Of the remaining microglia, many contain swol-
len cytoplasmic components; other microglia appear unchanged from their normal
structure.

From this period through the eighth day following irradiatiom, those cel
which can reasonably be identified as oligodendroglial cells usually contain a
number of dense bodies and osmiophilic inclusions in their cytoplasm (figs.

28 and 29). The mitochondria are intact and occasionally one finds cytoplasmic
extensions projecting from the periphery of these cells indicating that, under
these conditions, they may function as phagocytes.

Sixth Through the Eighth Days Following Irradiation

In tissues examined from the sixth through the eighth days following
irradiation, the gradient of damage already observed during the fifth day
remains obvious. The primary differences in tissues appears to be the increase
of severely damaged tissue as the days progress. Advanced damage is presant
in all of the cell-types throughout the three days and is most pronounced in
areas showing enlarged spaces and congregated phagocytes.

Differing degrees of injury are demonstrated in figures 30 and 31, both
of which are areas of the same tissue taken on the seventh day after irradi-
ation. In figure 30 the cells remain relatively intact, although one does
see some expansion of tissue spaces and an infiltration of erythrocytes. 1In

figure 31, advanced damage to neurons is indicated by the cytoplasmic changes
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and pyknotic nuclei. The tissue space is large, contains dense amorphous
material, and is invaded by phagocytes.

In other severely damaged areas during this period one finds microglial
cells showing almost complete loss of cytoplasmic granules (fig. 32), and
capillaries in which the endothelium is practically absent (fig. 33).

Phagocytes continue to be prominent, and, particularly towards the
eighth day, the osmiophilic inclusions tend to become homogeneous lipoid
masses (figs. 34 and 35). Perivascular cells containing dense osmiophilic
inclusions, can be found within the basement membrane, and similar cells are
again noted in the tissues beyond the basement membrane (fig. 34).

Although advanced damage to some neurons can be seen as early as the
fifth day after irradiation, comparatively intact neurons are present as late
as the eighth day, even in areas where the adjacent cells have undergone
complete disintegration,

Microglial cells are not observed to be phagocytic during any period of
this investigation.

The Penetration of Perritin in the Area of Normal Capillaries

Ferritin is easily recognized in the lumen of cerebral capillaries in an
animal sacrificed one hour after injection (fig. 36). It is seen to have
penetrated the endothelium and basement membrane. In the endothelium the
particles appear as either solitary molecules randomly dispersed in the cyto-
plasm, or congregates of molecules which are often located within vesicles.
Relatively few particles are present in the basement membrane, and on rare
occasions one finds what appears to be a ferritin molecule in the cytoplasm

of a cell beyond the basement membrane (fig. 36).
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If ferritin is allowed to circulate two hours before sacrificing animals,
there is no significant change in the localization or accumulation of the
ferritin molecules in the area of these capillaries.

The Penetration of Ferritin Following Irradiation

From the second to the fourth days after irradiation changes in the

penetration of ferritin are seen in the region of altered capillaries. 1In
capillaries with damaged endothelium the ferritin appears to accumulate in

the injured cells, and also the surrounding basement membrane (fig. 9). 1In
capillaries having separations in the basement membrane, ferritin molecules
are comparatively numerous within the endothelium and within the various
regions of the separated basement membrane (fig. 12). Although a number of
the astrocytes in contact with these capillaries are swollen or show other
cytoplasmic changes, ferritin molecules continue to be only occasionally found
beyond the basement membrane.

As the extracellular space enlarges during the fifth day, ferritin is
seen throughout the areas separating cells (fig. 23). It is also present in
many of the cells in the tissues, including the phagocytes which are now
commonly encountered (figs. 21, 24, and 25). Most of the capillaries contain
increased amounts of ferritin in the endothelium and particularly in the areas
of the basement membrane (figs. 23 and 2i).

During the following days the ferritin continues to pass readily into

the tissues.




DISCUSSION

In view of the relatively short duration between the administration of
radiation and the appearance of necrosed areas in the tissues it is clear that
this investigation deals primarily with the acute effects of radiation damage.
Under different conditions of radiation, or when other specles or strains of
animals are used, the results may be quite different (Zeman, '6l).

The Effects of Irradiation

Among several initial effects that follow irradiation the most pronounced
response is the eswelling and disruption of astrocytes. The early swelling and
rupture of these cells is of the same nature as that shown by Torack et al.
('59 and '60) in other types of injury, as representing edematous changes in
the central nervous system, The large spaces which appear in tissues on the
fifth day are apparently the same as those seen by Evans et al. ('6l) again,
under conditions of other injuries representing the disruption of astrocytes
during edematous changes in the tissues. Evidently, the swelling and disrup-
tion of astrocytes following irradiation is a form of edema, not particularly
different in its manifestations from the edema observed following other
injuries to the central nervous system.

