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INTRODUGTION

Cerebral edema is the condition resulting frem the abnorual
accunmlation of a variable amount of fluid in the brain tissues due to
pathological alterations in the relationship between brain fluids and
qlmtmlytaa. The occurrence of this type of edema is unique in that
the bony cavern of the skull limits the extent to which the brain tis-
sues can swell. With edems there is an absolute increase im the amownt
of fluid and a relative decrease in the amount of dry substance. There
is also a shrinking or decrease in the difference between the volumes of
the cranlal cavity and the brain. This difference is often referred to
as the cersbral "space" (36) which wnder normal conditicms is maintained
at & fairly comstant ratio (170).

ita is apparent that dynmamie forces are concerned im the produc-
tion of cerebral edema. One theory postulates that a change in the
permeebility of the Ybrain barrier' must take place. The term "brain
barrier? is used here in its broadest meaning and includes the various

changes in vascular permeability which oecour (49, 62, 79).
Clinically, cerebral edems is ome of the fairily uniform responses

of the brain to many nexious stimuli. The imitiating ceuse may be a
eranial injury, operative trawsa, a cireulatory diserder, anoxia, an
inflamsatory lesion, or a braiun gbscess. Or the edeme may be associated
with a varlety of conditions ranging frem poisening te intracranial

sxpanding lesions (62, 72, 116, 122, 136, 143, 183, 184). Of interest,
also, are the many references in the older literature assceiating seme



forms of paychosis (“"catatonia"), epilepsy and general toxemias with
serebral edema. TW, the likelihood of edema being one of the basie
disturbanees in these conditions is revely considered (4, 120, 121, 156).

The disturbances in the brain aceompanying edema may be either
cerebral hypoxia, insufficient and inadequate mutrition of the brain
tissues, or imereased intracranisl pressure (62). All thres of these
pathologic conditions are mutually i;mterralated and may be self-
perpetuating unless homeostasis is promptly restored. In this thesis
emphasis has been placed on studying the inereased intracranial pressure
and the varicus changes in the brain ;zrawkﬁ by or resulting from this
eondition sinee better technieal methods and more cbjective eriteria
were available to us for cerrelating these phenomena with edena
formation.

The use of the term "brain swelling" has been purposely avoided
in order not to bring chaos into an already confused understanding of
the basie preblem. Particularly is this true sinece its exlstence as a
separate entity new still remains on as tenuous a2 ground as it did at
the begimning of this ¢entury. Furthermere, a msidmble number of
workers in this field presently fﬁgm both "brain swelling"” and cere-
bral edema as variations aleng a continuum of the same abnormal process
(62, 136, 92, 163).

Since gerebral edema is a pathological condition superimpesed
upon previously healthy tissues, a deseription of the characteristiecs
of the normal brain is presented firset before considering the patho-
Physiologie aspects of cerebral edema.



Physiology and Physico~chemical Propertiss of the Nermal Brain

Under normsl conditions the verious funetions of the mammalian
brain are carried on in & highly ccordinated manner despite the fact
that brain iissue is even less of a homogeneous structure than other
organs such as the spleen or liver. Structurally, the brain mey be
grossly divided inte gray and white matter, the formsr censtituting
45 per cent and the latter 55 per cemt of the total brain volume.
Heither the gray nor white matter are uniformly homogeneous within
themselves. For instancs, myelinated fibers can be found in varicus
gray areas of the ecerebral cortex and thalasus while, in gertain species,
neurcns may be located deep in the white matter (165).

Water constitutes the largest fraction of brain tissus, the
amount varylng with the age, sisze, sex and weight ef the individual.
The greatest change in water content occurs during the prosess of matu-
retion of the sentral nervous system (CNS) and, especially during the
“phase of rapid myelination”. In the mman this cecurs during the first
twe years of life. For example, the whole brain of the newborn infant
contains an average of about 88 per cent of wmter while at the end eof
the most active peried of brain growth, this figure drops to 81 per
cent. Finally, when full maturity is resched, the water content consti~
tutes about 77 to 79 per eent of the total brain weight {31, 32, 33,
149). Senility and old age are also accompanied by changes in the brain-
water content and this parameter inereases cencurrently with the loss ef
normal tissue. OSome workers believe that these changes can be corre-

lated with the degree of gliosls, an extreme example being that sesn in
the atrophic brain (4).



The structural division of the brain inte gray and white sub-
stances mey be considered from a physico-chemical aspect in order to
account for the morphological differences. The relative absence of
wolinata& fibers in the gray matter coupled with their presenee in vast
numbers in the white substance suggests a difference in water content.
This is exactly what may be found experimentally. Various workers have
reported comparshble v?alucs of from 20 to 82 per ¢ent water content for
g'uy matter and 70 per cent for white matter (112, 113, 139, 150, 156).
This difference in myelination is evident during the phase of rapid
cenm nervous system growth sines studies have shown that the matu-
ration of the axon in white matter is aecompanied by s greater water
ecntent iii:n:&mxtien than that found in the maturing gray substance (32).

Another facet of brain growth intimately associated with brain-
water content is the relationship of brain bulk to skull volumeé. The
total volume of brain substance bears a consistent relationship to the
eranial capacity and mmust be ultimately fixed by the rigid confines of
the bony skull. The formmlation of the Monre-Kellie doctrine (76, 101),
explained later, was based on this concept and attempted te explain the
derangement of brain bulk eccurring in cerebral edema fram a dynamie
standpoint.

Under normal conditions the volume of the brain has been found
to be around 10 per cent smaller then the swrrounding cranial eavity
(36, 120, 184). wuhite and his assoeciates (183, 184) have expressed this
measurement as an index which they termed the “differential index of
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brain volume" and which, under physiologic comditions, was found to be
about 11 per cent.

Just as & change in brain water content can be demonstrated with
inereasing age of the animal, & similar varistion exists with regard to
cersbral bulikc, For instance, in man the difference in volumes between
the oranial cavity and the brain substence was found to be about 2,5 per
eent during infancy and 15 per cent in old age (130). This difference
or "space™ ineludes the meninges and cerebrospinal fluid in the sub-
arachmoid space, the cisterns and the ventricles and is thought teo be
related to the production of cerebrospinal fluid in the brais, although
the exaot nature of its relationship is not well understood (183).

The selid matter of the brain aceocunts for only & small pergent-
age of the total mass with about 18 per eent found in the gray matter
and 30 per ceut in the white matter. The Prineiple constituents are
proteins and lipids, the former found im grester consentratien in the
gray matter and representing about 50 per cent of the dry weight. The
lipide predominate in the white matter where they constitute sbout two-
thirds of the total dry weight. Not only ave lipids fowsd in greater
quantities in the brain, but there is also a mmber of dipid-like pro-
teins. Thess substances (an example of whieh are the proteo~lipids)
despite their high protein content, behsve shemically like lipide (165).