The exact cause of astrocyte swelling canmot be determined from our
observations. Swollen endothelial cells, implied by several investigators
(Pitcock, '62; Clemente and Richardson, '62) as the cause of increased migra-
tion of fluids into the central nervous system following irradiation, are

22
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seldom seen in these tissues., Nor are the more damaged type of endothelial
cells a common occurrence,

Early thickening of the basement membrane also presents a possible
radiation effect that could lead to swelling in astrocytes. Palade (*61) has
shown that the basement membrane may form an important filtration barrier in
the region of capillaries. That it may be altered by irradiation is indicated
by the experiments of Brinkman and Lamberts ('60) demonstrating increased
permeability to substances injected into subcutaneous tissues following
irradiation., The authors believe this is due to direct depolymerization of
interstitial mucopolysaccharide material.

In addition, one cannot exclude the possibility that this swelling may
be caused by direct disorganizational changes within astrocytes. De Robertis
and Gerschenfeld ('61) have performed a number cf experiments, specifically
concerned with swelling in astrocytes. They believe that the astrocytes
function as water-ion compartments, actively engaged in tramsporting subst
between the blood and the cells of the nervous tissue. They feel that any
interruption of the transport mechanism within these cells (they suggest it
exists in the vicinity of the surface membrane facing capillaries)leads to
their swelling.

We are not sure of the significance of the various changes that appear
within astrocytes following irradiation. Swelling of mitochondria may be
secondary to swelling of the cells as a whole. The increase in vesicles and
granules and the formation of membranous whorls seem to be a reaction of the
cytoplasm to injury; either directly effected by the irradiation, or secondary

to the entrance of fluids and possibly other substances into the cells.
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In the same manner, the precipitate-like strands may represent coagulated
protein material suggested by Alexander ('6l) as possibly occurring im irradi-
ated cells, or it too, may be secondary to the damage of swelling.

Although the cause of the edematous changes remains a questiom, it
appears that the eventual disruption of these cells initistes severe slter-
ations in the tissues. The sudden appearance of large spaces in the tissues
on the fifth day seems obviously the result of the disintegration of swollen
astrocytes. A number of cells within and adjacent to these spaces show
damage to a much greater degree than cells apparently more distant from the
spaces. The fact that in many areas, the tissues undergo a general '"loosen~
ing, " indicates that the intact cells and their processes may tend to move
into the regions vacated by disrupted astrocytes.

This general spreading of cells may be due to the "dissection” of the
axtracellular gap by fluids released from disrupted astrocytes and, as
indicated by the denseness of the material in the spaces, by plasmatic fluids
entering from the blood.

The more severely damaged areas seen in tissues from the sixth through
the eighth days following irradiation, may be a direct reflection of the
damaged areas apparently initiated by the disruption of astrocytes on about
the f£ifth aay. The graded manifestations of injury in other areas of these
tissues, and the increase of severely damaged tissues on consecutive days,
suggests that the damage may spread from these initial sites of injury.

Changes in neurons are not seen until the third and fourth days, a time
when swollen and partially disrupted astrocytes are abundant in the tissue.

These early neuronal changes are moderate, consisting of swollen cytoplasmic
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structures and irregularly shaped nuclei. Although it is possible that these
changes are directly effected by the irradiation, they may also result from
the increased fluids and pressures now present in the tissues due to swelling
in astrocytes. More exaggerated changes in neurons, e.g., loss of cytoplasmic
granules and dissolution of processes, are not seen until severely damaged
areas occur in the tissues associated with the disintegration of swollen
astrocytes. During this and later phases of the injury the more profoundly
changed neurons seem restricted to areas of severely damaged tissue.

Because of the close association of the alterations of neurons to the
disruptive changes in astrocytes, we feel that most of the changes in nerve
cells are secondary to damage of the astrocytes.

In a similar manner, alterations in microglia appear to be related to
alterations in astrocytes. Swelling in cytoplasmic components of microglial
cells is found to be coincidental with swelling in astrocytes. Loss of
cytoplasmic granules accompanies the appearance of severe alterations of the
tissues.

Oligodendroglial changes also occur concurrent with the disruption of
astrocytes on the fifth day. Their changes at this time appear to be of a
phagocytic nature, and are possibly a response of these cells to the products
of cell disintegration.