*Bii‘feren‘tm Index of Brain Volume
(pIBY) = Capacity of slmil - volume of brain
Capacity of skull - This index was previous-
1y used by K. Rieger (125) in 1885, M. Reichardt (120, 121) in 1905,
and O. Rudolph (130) in 1904.
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The liplds in the brain are very significant to the present study
since most of the aceepted values for brain-water content (inecluding
those reperted in this thesis) have been determined by dehydration tech-
nigues. This imvolves the heating of the particular tissues at a cer-
tain temperature and for various periods of time. It now appears that,
depending on the temperature and time of dehydration, a greater or
lesser degree of breaking-up of fats takes plase, Therefors, the
values for the absolute brain water content would seem to depend to
some eatent on the method of dehydration (143, 160, 186). ILipids,
particularly those containing unsaturated fatity acids are susceptible
to fractionation when exposed to inereasing temperatures such as thoss
temperatures used in the so-called "elassieal" methods of dehydration.
The lecithins, er phosphatidyl cholines, are of special interest in
this respect. They differ from similar compounds found in other organs
of the body in their greater content of highly unsaturated fatty aecids.
This means that lecithins have a greater mmber of unstable bonds which
readily splii up once a eritical temperature range has been exceeded
(83).

The chemieal structure of the proteins found in the brain is
similar to that seen in other organs of the body, They possess low
amounts of albumen contrested with high globulin content, espeeially
of the beta-globulin fractions which contain the main lipeprotein eom-
ronents. These are the lipomucleoproteins, the phosphoproteins and
the proteolipids; the first two accownting for the majority of protein-

bound phosphorus in brain tissue (165).



A number of solutes, some of them of paramount importance in
nerve fun¢tion, are identifisble in the combustion products of brain
tissue. They constitute about 1 to 1.5 per cent of the total fresh
brain weight (18, 150). The principle inorganis substances are:
Potaseiun, (mainly as potassium phosphate and chloride), sodium, cal~
clum and magnesium. Potassium is found in about equal amounts in all
parts of the brain (i.e., both gray and white matter) while chlorids
el sodium are present in lavger amounts in the gray matter, which
contains the greater percentage of water. Fhosphorus, found to a
greater extent in organic combination, is related more to the solids
than %o the water content. A higher concentration of phosphorus is
found in the white metter when this is comsidered in relation to wiole
tissue, Bub when the amount of phosphorus is considered as a percent-
age of dry weight, relatively squal amounts of it.} are found in both gray
and white matter (156), Similarly, caleium and megnesiwm, if expressed
in terms of fresh tissue, are again found in grester guantities in the
white matter (150).

When the chemical substances of whole brain are examined and the
main ionic constituents expressed as a percentage of the total fresh
tissue weight, potassium is found o have the highest value followed,
respectively, by sodium, chloride, magnesium and ealeium. Several stud-
les (165) indicabe thet the brain chloride ion is in complete equilibrium
with the serum chloride while most of the sodium and potassium do not
bear this relationship,

Conaideration may now be glven to the physico-chemical enviren-
ment of the brain which until recently had eluded cbservation. Improved
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methods of tlssue visualisation using the electron microscope and mere
sophiaiieated ways to follow the fate of a substance using radiesctive
| tracers have made possible the formulatien of a scheme deseribing the
interaction between the brain and ite neighboring fluent emtities.
This sehm, firat proposed by H. M. Gerschenfeld end his ea—-mrkers
(50) suggests that the brain maintaine an active and e:mstmt relation-
ship with blood through the blood-brain barrier and with aerebrospiml
fluid through the liquor-brain barrier. The cerebrospinal fluid, in
turn, communicates with the blood through the blood-liguor barrier.

émbraﬁpinal fluid (CSF) is of grest importanse to the normal
physiclogy eof the brain, Desides serving as a cushion in whieh the
cerebral substance may "float", it is seereted at a fairly wniform
rate by aovaiml intr&érm.nl structures including the choroid plexus,
the ependyma and the lining of the subarachmoid space. Iits produstion
involves the ensyme carbonic anhydrase which, so far, has been local-
ized both in the ehoreid plexus and in glial cells (51). Providing
a%mm'ptim of cerebrospinal fluid keepe pace with its production, a
ciafinité amount will be present at all times. Under hmoaﬁa.ti& SOt~
ditiéns s this alse lmplies a fairly constant cerebreospinal £luid or
intracranial pressure mede more eritical by the rigid encasing of the
brain and spinal cord.

An exchange of drugs mey ocour between the brain and cersbro-
spinal fluid by either simple diffusion or soms form of sctive trans—
port (59, 118). However, drugs may reach the brain by other routes.
It is well kmown that ¢ertain intravemously adwinistered drugs will
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exert & pharmacological action on the CNS before significant concentra-
tions can be detected in the cerebrospinal fluid. Simllarly, there is
evidence indicating that drastic changes in the serum concemtration of
certain electrolytes, espesially K¥ and Ca'™ result inm little or ne
physiological gberration of the central nervous gystem. On the other
hand, minor changes in thé concentrations of the same eleeirolytes in
the cerebrospinal fluid may cause profound neurological disturbances as
evidenced by newromiscular symptoms (166).

Ho less important to the present disecussion is the subject of
Cil-blood interaction, for other than the heart no organ is more com-
Fletely dependent upon ite blood supply for proper functioning than
the brain, Here again the structural arrangement and divieion of the
brain inte white and gray matter must be taken into consideration as
one finds different vaseularity in these iwo areas. This is exempli-
fied by the average figure of 1000 capillaries per square millimeter of
eross-sectional area noted in the gray matter of the cerebral cortex
compared to 300 per mw? in the white matter (77). From studies done
on cats it has been possible to Durther delineate these differences in
the form of vascularity ratios which may be ealeulsted by dividing the
mumber of capillaries per square millimeter by the same valus found for
the white matter. Using this eriterion, the highest ratio was located
in the medial geniculate body with lower values, in decreasing order,
in the lateral geniculate bedy, the inferier colliculus and the care-
bral cortex (8).
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Despite the differences that erist in the overall rich blood
supply of the brain, thare is a high degree of seleectivity in the trans-
fer of the many blood-borne substances across the capillary membrane.
Attempts to explein this phenomenon prompted earlier investigators to
postulate the blood brain barrier (BBB), Presently the sxistence of
such a barrier or some similar meshaniem in the adult masmalian brain
can not casily be denied in view of the many recent studies supporting
this view (61, 166). Evidence of maturation of the brain barriers has
been repsatedly observed in the laboratory snd the findings of an
increased selectivity with a decreassd permeability en ineressing age
need no elsboration. An example of how this concept has been incorporat-
ed into present clinical thought is one of the explanations cemmonly
given for the oecurrence of kernicterus in the newborn (Lk, 46, 59,
166},

The anatomical identification of the brain barriers poses many
problems of interpretation, some of which will tend to change the
elassical concepts of newrology amd neurophysislogy in years to come.
Before considering this aspecit, a brief review of certain histolegical
characteristics of the brain is necessary.