The Electron and Light Microscopy of Edema in the Central Nervous System

As explained above, the swelling and disruption of astrocytes following
irradiation, apparently represents a form of edema common to many injuries.
The formation of large spaces and the general 'loosening" of the tissues

appear to be directly related to the disruption of astrocytes. According to
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these findings, there seems to be no disparity between the edema seen with
light microscopy and that seen with electron microscopy. Enlargements of the
extracellular space are quite evident with electron microscopy in the more
severe stages of injury, and are very likely comparable to those seen with
light microscopy. However, it should be emphasized that edema of the brain
18 due initially to swollen cells and only later to accumulation of inter-
stitial fluid.

The Penetration of Ferritin

Under normal conditions the injected ferritin is found in the endothelium
and basement membrane of capillaries, but 1s only rarely seen to penetrate
deeper into the tissue.

In those capillaries showing early damage following irradiation, the
ferritin has accumulated in damaged endothelial cells and in the basement
membrane. If either of these structures were the site of a barrier mechanism,
one would expect that under these conditions the ferritin would have penetrated
the tissue. And yet, there is no significant change in the penetration of
ferritin into the tissues external to these capillaries. Nor is there a
change in penetration into the tissue at the periphery of capillaries in which
the basement membrane is split and contains increased amounts of the ferritin.

A significant change in the penetration of ferritin into deeper portions
of the tissue is not seen until the extracellular gap becomes enlarged. At
this time, ferritin appears to pass readily into the enlarged spaces, and is
also seen in increased amoﬁnts within many of the cells.

This correlation between the entrance of greatly increased amounts of

ferritin and the sudden expansion of the extracellular space suggests that the
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compactness of the tissue external to capillaries is the primary factor in the
limited entrance of ferritin, during the previous periods and in normal tissue,
This tends to sﬁpport the view of Maynard et al. (*'57) who believe that the
slow entrance of substances into the central nervous system is a result of the
lack of extracellular space in this tissue and the necessity of substances to
enter directly into cells. The increased amount of ferritin within the cells
of the irradiated neural tissue is probably due to the greater a«posure of
their surface to this substance. It 18 also probable that some of the cells
are damaged, and thus may be more easily penetrated by the ferritin,

To the extent that the penetration of ferritin may be similar to the
penetration of vital dyes, the events of the fifth day may coincide with what
some investigators consider to be a 'break down'" of the blood-brain barrier.

Changes in Astrocytes Other Than Swelling

Some of the formations occurring in astrocytes following irradiation,
e.g,, an increase in cytoplasmic vesicles and granules and the presence of
membranous whorls, seems to be & reaction of the cytoplasm to the injury.

Many of these cells also show an increased denseness of the nucleus and appear
to be quite viable. The significance of these changes remains obscure. These
astrocytes are not similar to the reactive astrocytes seen by other investi-
gators, where numerous fibrils are formed in the cytoplasm (Hager et al. '62).
Perhaps they are anomalous forms of reactive astrocytes, or astrocytes in
which the reactive process is interrupted by the severity of the injury.

Changes in Perivascular Cells and the Source of Phagocytes in the Irradiated

Tissue

As shown by Torack ('6l) in other injuries of this tissue, and seen again
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during radiation injury, perivascular cells appear to be a source of phago-
cytes in the damaged central nervous system. Their early changes within the
basement wembrane are definitely those of differentiating phagocytes.

These changes may also be related to splitting and formation of fibrils
in the basement membrane. As perivascular cells change in form, they may
withdraw their elongate processes from some areas of the basement membrane.
Since these processes are surrounded by the basement membrane, their with-
drawal could result in the formation of perivascular spaces, bordered on both
sides by basement membrane material, as seen in these observations. The
potentialities of these cells, in that they apparently belong to the reticulo-
endothelial system (and may be adventitial histiocytes) suggest that they may
be responsible for the production of fibrils in the altered basement membrane
as they become active in this area.

If phagocytic perivascular cells invade the tissues, as suggested by the
similarity of these cells to a number of phagocytes seen in the tissues during
the later phases of injury, they may do so by ingesting the basement membrane
material. This {s indicated by diminished basement membranes at the border of
a few of these cells.

Most of the phagocytes which are not formed from perivascular cells,
apparently enter the tissues from the blood. Microglial cells are not found
to show phagocytic characteristics under the conditions of this experiment.
Since it is commonly accepted that these cells transform into phagocytes in
the injured central nervous system, perhaps they are inhibited in this
function by the radiation.