Funciiopal Histology
Of the three main different types of normal brain cells commonly
referred te in the literature, the neurons have been under the most
serutiny in the past. In the rat the neurons constitute only about
20 per cent of the total cell population of the gray metter. The glisl
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¢ells are by far the most mmerous in both structural layers of the
brein and comprise almost the entire cell population of the white mat-
ter (with the exception of the myelinated nerve fibers). The endo-
thelial ¢ells, which are mostly concentrated in the gray substance, make
up the smallest histolegieal fraction (14, 165).

The impertance of the neurons in this considerationm resides in
their medullated axis cylinders. On microchemical analysis the myelin
sheath has been shown to contain various lipeid materials ineluding
cholesterol and phospholipids, certain cerebrosides (glycosphingosides)
and some fatiy acids. ALl this material is apparvently deposited around
the nerve processes in & congentric-layer fashion giving the myelin
sheath a lamellar structure (21).

Normally, the neurons are closely comnected with at least twe
types of glial vellas, the astrecytes and the cligodendroeytes. The
third classical type of glial cell, the mieroglia, appears to have a
funetion similar to the one atiributed to the reticulosndotheliel
system in other regions of the 3 thus, the mieroglia has both
migratory and phagoeytic properties. These ¢cslls are usually found in
close proximity to both eapillaries and merve cells and are the least
common glial entity.

The astrocyles, of which investigators recognise two types, the
fibrous and the protoplasmatic, bave long been known because of their
peculiar “sucker feel” located in apposition with the cer-&ll vassels,
The oligodendroglia can alsc be found in gpposition to sersbral vessels ’
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and, likewise, possess long beaded processes, yet they lack the plag-
matic plates typical of the astrooytes (135).

Both astrocytes and oligodendrocytes sve presently under inten-
sive scrutiny beecauss of their newly scquired importance with the advent
of the electron mieroscope. This is especially true since they have
been presently aseigned the roles previcusly attributed to the myster-
ious "gerebral extracellular space", Actually, this extracellular
space, which in past years had been assumed to form st least 30 per sent
{165) of the total brain volume is now believed to amount to only 5 per
cent or less (29, 50, 63, 92, 93).

DeRobertis (29), Gerschenfeld (50) and others look upen the
astroeyies as being the central water-ion pool interposed between the
blood, the cercbrospinal fluid and the cellular eompartment proper, the
latter represented by the mewrons. As such they would be invelved in
the selection and tramspert of metabolites and fluid exchange betwsen
these compartments. Iluse and Harris (92, 93), en the other hand,
point mainly to the oligodendroeytes as being the cellular elements
involved in @ similar type of exchange mechanism. Torack and his
associates (163, 164) avoid this controversy by claiming inability to
distinguish astrocytes from cligodendroeytes in experimenteliy-induced
cerebral edems preparations, They have used the term “elear glial eells"
for those ecellular struetures functionally representing most of the so-
called “extra-cellular space". Galambos (48) interprets these new con-
cepts in the light of his modern theory of brain function wherein he
postulates e continuous physiologieal interaction between glial ¢ells
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and neurons not enly in the electrephysielogic but also in the more

complm; brain mechanisus.

Gross fAnatomical Aspects of the Brais Barrisrs

When an attempt is made to deseribe grossly the anstemicsl sites
of the brain barriers, again different interpretatiens and ideas are
voiced as to the structure and loecation of these hypothetical units.

In the ventricles cerebrospinal fluid is separdted from the brain sub-
stance proper by ihs ependyma which has long been considered as a site
for the liguor (CSF)-bpain barrier. When the cerebrospinal fiuid
occupies the subarachnoid space, the pia and the thiek layer of glial
‘cells lining the brain (the “pia-glia') eeuld very well represent
another barrier site (26).

However, as previously mentioned, certsin materials present in
the bloed stream need not pass into the cersbrospinel fluid in order teo
reach the brain. Some lnvestigators deny the existence of a bleod-brain
barrier despite atiributing special gualities to the brain eapillaries,
such as endethelial polarisation (127), and the sbsence of femestrations
{98). Others, such as DeRebertis (29) and Tsechirgi (166), recognizing
that the pia does not provide a complste mesodermal barrier between the
vessels and the ectodermal elements of the brain (98), postulate that
the perivaseular glial membrane is the most probable site of barrier
activity. This theory evolved from an earlier concept that Hauptmann
and Garner, 1932, and Hoff, 1933, postulated without the aid of modern
visnalization techniques. They thought that the relative chemical
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impregnabllity of the brain was due to the perivascular pia-glia mem-
brane. Finmally, Hess (60) who recently demenstrated a PAS-positive
"ground” substance between the unstained cell bodies of the gray matter,
claimed that this material was extracellular inm nature. Because of
certaln specifiie properties of this substance together with iis relation
to bloed vessels, he identified this extracellular materisl as the pos-
sible anatomic location of the blood-brain barrier.

THE NATURE OF CEREBRAL EDEMA
Cerebral edema as a clinieal entity is well recognised and gen-
eral agreement exists as to the signs and symptoms charscterising this

eondition., Discrepaneies arise, howsver, when attempts ars made to
explain the nature of the underlying pathologic mechanisms soncerned.

The existing disagreements as to what are the detectable patholegic
changes taking place and the relative impertance of each emphasize the
relative inadequacy or lack of standardisation of the methods cemmonly
used for studying this problem.

Whether experimental or ¢linieal cerebral edema begins in a
specifiec area and remains localized or is generalized throughout the
whole brain, an sbsolute incresase in the amount of tissue fluid to-
gether with a relative decrease in the amount of dry substange has always
been found (4, 36, 62, 73, 95, 142, 148, 149, 156, 183, 184). The in-
erease in tissue fluid is usually of the order of only 1 to 3 per cent
of the total fresh brain weight even in those eases where massive

infusien of hypotonic selution was used as the experimental tosl.
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However, this fluid change Tepresents e brain volume increase of around
10 per cent when ¢aleulated en the basis of the average normal brain
dry welght. 3Sinee, as previously stated, there is enly a 10 per sent
difference in volumes between the eranial ufity and the brain suhatanee »
this sceumulation of fluid noted is highly significant (36). |

Brain edema, Ifrom its classical description, would appear to be
essentially a disorder of the white matter (131). dMore recent studies,
hewever, alse include the }gray m’t,{.ox -~ in some c¢ases ;n'ui’erint:ially
and in ethers, in combination with a more generalized process (37, 50,
62, 92, 93, 1k, 154). It is alsc kmown that cerebral sdems does mot
eccur in the immature or the very young as demonsirated experimentally
by Spector (149) and Seller (142). This -dees not, however, prevent
the ocourrence of increased intracranial pressure in the infant from
ether cguses such as either over-production or under-absorption of
cerebrospinal fluid. Aa interesting study of this particular syndrome
secondary to Vitamin A deficieney was reported by Bass (9).

Evaluation of electrolytic changes in cerebral edems has been
hindered to a sertain extent by the almost wniversal practice among
investigators to use their "own® units when reporting their values.

Even in & single study an author might use different units to indieate
values for the same electrolytes (156). The problem arises when trying
Yo compare data from different investigaters sinee, for exampls, an
experimeatal lon might seem increased from the normal values when
expressed in milliequivalents per kilogram of dry tissue. When the same
figures are given in mEq/kg of fresh tissue, the same ien canuntﬁatim
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might now be lower than the centrol values beeause artifieial dilutien
has been allowed to take place. {In changing units expressed in terms
of dry weight to those in terms of fresh tissue waight, the relative
per eemnt of the dry weight from the total fresh tissue weight mmst be
taken into econsideratien. Thus, if in normality the dehydrsted tissue
is 21 per ceut of the total fresh weight, in edema this would be Lower,
say 18.5 per eceni. Therefore, one would be diluting the total amount
of the specific ion for the edematous brain more than for the control
were one to express it in mEq/kg of fresh tissue weight.)

In edems most authors have noticed an inmereased brain tissue
content of sodium (Wa¥); no change, a decresse, or an inerease in
potassimm (K*); an inerease in chloride (C1”); either a slight in-
crease or no change in caleium (Ca' ); no shange in magnesium (g™ s
and, no change or & slight decrease in phosphorus (29, 35, 73, 95, 119,
154, 156). In most cases the degree of elestrolyte variation was
related to the method used in producing cerebral edems » Just g2 the
experimental procedures varied in their degres eof effectiveness.

The electrolyte values reported by twe investigators merit some
comment, since they deviate from other people's work ineluding the
writer's. Eichelberger et al (35) measured several electrolytes in
ihe brains of dogs which had received "pure concussion, uncomplicated
by damage to blood vessels®, In the absence of “swelling or edema"
(coneurrent with mo significant change in water content) they reported
a decrease in godium concentration 24 hours after trawss. Similarly,
following experimentally indused cerebral edema secondary to water
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intexication and brain compression, Stern (154) reported a drop ia
sodium enmnnt.ratim in the presence of g significant inerease in brain
water content. |

Inspsction of the edema fluid has at times resulted in postu-
Jates which attempted to prediect its mature. For instance s Stewari-
¥allace (156) proposed that the edems fluid was & eolloid-free "serum
vltrafiltrate®. (For analysis he had used mestly eases of loealized
serebral edema associated with cerebral tumors.) Others have made
similar claims more recently (95, 1i4). However, it is evident that
depending on the type and/or degree of edems one might find a fluid
either free, low or high in protein. 7The certainty of this statement
has been documented both in experimental as well as in clinieal mater-
ial (62, 144). Presumably for this reason, Smith and associates (14})
have gone as far ac coining the terms "exudative" edems where the {luid
was protein-contalning as, for example, in lead encephelopathy, and
"transudative" where the fluid was free of protein or any other macro-
molecular material as in the experimentel type of edema seen secondary
to triethyl tin administration.

Horphologically the cerebral changes associated with edema will
depend on the duratien, extent, and distributien of the eondiiien, If
edema is secondary to & loeal brain injury, sueh &s can be produced
experimentally by the application of cold te a partieular gyrus, there
may be initial eortieal blanching, followed by intense hyperemis.
Within six hours widening of the white matter underlying the damaged
gyrus would be evident. The swelling of the white matter might slowly



progress toward adjacent gyri but begins to recede 2i hours following
the time of injury (79).

If the edema is generalized, flatiening and widening of the ori
together with a narrowing of the sulei will be evident. This can be
sasily predicted if one visualizes an inereased iat?au'uial pressure
foroing the cortex against the overlying calvarium. Iikewlss, curved
grooves in the posterier aspects of the ewabmi hemispheres will |
reflect pressure of the swollen brain against the rigid beny and dural
tentorium (62, 86, 122).

In animals whose brains are lissencephalic (totally deveid of
gyri as in bats and rodents), the edema causes plastering of the brain
gubstance againet the ealvariwm. This fact may partially explain its
mushy conaistency and also the relative difficulty in manually separat--
ing it from its bony encasing (95). Ventrally, a crowding of the
cerebral hemispheres against the optic chiasm, tuber einereum and
mamnillary bedy results in partisl displacement and in impingement of
the internal carotid and posterior commnicating arteries.

Inereased intracranial preseure results from the shrinkage of
the physiologic "space” previously mentioned. The fact that this
"spage” is gbout 10 per eeni of the total cranial espacity and is lim-
ited by the rigid confines of the skull is obvicusly guite signiiicant,
In the presence of increased intracranial pressure, the appearance of
Cushing's ¢lassical eardiorespiratory changes signifies that an seute
dynamic distertion of the pontomedullary (axial) portion ef the brain
stem is taking place (162). (The cardiorespiratory changes associated
with Cushing's investigations on increased intracranial pressure consist
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of slowing bf the pulse, increase in pulse pressure, slevation of bloed
pressure and slowing of respiration with terminsl respiratory arrest
and final cardiovascular failure. They have been recently atiributed
to an aberration in the sonductivity of the pontomedullary centers for
respiration and sardiovascular activity,)

Other clinical features will depend on the stiologlesl cause of
edema, manner of onset (i.e., whether acute or insidious ever an ax-
tended period of time) and other similar eireumstances. For instance,
if eerelral edema ocours secendarily to operative trauma, onset of
symptoms will most likely be 6 to 2 heurs after the operation., The
signs probably will be focal in mature, and censist of moter e sen-
sory disturbances, aphasia, Jackeonian seisures and double vision. If
it ie related to lead intexication, slong with a hlstory of heavy metal
ingestion, one might observe as early signs snorexia and hyperirritabil~
ity associated with the pstient's disinterest in his surroundings. This
might be followed by the fairly vapid onset of headache which, in severe
cases, will be sccompanied by ataxia, nausea, vewiting, drowsiness,
papilledema, weakness of one or more of the extrascular muscles and
usually one-sided convulsions. Objectively, one will be able to deteet
& substantial rise in eercbrospinal fluid pressurs (65, 122, 1i4). In
general, disorders of consciousness rank ameng the most regular signs of
cerebral edema frem any eause. More rarely, psychotie or delirious
states may be encountered (62).

The histologle features ususlly accompanying corebral edema can
be divided into those which have been identified by means of ordinary
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light mieroscopy and those resuliing from elestron microscopy studies.
Thus far, however, deseriptions and interpretations presented when these
two techniques are compared might be epen te diseussion,; espescislly
since the leading authorities im neuropsthology are not yet agreed upon
the histological nature of cerebral edema. lor are the obvious tech-
nical difficulties surreunding this whole problem near selutien.