As mentioned earlier, the changes in oligodendroglial cells suggest that
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they may also have phagocytic properties. Admittedly, the oligodendroglial

cells are not easily identified under these conditions, and the observed cells
may be phagocytes of another origin. However, this would indicate a conspi-
cuous absence of oligodendroglia from the tissues, an absence that would be
difficult to explain, since oligodendroglial cells are not seen to undergo

disintegration from the normal structure,




CONCLUSIONS

1. Changes in capillaries and astrocytes are early events following
irradiation of the cerebral cortex of the rat.

2. The swelling and disruption of astrocytee is the major change follow-
ing irradiation.

3. Edema of the brain is due initially to the swollen astrocytes, and
later to disruption of astrocytes and formation of large intercellular spaces.

4, Alterations in nerve cells, microglia and oligodendroglia are later
events and probably are secondary to the destruction of astrocytes.

5. The relatively poor penetration of ferritin into the cerebral cortex
under normal conditions and during the early periods following irradiation
seems to be related to the compactness of the tissue and thus to the
necessity that substances pass directly into cells. The enhanced entrance of
ferritin as edematous spaces occur in the tissue, may coincide with what some
authors consider to be a '"break down" of the blood-brain barrier.

6. Changes in astrocytes, other than swelling, appear to represent a
form of reactivity of the astrocytes to injury; however, these cells are not
similar to reactive astrocytes seen by other authors.

7. Perivascular cells form phagocytes in the irradiated brain, a response
that apparently occurs during other injuries. Their activity during injury
may be responsible for the formation of perivascular spaces and fibrils within

the basement membrane. It is possible that a number of the phagocytes seen in
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the injured tissues distant from capillaries are differentiated perivascular
cells.
8. Oligodendroglia may also become phagocytic under these conditions.
9. The remaining phagocytes seem to be formed by elements from the
blood,
10. Microglial cells are not seen to become phagocytes; they are possibly

inhibited in this function by the irradiationm.
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TABLE 1

FIXATION AND EMBEDDING SOLUTIONS

2% buffered osmium tetroxide (Palade, '52)

0.14 M sodium acetate and sodium veronal buffer . . . . .
0.1 N hydrochloric acid . . . . ¢« ¢ v ¢ v v o ¢« ¢ 4 & & &
Mammalian Ringer‘'s solution (Carolina Biological Supply
COmMPANY) + & v v « + o o o o o o o s o o 4 o s o o o o s
4% osmium tetroxide (Merck) in distilled water . . . . .
(pH of this solution is approximately 7.3)

Epon embedding medium (Luft, '61)

Epon 812 (Shell Chemical Company) . . + . « « « & « + & &
Dodecenyl succinic anhydride (National Aniline Division,
Allied Chemical Company) . . « « o ¢ « « o o s « s o o &
Methyl nadic anhydride (National Aniline Division, Allied
Chemical Company) . ¢ + « + ¢ « o ¢« ¢ o +s o s a s o « o
2,4,6,«tri (dimethylaminomethyl) phenol - DMP 30 Rohm and
Haas Company) used as an accelerator . . « « « « + o +

L

.

. & parts
. 2 parts

. 1 part
» 5 parts

45 ce
35 cc
20 cc

1.8 cc
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TABLE II

FIXATION, DEHYDRATION, AND EMBEDDING PROCEDURE

Pixation

2% buffered osmium tetroxide (temperature 4°C.) . ... .. . . 60 min

Dehydration
w‘ et hmc 1 L - - . - - . . * - L ] . L - » . . . * » L] L L] . . . 10 min
70% ethanol (tissues slices trimmed during this step) . . . . . 30 mim
95% ethanol (3 changes) . . . « ¢« v 4+ v ¢ v o s ¢ ¢« s o o & « + 30 min
100% ethanol (3 changes) . + « « « « + v ¢ 2 s ¢ o ¢« o o s o « » 30 min

Embedding

1 part Epon mixture without accelerator to 2 parts 100% ethanol

(with continuous agitation) . . . . « ¢ ¢ ¢ ¢ ¢« ¢ « s ¢« + + o« 30 min
1 part Epon mixture without accelerator to 1 part 100% ethanol

(with continuous agitation) . . . . . . . . ¢ + ¢« v ¢« 4+ & « » 30 min
2 parts Epon mixture without accelerator to 1 part 100% ethanol

(with continuous agitation) . . . . . ¢ + ¢ « ¢« v &+ ¢« « + &« » 30 min
Epon mixture without accelerator . . . . . . ¢« ¢« ¢ ¢« + » &+ + « 30 min
Epon mixture plus DMP 30 (2 changes) . . . + ¢« « « ¢ ¢ + ¢+ » +» 60 min
Tissues transferred to gelatin capsules containing Epon mixture

plus DMP 30 and polymerization was effected in paraffin-ovens
according to the following progression:

. . . . L . . . . 6 tc 12 hO\lfB
h5 C . * s & s e 2 s+ e 6 to 12 hOllrs
e + s« s ¢ + s « « Overnight




TABLE III

EXPERIMENTAL ANIMALS AND SPECIAL PROCEDURES

Days after No. of animals No. injected Length of time
irradiation irradiated with ferritin between injection
and sacrifice, hr

1 b4 1 1

2 5 2 1-e2

> 6 b 2

L 3

5 3 1 2

6 2

7 b 1 2

8 3 1 2




PLATE 1

EXPLANATION OF FIGURE

1 Normal cerebral cortex. A capillary (C) containing an erythrocyte
(E) 1s seen to the right in the field. The capillary endothelium
(ER) is surrounded by a dense basement membrane (BM) which ensloses
perivascular cells (PVC). Astrocyte processes (AP) are in contact
with much of the area peripheral to the capillary, and are also
seen throughout the tissue as a whole. Cell bodies of an astrccyte
(A), an oligodendroglial zalls (2) ard a neuven (N are also found
in the field. Note the differences of their nuclei (NU). X 7,000.
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PLATE 2
EXFLANATION OF FIGURE

2 An essentially normsl area in the cerebral cortex, 1 day after
irradiation. An astrocyte process (AP) is seen to extend from
the cell body (A) and attach to a capillary (C). Note the peri-
vascular cells (PVC) at the periphery of the capillary, and the
axons (AX) above the astrocyte process. X 8,300.







PLATE 3
EXPLANATION OF FIGURE

3 An essentially normal area in the cerebral cortex, 1 day after
irradiation. Two neurons (N), an astrocyte (A) and a microglial
cell (MI) are present in the field. Note the denseness of the

nucleus (NU) of the microglial cell. A dendrite (D) and an axon
(AX) can also be seen. X 4,500.
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PLATE L
EXPLANATION OF FIGURE

4 A portion of a normal neuron. Chromatin material i{s dispersed
throughout the nucleus (NU). Cisternae of endoplasmi:= revi-
culum (ER) separate clusters of granules. Mitochondria (M) and
dense bodies (DB) are also present in the perikaryon. Note the
narrow gap (arrows) that represents the typical extracellular
space in the central nervous system. X 24,000.







PLATE 5
EXPLANATION OF FIGURE

5 An essentially normal area in the cerebral cortex, 1 day after
irradiation. An erythrocyte (E) is seen in the lumen of a
capillary. The endothelial cells (EN) contain small vesicles,
and are found to overlap in several areas (J). The basement
membrane (BM) is recognized as an amorphous substance consisting
of three distinct zones (arrows), at the periphery of the capil-
lary. A perivascular cell (PVC) is seen to be surrounded by all
three zones of the basement membrane. Astrocyte processes (AP)
are present external to the basement membrane. Note the small
extracellular space in the tissue. X 36,000.
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PLATE 6
EXPLANATION OF FIGURE

6 Normal cerebral cortex. A perivascular cell (PVC) is seen within
the basement membrane (BM) of a capillary (C). Much of the cyto-
plasm {8 granular; the numerous vesicles (G) in the upper portion
of the cell may be the result of an oblique section through the
golgl spparatus. X 16,000.







FLATE 7

EXPLANATION OF FIGURE

51

7 Tissue from the cerebral cortex, 5 days after irradiation. The

small dark areas in the tissue are probably the result of pe-
techial hemorrhages. X 12.
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PLATE 8
EXPLANATION OF FIGURE

8 An altered area in the cerebral cortex, 1 day after irradiation.
A capillary (C) contains an accumulation of dense material in
the lumen (L), indicating a form of thrombosis. The astrocyte
process (AP) above the capillary contains osmiophilic matter (IN)
and an increased number of vesicles in the cytoplasm. A portion
of a perivascular cell (PVC) is seen in the lower region of the
field, X 17,000.
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PLATE 9
EXPLANATION OF FIGURE

9 A damaged capillary in the cerebral cortex, 2 days after irradi-
ation. The lumen of the capillary contains a vacuolated mass
(R) and dense amorphous material (T) both of which are of questione
able origin. The endothelium (EN) is thin and crowded with dark
granules. A swollen mitochondrion (SM) and a mitochondrion lacking
internal structure (DM) are seen in the endothelium. FPerritin has
infiltrated a mitochondrion (DM), and appears in increased amounts
in the basement membrane (arrowss. X 24,000.
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PLATE 10
EXPLANATION OF FIGURE