Starting with the premise that different eticlogic agents used
experimentally vary not only qualitatively but alseo quantitatively as
te the type of edema caused may help to explain some of the existing
diserepancies soncerning the nature of cerebral edems. For example s in
the edema secondary to both cold injury amd trialiyl tin intoxication,
a general loosening of the cercbral structure, inberpreted by seme (95)
&5 the formation of "interstitial” spaces and seen mostly im the white
matter, has been repeatedly reported. There was alse a variable eor-
relation between the amount of PAS -positive staining dispersed through-
out white matter and dortex amd the severity of the edema. Swelling was
present in both perivaseular spaces and in glial cell bodies (163, 164).

Reid (122) described histological ehanges sscoeisted with the
edems. secondary to distilled water infusion and that associated with
intracranial expanding lesions. In cases of water infusion he noted an
inereasing severity of the pathology if the calvarium was sleo removed.
Thus, neurcns were greatly swollen to the peini of subsequent rupture
in the more sericus cases. The myelin sheaths also shared this feature,
although in many instances the swelling was patehy. Bulbous enlargement
*PAS - Periodic Acid-Schiff
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along the course of the sheath was ccmmon in the more edematous brains.
The oligodendrocytes, in contradistinetion to the sstrocytes, showed
various degrees of swelling. In the early stages their delicste pro-
cesses became fragmented, shortened and soon disappesared. As the
intracellular flnid increased, the nuclei alse increased in size. The
cells then became progressively more swollen until eventually they rup-
tured and became completely disintegrated.

In edema related to tumors, Reid found an slmost identiecal pie-
ture with the exeeption that the astrocytes were alse heavily imvelved,
showing "elasmatodendrosis” (an alteration in size and shape), a thick-
ening, twisting, and finally fragmentation of thelr processes, and
occasionally changes whieh would result in the so-called Nissl's plump
eslls (i.e., large, plump, thin-walled astrocybes with short, delicate,
irregular processes and no fibers).

Klatzo (79) and ##suia’c.@s, on the other hand, in edema secondary
to cold injury could show no obvious morphelogieal changes which could
be atiributed to the oligodendrocytes, in econtradistinetion to the
astrocytes. Their view was apparently shared by Bussell (131).

The controversy as to the type of glial ¢ell prineipally assogi-
ated with edema has already been outlined. It is especially in the
electron microseopic studles that these views tend to become more diver-
gent. One school of thought led by DeRobertis {29) snd his associates
describes changes primarily seen in the astrocytes. Basing their assump-
tions on the considereble amount of experimental work done by Zadunaisky
et al (191), Gerschenfeld et al (50), and others, DeRobertis deseribes
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swalling of the astroglial cytoplasm with a decresse in electron dene
sity. The swelling comprises not only the cell bodies but alse their
long processes. Togother with these disturbances they detect swelling
of tha endoplasmic veticulum with varying degrees of alteration of the
nitochondria,.

Another school of thought mainly popularized by Luse and associe
ates (92, 93) points out that in edema the oligodendroglia are mest
prominent. They also have described the mitochondria and endoplasmic
reticulun of these cells gs appearing scant and widely scattered
because of the increased cyteplasmatic velume. The oligodendroglial
procegses are alse larger than usual and indent axons or astrocytie
protesses. Furthemmore, it is their contention that the spider webe
iike strands which have been sesn by light microscopy perivasculaxly
in edematous brains represent distended oldigodendvoglial processes
comprassing the interspersed astrocytes "umtil enly narrow teauocus
strands remainedY,

last but not least is the group of investigators among whom
Torack (163, 164), Ketsman (73), Evans (37) and their associates are
found, They somehow have managed to maintain a middle-of-the~road
attitude with reference o the neuroglial cell iavelved. Some tem
the swollem cell "clear glial cells™, while others use the gemsral texm
glial cells and make no sttempt at further differentiation. Still others
(73) describe “glial® changes in addition to massive loeulations of £luid
contained within myelin sheaths.

Despite the division of ldeas just described, mest investigators
now believe that in edema the primary change (insofar ss the fluid
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surcharge is concerned) invelves the neuroglia and only te a very small
degree, if at all, the mimute exiracellular space.

STATEMENT OF THE PROBLEM

From the previous introductery remsrks and the discussion of the
nature of cercbral edema it is evident that there are still many facets
of that subject which need Lo be understood more clearly, and their
significance examined on the basis of our more recently-scguired views
on the features of normal brain. It ie also clear that more insight
into the physiological funetion of the brain could be acquired by obser-
vation of selective aberrations in one or a number of controlled cere-
bral mechaniame.

Originally, the primary aim of this investigator was to devise a
method by ﬁhiah ecerebral edema could be produced consistently and reli-
gbly and which eould be used te evaluate in & standardiszed fashion the
effectiveness of various agenis and therapeutic measures intended to
lessen it. In the process of searching for appropriate methods it be-
came obvious that no one method was universally approved by the leading
suthors in this field, nor was there a single criterion for dstermining
cersbral edema which had met with thelr general satisfaetion.

Thus, after reviewing the extensive literature and having studied
the many possible indices, another objective was sdded to this projectts
original primary aim: to establish the long-argued validity of water
content determinatione as an index of both normality and edema. ¥e
were ¢ertain that if one methed and at least one index were sufficiently
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standardized so that they could be easily duplicated s We would have
gone & long way toward understanding ‘bhe’basia problem,

Since water flow across membranes is intimately velated to
electrolytic changes and especially in view of the postulates by De-
Robertis and associates (29, 55, 191) on the existence of a "blood brain
barrier (EBB)" mechanism actively “pnmmzig" ions 20 2s to preserve inter~
nal homeostasis, we also decided to follew the relative variations of
sertain eleetrolytes. It wes possible that a definite corvelation with
tissue water content could be established, at least under experimental
conditions,

The stage was now set for the observation and analysis of both
the histological material which hed been kept under physiologic condi-
tions and the one in which pathology had been induced. Regular light
micrescopy studies were, in the case of this inexperienced observer s
prerequisite to the subsequent examination of tissues under the elec~
tron microscope. In this part of the projeet it was our aim to relate
the work of such people as Pope (114) and Giscobini (51)* to amy changes
we could perceive in the neuroglial elements. By such measures maybe we
would give more evidence to support the view that glial elements had an

*Pope measured dipeptidase activity in various layers of the rat cortex
and white matier and showed that while previously this proteolytic
ensyns had been thought to be chiefly localised to the nerve esll
bodies, thers was now emough evidence te alse implieate the neuroglia
as an important site of it.