10 An altered area of the basement membrane, 2 days after irradi-
ation. The basement membrane (BM) is thickened to over 2000 A
in some areas, and contains indistinct fibrils (arrows). The
endothelium (EN), perivascular cells (PVC), astrocyte process
(AP) do not show significant changes. X 58,800.
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PLATE 11
EXPLANATION OF FIGURE

11 An altered area in the cerebral cortex, 2 days after irradiation.
Swollen astrocyte processes (SAP) occupy the greatest portion of
the field. Some of the mitochondria are swollen (SM) and ruptured
(xM). An abundance of peculiar formations (See text, page 16) are
algo evident in the cytoplasm. A space (PS) is seen at the peri-
phery of a capillary (C) and extending obliquely across the field
between swollen astrocyte processes. The presence of dense
material on both sides of the space (arrows) indicates that it is
formed by a splitting of the basement membrame. The manner in
which the space extends across the field is probably due to an
arching of the capillary, above or below this section. The cells
(PVC) seen within the space are very likely perivascular cells.

x 6,3000
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PLATE 12
EXPLANATION OF FIGURE

12 A pericapillary space (PS) in the cerebral cortex, 2 days after

irradiation. Dense material of the basement membrene (BM, and
) is seen at the border of endothelial (EN) and periva}cular

cefls (PVC) of a capillary, and also at the border of an astro-
cyte process (AP). Cross-banded fibrils (F) are present within
the clear perivascular space. Ferritin (arrows) can be seen in
increased amounts in the endothelium, perivascular cells, and
various areas of the basement membrane, including the pericapil-
lary space. X 7T4,000.
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PLATE 13
EXPLANATION OF FIGURE

13 An altered perivascular cell in the cerebral cortex, 2 days after
irradiation. A perivascular cell (PVC) is seen to be spheroidal
in cross sectiom, and contains an indented nucleus. Cytoplasmic
extensions (arrows), some of which engulf osmiophilic material
(IN), are present at the periphery of the cell, The basement
membrane (BM) appears to be ill.defined at the upper portion of
the cell, and is split (PS) in the region below. The endothelium
(EN) of the capillary (C) is irregular in form. Note the excer=
sive granules in the astrocyte processes (AP) at the periphery
of the capillary. X 16,200.
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PLATE 14
EXPLANATION OF FIGURE

An altered perivascular cell in the cerebral cortex, 2 days after
irradiation. A perivascular cell (PVC) showing peripheral cyto-
plasmic extensions (white arrows) and an indented nucleus, is seen
to contain a number of dense bodies (DB) in the cytoplasm. The
endothelium (EN) of the capillary (C) does not appear to be sig~
nificantly changed, Note the odd proliferations of the basement
membrane (black arrows) into the region of the adjacent astrocytes
processes (AP). X 13,500.
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PLATE 15
EXPLANATION OF FIGURE

15 An altered area in the cerebral cortex, > days after irradiationm. @
A swollen astrocyte process (SAP) showing discontinuities of the o
surface membrane (arrows) extends across the field. Granules and “
indistinct strands of material are prominent in the portion of
its cytoplasm in contact with a damaged endothelial cell (EN).
Another astrocyte process (PAP) {s seen to remain intact, but
contains an abundance of vesicles and ill-defined material in
its cytoplasm. A neuron (N) contains an irregularly shaped
nucleus and swelling is seen in some mitochondria (SM) and
vacuoles (SV) within the perikaryon. Note the swollen mito-
chondrion in the axon (PA) in the lower portion of the field.

X 6,900.
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PLATE 16
EXPLANATION OF FIGURE

16 An altered area in the cerebral cortex, 3 days after irradiation.
Discontinuities of the surface membrane of astrocytes (RM) are
evident in several areas. The nucleus (NU) of an astrocyte (A)
in the upper portion of the field contains wide spaces between
the clumps of chromatin. Chromatin is lacking in some areas at
the rim of the nucleus (black arrows), leaving obscure separa-
tions between the nucleoplasm and cytoplasm. The nucleus of a
neuron (N,) to the left in the field is irregular in shape,
and a uum%er of the mitochondria in the perikaryon are swollen
(sM). Swollen mitochondria are also evident in another neuron

), and its surface membrane as well as the surface membrane of
oligodendroglial cell (0) seems to be interrupted (white arrows)
in the area facing a clear astrocyte process (AP). X 6,900.
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PLATE 17
EXPLANATION OF FIGURE