Giacobini was sble to demonsirate that the ensyms Carbonie Anhydrase
(CA) when dealing with the (NS, was concentrated in both glial and
choroid cells. This he interpreted as supporting the ides which
implicated glisl cells and glial CA in a mechanism for the aetive
transport of some ions from the capillaries into the CSF and the
cerebral water-ion compartment.
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important pert in an active transport mechanism across the perivascular
glial membrane and perhaps also across the blood-brain bharvier. Also,
we possibly would be able to detect any changes in the histology of the
perivascular glial Mbmne s the pia-glia membrane or the eapillary
basement membrane if these were present under experimentel eonditions.
Finally, it shouwld be noted that this global approach to the
problem of cersbral edems and related entities has se far not been
reported in the literature despite the fact that investigation of its
vericus aspects has proceeded for a mumber of years at a vigorous

pace.

HISTORY

A brief review of the historical highlights in the development
of our knowledge of cerebral edema is offered in order to present seme
of the salient trends and concepts found in the extensive literature on
this subjeet. Monro (104) in 1763 and Kellie (76) in 1824 were prob-
ably the first to propose the coneept that increased intracranial pres—
sure was directly associated with alterations in brain bulk. They
reasoned that because the brain and spinal cord are incompressible and
enclosed within their respective rigid emcasings there could be no
incrense in volume of brain tissue, bloed or earebrospingl fiuwld without
& correcsponding reductien in volume of eome or both of the other COmMPOn~
ents. Thus, when the brain swelled there had to be either an increase
in the cerebrospinal fluid pressure, a reduction in the volume of the
fluid, or a decrease in the imtracranial blood conteat.
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Burrows (17) in 1843 questioned the abselute accuracy of the
Honro~fellie doetrine. While he admitted that the whole contents of
the eranium (the brain, the blood and "exbravaseular serum” ) "must be
at all times nearly a constant gquantity", he emphasized the impertance
of the cerebrospinal fiuid primarily as the means of replacing the loss
of bleed during hemorrhage. Incidentally, he believed that the amount
of intracranial blood was obvicusly diminished by systemic bleeding.

It was not until late in the 1800's and the early 1900's that
specific relationships between "cersbral swelling® (Hirnsehwellung),
faerebral edems’ (Hirngdm) and intracranial pressure were mede. First,
Rieger (125) in 1885 and later, Reichardt (120, 121) in 1905 messured
and established sorrelations between brain volums and skull capacity
and postulated that inereased intracranial pressure implied an abnormsl
relationship between these two very importsnt dimensions. Reichard:
felt that whenever the difference between brain volume and sicull capac~
ity was less than & per cent, the brain could be considered swollen.

He arrived at this figure by cbserving the differential ratieo of brain
volums to eranial capacity (DIBV), a method which had been previously
used by Rieger (125) and again by Hudolph (130) in 1914, White et al
(183, 184) in 1942, and others (4).

Acgording to Reichardt "brain swelling" was a definite increase
in the volume of the brain not due to hyperemia or to excess of frese
fluid. He further thought that it resulted frem an alterstien in the
eolloidal shemlstry of the brain which eould not be cerrelated with any
histelogical changes. His observations were based en brain swelling
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secondary to oatatonia, epilepsy, and varieus infectious diseases and
intexdcations. |

The use of the term "cerebral edema" probably preceded the con-
cept of eersbral swelling, and its ecccurrence had been reported in
cases of cersbrovascular accidents secondary to cardiovaseulsr-renal
disease, certain serious intoxications sueh as diphtheris and periton-
itls, and in status epilepticus. It was gemerally defined at the time
25 an inerease in brain velume secondary to a ;ﬁathalagical acoumnmla-
tien of fluid in the perivaseular and the pericellular spacss (136).

In 1908 Donsldsen (31, 32, 33) began reporting his observations
started 13 years earlier, on the growth of the rat brain and spinal
eord. He placed speeial emphasis on the relationship between the brain
and spinal eord, the water content and other variables, such as ags,
weight and sex. He then compared these values with those obtained for
human brain tissue and showed the amagzing similarity preseant. Seme of
Dongldson's values were considered previcusly and will be reviewed fur-
ther in another section. It is interesting te note that in caleulating
the brain-water content, he used a dehydration technique which included
welghing the tissues befors and after drying. He is ersdited as the
first to deseribe such a method.

In 191 Dixon and Halliburten (30) sgain questioned the validity
of the Moaro-Kellie doctrine. After an extensive study of the cersbro-
spinal fluid they came to the conelusion "that the cranial contents ean
no longer be regarded as a fixed quantity without the power of expanding
or contractlng in velume". In the same year, Wohlwill (188, 54) dis-
proved Reichardt's (120, 121) original assumptions as to the histologicsl
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nature of brain swelling by providing definite evidence of micressopic
aberrations in this disorder such as the presence of Alsheimer's ameboid
glial cells (i.e., astrooytes with ameba-like shapes). His obaservations
were made, also, in eases of brain swelling secondary to toade amd
infeatious diseases.

Another phase in the long history of the mature of cerebral edema
started with the publications of Weed and MeKibben (176, 177) in 1919.
They undertock to experimentally alter braim volume in eats by intra~
venous injections of hypotenic and hypertonie solutions. They found
no lasting change in the cerebrospinal fluid pressure following intra-
venous injectiens of Ringer's solution; & marked and sustained rise in
pressure after intravenous infusion of distilled water; and, an initial
rise followed immediately by a marked fall inm the pressure fellowing
injections of hypertonic solutions of sodium chloride, sodium biearbon-
ate, sedium sulfate or glucose, Their date were further substantiated
by the observation of actual swelling or shrinksge of the braia en
direet inspection.

The great controversy imvolving the relative importance of s
specific type of neuroglial cell in cerebral edema began in 1926 with
Penfield and Cone's (110) report entitled "Acute Swelling of Oligoden-
droglia". They induced edema in animals by the intraveaous injeetion
of distilled water. Their sections were first meunted im glycerine
Jelly in order to avoid dehydration or any related phenomena. Then, by
staining these sections using & modified methed of the del Ric-Hortega
silver carbonate technigue, histological aberrations were shown in the
oligodendrocytes. These aberrations were mild in the case of the brain
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sections removed one and one-half hours after injection and censisted
primarily of hypertrophy of the cytoplssm and pyknosis of the nueleus.
The pathelogical oligedendrecytes also seemed to appear here and there
in patches throughout the brain. When sections were obtained 2 hours
after water infusion, the brain showed scattered areas where the eligo-
dendrocytes were vacuolated, in addition to the other changes previous—
1y deseribed. Anatomically, the brains of the animale wers gressly
swollen causing the dura to be quite tense. Penfield and Cons's histo-
logical desoription resembled seme of the changes that Reid would eall
attention to 17 years later in brains of animels which wlsc had received
distilled water intravenously.