An altered ares in the cerebral cortex, 5 days after irradiationm.
The cell (P) attached to the capillary (C) and projecting into
the surrounding tissue, exhibits characteristics similar to
those of the altered perivascular cells seen in figure 13 and

14, but is not enclosed in & basement membrane. Phagocytic
characters in the form of extensions and invaginations of the
peripheral cytoplasm (arrows) are evident. A microglial cell
(M1) showing swollen endoplasmic reticulum (SER) and mitochondria
(sM) 1s present above the phagocytic cell. X 11,L00.
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PLATE 18
EXPLANATION OF FIGURE

18 An altered area in the cerebral cortex, 5 days after irradiation.
The astrocyte processes (SAP) to right in the field are aextra-
ordinarily swollen. Portions of other astrocytes (AP) can be
seen at the periphery of a capillary (C) and densely distributed
throughout the remainder of the field. They contain formations
of differing composition including lipoid masses, granules, vesicles;

f and ill-defined material. Erythrocytes (E) are also seen within

| astrocytes. Two phagocytes (P) are present toward the center of

it the field. X 4,500.







PLATE 19
EXPLANATION OF FIGURE

19 An altered area in the cerebral cortex, 5 days after irradiationm.
A large space (S) containing cellular debris and & myelin sheeth ;
in which the axon is absent (DA) is present in the tissue. A R
neuron (N) in the upper portion of the field shows an ebvious
lack of granules in the perikaryon. Phagocytes (P) have invaded
the tissue space, and their cytoplasmic extensions are often L
seen to be in contact with fragments of disrupted cells (arrows). ';]
Most of the astrocyte processes (AP) appear to be either severely

damaged or contain odd formations in their cytoplasm.

b

X 5,h00.







PLATE 20
EXPLANATION OF FIGURE

20 An altered area in the cerebral cortex, 5 days after irradiation.
A phagocyte (P) at the periphery of a capillary (C) contains
inclusions of a variety of forms. The extracellular space (S)
is enlarged at the region to the left of the capillary. Tubules
of dendrites (D) appear to be interrupted in some areas (arrows),
and an unusually increased amount of vesicles (VE) are present
in the cytoplasm. X 13,500.







PLATE 21
EXPLANATION OF FIGURE

21 A phagocyte in the cerebral cortex, 5 days after irradiation.
Various forms of inclusions (IN) and small vesicles containing
phagocytized ferritin (arrows) are present in the cytoplasm of a
phagocyte (P). Note the similerity between the basic characteristiecs '

of this cell and those of the perivascular cells seen in figures
13 and 14, X 13,000.
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PLATE 22
EXPLANATION OF FIGURE

22 An altered capillary in the cerebral cortex, 5 days after irradiatiom.
The basement membrane (BM) appears hypertrophied, extending as a
meshwork into the tissue adjacent to the capillary (C). Indistinct
fibrils (arrows) are present in esome areas of the basement membrana.
A perivascular cell (PVC) shows cytoplasmic extensions (CE).

X 30,000.
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PLATE 23
EXPLANATION OF FIGURE

25 Expanded extracellular space in the region of a capillary in the
cerebral cortex, 5 days after irradiation. An enlarged extra-
cellular space (S) containing relatively dense material is seen
to spparate processes of astrocytes (AP) external to a capillary
(C). The intermediate zone of the basement membrane (BM) 1s
easily distinguished. Note the accumulation of ferritin (arrows)
in the enlarged space and apparently in a portion of an astrocyte
process. X 100,800,
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PLATE 24
EXPLANATION OF FIGURE

24 The penetration of ferritin into astrocytes and other cells in the
cerebral cortex, 5 days after irradiation. Ferritin (arrows) can
be seen within the endothelium (EN) of a capillary (C) and in
increased amounts in the basement membrane (BM). It is also seen
diffusely located in astrocyte processes (AP) and dendrites (D)
of the neural tissue. X 55,500,







PLATE 25
EXPLANATION OF FIGURE

25 Localization of ferritin in the area of a phagocyte in the cerebral
cortex, 5 days after irradiation. Ferritin (arrows) is seen to be
engulfed in the cytoplasmic extensions (CE) at the periphery of a
phagocyte (P), and is also present within small vesicles (VE)
within the cytoplasm of this cell. Ferritin is also apparent
within expansions of the extracellular espace (S), and within some
of the cells of the tissue. X 24,000.
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PLATE 26
EXPLANATION OF FIGURE

26 A relatively intact area in tissue of the cerebral cortex, 5 days
after irradiation. The cell bodies of two astrocytes (A) and a
neuron (N) are present in the lower portion of the field. The
nuclei of the astrocytes appear slightly dense as compared to
nuclei of astrocytes in control tissue. Their cytoplasm contains
a number of additional forms, but the mitochondria seem normal.
The astrocyte to the right contains an unusual whorl of membranes
in the lower process (arrow). X 6,300.