ILater, in 1929 Spatz (147) wrote on the dii‘f-rencos betwesn brain
swelling and brain edema. He maintained, as Reichardt (120, 121) had
done years earlier, that in brein swelling “there was a general increase
in slze of the whole hemisphere with an inereased ¢onsistency and & dry
condition of the brain substance". In brain edems, on the other hand,
the brain was Ysoiter and wetter than nermal®. He deseribed "gympto-
mt,i# brain swelling" in cases of cerebral tumor which affected not
only the whole of the hemisphere in whieh the tumor lay, but often
exceeded its boundaries extending into the opposite hemisphere, the
medulla, the uvula and the tonsils of the cersbellum. Histologieally,
Spate found the pathology limited to the white matter with the astre-
eytes showing clasmmtodendrosis, swelling of their processes and even
Alzheimer's amsboid changes. In addition he deseribed some swelling of
the neuronal processes in the affected areas.
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lastly, around 1935 Jaburek (67) proposed that whai previocus

authors had been deseribing as two different entities — cerebrsl edems
and swelling - were in faet different grades of patholegy along the
same contimuum of hydration of the brain, at least insofar as it applied
to cerebral tumors., By means of limited histological evidencs, he pro-
pesed that during csrebral edema there was an "exudation of f{Iwid"
with the formation of spaces and holes in the tissues and separation
of the neuroglial meshwork and of the perivascular and pericellular
spages. (The “perivascular spaces' described by various authors under
sonditions of exvessive brain hydration have been termed at times the
"¥irchow-Robin spaces”. Although these entities were origismally des-
erived in normal brain tissue, there is a streng feeling teoday toward
regarding them as being of some significance only under abnormel con-
ditions of intracranial pressure.) Jaburek was also the first te sug-
gest that sertain areas of the brain had a special tendency to develop
edema under impaired conditions and that the white matter of ihe hemi-
spheres was partieularly suseeptible., In contrast, he belleved ihat
the gray matter of the cortex and basel ganglia, and the whole brain
stem ingluding the ¢erebellum and diencephalon were not partieculariy
affeected by odem/.

Alsxander and Looney (4) in 1938, in trying to establish mesning-
ful relatienships between cerebral pathology and certain physico-chemieal
brain properties, studied a mumber of autopsy speeimens. The postmortem
interval in these varied from 2 to 58 hours. They measured the water
content of both gray and white matters separately by the dehydration
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technique, the differential ratio éi' skull capacity to brain velume
(pIBY) following Rieger's (125) original method, and the brain volwme -
the weight and the pH. Their interpretations placed most cases of
cerebral edema as involving the white matter, except wﬁen the edens
was secendary te occlusion of ome of the larger arteries. Otherwise
the gray matter of edematous brains kept the normal ratio bstween wet
and dry weights. Also, they ebtained some degree of correlation between
the edema determined by dehydration techniques and that identifed by the
"differential index of brain volume" (DIBV) method. Nevertheless, they
thought that cerebral edema could be expressed better in terms of DIBY
rather than in terms of "simple water content” determinations.

A different approach te the same old problem of abnormal brain
hydration and/or increased intracranial pressure was undertaken by
Willigas (185) in 1939%. He recorded the cortical electrical potentials
of patients with an sbnormally high intracranial pressure, using secalp
elesctredes. He also determined cerebrospinal fluid pressure by lumbar
puncture, His study included 42 subjects whose cerebrospinal fluid
pressures ranged from 180 o 6350 wm of water and who had showm this
abnormality for a peried ranging anywhere from 30 mimutes to seven
years. Host of these palients had brain {umors and clinical complaints
assoclated with the increased pressure. Williams was able to identify
in wost cases the cortical electriecal tracings of the patient with the
increased intracranial pressurs, Thess tracings showed that the corti-
cal activity was gemerally widespread over the cortex, extremely rhythmic
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and well sustained, and had a2 slow fr-qumw usually of the order of
2 per second. Although an inersase in serebrospinal fluid pressure was
usually associated with some elestriecal abnormality, a constant relation—
ship between the height of the cersbrospinal fluid pressure end the
degree of abnormality in cortical potentials was not found in this study.
Williams thus concluded that the electrical cortical potentials wers
more dependent upon an alteration in water balance or ionie zencenirs-
tlon of the brain parenchyme than upon the serebrospinal fiuid pressure
Rer se. e based this stalesment on his observations that on many occa~
slons the intravenous injection of hypertonis solutions reduced the
amount of abnormal tracings without a conesmitant cerebrospinal fluwid
pressure change.,

Another significant study was undue‘#@d by Shapire and Jackson
{143) in 1939 on autopsy material from patients who had received trau-
matie injuries to the head. 'They determined both the subarachneid and
intraventricular cersbrospinal fluid volumes end then proceeded to cal-
culate the brain water comtent by dehydration techniques, They reported,
contrary to the doetrine of the time which attested to a general in-
creased quaniity of cerebrospinsal fluid after head traums, that the
amount of subsrachnoid fluid was generally decressed and the ventriesular
fluid inereased if traumatie¢ internal hydrocephalus had oecurred. In
this latter situstien part of the enlargement of the brain could be
accounted for in terms of ventricular distentien; thus, the brain, even
though swollen, "was dry and not edematous", They alse thoughi that
part of the brain swelling could be explained by the incressed bloed
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content Irem inmmersble petechial hemorrhages. For the remainder of
the brain swelling "the factor of unreleasable parenchymatous fluid®
could be assumed only by exclusien,

The first primarily bicchemical approsch of note te the subjeet
cane from Stewart-Wallace (156} in 1939. He studied tissues‘ from ﬁr‘-
ious areas of both gray and white matter of a series of unselected
brains ceming to autopsy, and slso from patients who had eerebral
tumors. In the latter, he uasﬁ &s conlrols the supposedly normal tis-
sues f{rom the opposite hemispheres. Apart from amalyzing for the icns
sodium, chloride, potassium and phosphorus, he alse determined the
tissue water content by dehydration metheds. A4s water content for
normal gray matier he gave the figure of 84.3 per cent and for normal
white matter 70.7 per cent. In brains with tumors the water eontent
for the edematous side was #3.1 per cent for gray and £1.8 per eent far
white matter, contrasted to 82.6 per cent and 69.6 per sent for their
nermal counterparts in the opposite hemispheres. He thus concluded
that the inecresse in fluid content (cerebral edems) was restricted te
the white matter and further histologiecal anslysis led him to point teo
the centrum ovale as the area primarily involved. He then excluded the
sortex, thelamus, the corpus callosum and the internal capsule as he
was nol able to idemtify any fluid changes in these tissues comparsible
to those claimed for the cemtrum ovale. Alse, a marked elevation of
sodium and chloride was found in the eentrum ovale when compared to con-
trol tissues from the opposite hemisphere. The other signifiecant change
was & deerease in phosphorus on the edematous side, attributed te the

"breakdown of the complex organic compounds in the esllular tissue "
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associated with the degenerative processes which are seen histelogical-
iy". Finally, Stewart-Wallasce was unzble to find any evidence in sup-
port of ihe c¢onecept that in association with serebral tumers there
else cccwrred a condition of swelling of the brain ("Hirnsehwellumg®)
which was not due to hyperemia or ex¢sss of free fluid and which aould
be differentiated frem cercbral edema. His ¢laim relating the edems
fluid to a "serum ulirafiliraite” has been previously discussed.