PLATE 27
EXPLANATION OF FIGURE

27 A membranous whorl in the cytoplasm of an astrocyte gA) in the
cerebral cortex, 5 days after irradiation. A whorl (W) of
lamellated membranes is seen among numerous vesicles (VE), many
of which are associated with granules. The elongation (arrows)

of & number of the vesicles both within an external to the
lamellae, indicates that whorls of this type may be formed by
a2 compression of the cytoplasmic vesicles. WNote the ruptured
membranes (RM) of several cell processes to the right of a
capillary (C). X 39,000.
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PLATE 28
EXPLANATION OF FIGURE

28 Altered cells in the cerebral cortex, 5 days after irradiation.
A cell (0) in the upper portion of the field has characteristics
similar to those of an oligodendroglial cell, but contains
osmiophilic inclusions (IN) and a number of dense bodies (DB) in
the cytoplasm. In the lower portion of the field, a microglial
cell (MI) is seen to have a noticeable reduction in the amount of
granules in one area of the cytoplasm (arrow). Swollen mitochondria
(SM) are also apparent. The identification of the cell (Q) to the
right of the microglial cell is questionable, but the basic
structure of the cytoplasm resembles that of the cell (0) in the
upper portion of the field. X 8,300.
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PLATE 29

EXPLANATION OF FIGURE

29 Altered cells in the cerebral cortex, 5 days after irradiation.
The cell (0) in the lower portion of the field has characteristics
similar to those of an oligodendroglial cell.
a number of dense bodies (DB), and cytoplasmic extensions (arrows),
indicative of phagocytic activity, are seen in several areas at
its periphery. A neuron (N) in the upper portion of the field

contains swollen mitochondria (SM).

However, it contains







PLATE 30

EXPLANATION OF FIGURE

30 A relatively intact area in the cerebral cortex, 7 days after

irradiation. A neuron (N) is seen to contain swollen mitochondria
(SM) but the nucleus is similar to those of control tissue. An
astrocyte (A;) has a comparatively dense nucleus, and the cytoplasm
is filled with vesicles and granules. A cell of a similar nature
(Ag), although containing large lipoid masses, is present in the
upper right portion of the field. Phagocytes (P) are in contact
with capillaries (C). Numerous erythrocytes (E) have invaded the
tissue. Note the relative compactness of the cells throughout
most of the field, and the sudden enlargement of the extracellular
space (S) above. X 4,500.







PLATE 31

EXPLANATION OF FIGURE

31 Altered neurons in a severely damaged area in the cerebral cortex,

7 days after irradiation. Of those cells which can be definitely
recognized, two neurons (N) are seen to have extremely dense,
apparently pyknotic, nuclei (NU). Their mitochondria are swollen
(SM), and there is a lack of granules in a portion of the cytoplasm
of one cell (arrow). Phagocytes (P) are present in an enlarge-
ment of the extracellular space (S) above and below the lower
neuron. Note the dendrite (D) continuous with the lower nerve

cell body. X 8,000.
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PLATE 32
EXPLANATION OF FIGURE

32 A severely damaged microglial cell in the cerebral cortex, 7
days after irradiation. The nucleus (NU) of a microglial cell
(M1) is relatively unchanged, but, with the exception of a few
arcas (arrows), the cytoplasm is deplete of granules. X 10,800.







PLATE 33
EXPLANATION OF FIGURE

33 A severely damaged capillary in the cerebral cortex, 8 days
after irradiation. The endothelium i3 missing from the area
within the basement membrane (BM). The cells in contact with
the basement membrane have swollen mitochondria (SM). A
phagocyte (P) is seen in the lower portiomn of the field.

X 39,000.
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PLATE 3k
EXPLANATION OF FIGURE

34 Altered cells in the cerebral cortex, § days after irradiation.
A perivascular cell (PVC) containing osmiophilic inclusions is
seen within the basement membrane (BM). A phagocyte (P) having
the same characteristics as the perivascular cell is present in
the tissue space in the upper portion of the field. The neuron
(N) in the lower portion of the field has maintained much of its
normal structure e.g., ¢ytoplasmic granules, intact mitochondria
and evenly dispersed chromatin in the nucleus, however, the
surface membrane appears to be absent in several areas allowing
the cytoplasmic components to slough off into the surrounding
tissue space (arrow). X 11,500.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>