Pileher's (112, 113) studies of 1937 and 1941 deserve comment
since he and his workers wers attempting to duplicate cerebral truuma
in the laboratory. After studying beth the eersbrospingl fluid pres-
sures and the fluid content ef various cerebral areas in dogs, he
stated that sinee no great increase in fluid econtent oceurred after
cerebral irsuma, other fastors such as cercbrospinal fluid volume mﬁ
intracranisl blood volume must be of grester importance in producing
inecressed intracranial pressure. In & later series of experiments in
which the animsls' brains were exposed following trauma, he again
failed to show a significant change in fluid content. Thus, Filehert's
work tended to substantiate Shapire's and Jackson's (143) earlier
eladims using human material,

It then remained for White and his associates (183, 184) in 1942
and 1943 to study eerebral swelling as determined by the "differential
index of brain volume" msthed (DIBV) in relation to ¢srebrospinal fluid
and to blood velume in ecerebral tissues. Under conditions of anoxia,
such as from obstruction ef the respiratery tract, failure of the res-

piratery center or an inadequate volume of oxygen in the breathing gas



35
mixture, they postulated an inerease in the capillary permesbility by
which fluld left the blood stream and entered the adjscent tissues.
When these experiments were duplicated with the new variable being
sxperimental brain concussion, they again cbserved that the inerease
in brain volume was due to the extravasation of fluid through the cap-
illary walls and not to the escape of red ecells, to vaseular congestion,
or to distention of the ventricles with inecreased amounts of fluid.

Equally signifieant te the classical study of Penfield and Cone
in 1926 (110) on brain swelling were the separate studiss of Green-
Tield (54) in 1939 and Scheinker (136) im 1941 on cersbral swelling
and edema gsseciated with tumors, Creenfield gave spescial atteatien
to the centrum ovale where he was gble to identify constant alterations
of the myelin sheaths which showsd degensration and breaking up inte
granules and globules. The axonal material, while less affected than
the myelin, also showed some degenerative phenomena such as beading,
irregularity of contour, ead bulbs and cocoon-like swellings in their
course. The gortical neurons appeared normal. The astreeytes, in con~
trast to the oligedendrecytes which appeared normal, were always
swollen, appearing either as Nissl's "plump" astreeytes with an excess
of neuroglial fibers or with nueclear degemeration and clssmatodendrosis,
Thus, he could not differentiate between brain swelling and edema and
concluded that edems was jusi s more severe degree of the same process
as brain swelling.

Scheinker (136) studied the same type of msterial and deseribed

an areolar, sieve-like appearance of the nerve tissue with distention
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of the pericellular and perivascular spaces. in cases of cerebral sdems
there was liquefaction of the nerve tissue which was probably sseondary
to an inecressed permeability of the vessel walls., In cerebral swelling
he inferred that the eapillaries alens were involved with little altera-
tion of the nerve tissue proper, exeept for hydration and swelling of
the axis-eylinders, myelin sheaths and glial cells. He also deseribed
hydration and rarefaction of the ground substance. ﬁewrﬁhehas, he
agreed with previous authors and stated that fundamentally the two
eonditions were only two stages of the same pathologie proeess,

In 1946 Windle gt gl (186) were able to shew signifieant inereas-
es in brain water content secondary to experimental eerebral comcussioa
and secondary to water intexieation. This was in contradistinetien to
Pileher's (112, 113) work & few years previously, In goncussion, how-
ever; Windle coeuld not deteet an inmerease in the rate of gersbrospinal
fluid formation or a constant inerease in pressure. Nor were they
able to identify in their experimental material the degenerative neur-
onal changes which had been typieally deseribed for the post-concussien
tissue by other authors.

The previcuely mentioned studies of Eichelberger st al (35) in
1949 concerning brain water and elestrolyte chenges following eerebral
concussion disagree with most of the observations of their time and
those made sinee. ‘l‘im.r approach, howsver, was an excellent attempt to
study the biochemical nature of brain edema.

Elliot and asseciates (36) in 1949 used & method of méuuting
the appreximate amount of brein swelling (or shrinkage) frem the percent-
ages of both water content and dry material without knowledge of the
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astual brain volums. They were sble then to show a definite inerease
in brain volume in rabbits following administration of hypotenie solu-
tions. This swelling was made more marked whenever the brain was
sxposed.

Pope's (114) signifieant contributien of 1952 on the newly
aequired importance of the neuroglia, as determined by dipepiidase
getivity measurements was net fully appreciated until several years
later when ether investigetors substantiated his findings.

4 study which parailels Donaldsen's (31, 32, 33) mommental work
on the relationship between brain wmter content and ceniral nervous
system growth was the one by Graves and Himwioh (53) in 1955, In the
rabbit they traced the change in brain fluid content from infaney through
aduithood and obtained basically similar results as thelr predecessors.

The year 1955 also marks the beginning of an era where a widely
variable number of approaches to cerebral edema would bs explered.

Newsr technigues, better methods of histelogical eobservation and Javid's
{69, 70, 71) introdustion of the use of ursea as a method of reducing
inereased intracranial pressure sll provided a great incentive and
renewed interest in the subjest.
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MATERIALS AND METHODS

Preliminary experiments were done using rabbits, eats, dogs and
rats. It was finally decided however that rais would serve as satis-
factory experimental snimels throughout all the phases of this project.
This decisien was partly influenced by the faet that Donaldsen's studies
on the maturation of the brain and its relation to brain-water content,
as well as cemparisons te similar values for humans, were availsble (31,
32, 33). Also the uniformity of the basie cerebral mechanisms which
come into play in memmalisns in the presence of many nexious stimuli,
eoupled with their histologiecal similarity, is well known. Finally,
sconomic consideraiions obviously indicgted that if a fairly siseable
enimal population were to be availsble for purpeses of statistical
analysis, the rat would be sultable for suech purpeses.

A. Determinations oi Brain Water Content.

Mention was made previously of the variability which exists in
the dehydration techniques used for ealeulating the brain fluid content.
This lack of standardisation may account for some of the existing dis-
erepancies and the inability by some investigators to detest mignifieant
brain-water changes under conditions which warrant it.

The first step in this work, therefore, was to determine the
brain-water content of experimental animals following mest of the pro-
codures used by the various suthers who have provided the classical set
of normal values now in use (4, 31, 36, 139, 142, L48, 156).
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1. *"Classicsl" Procedure for Determination of Brain Hater Content.
In this study 16 normal male Sprague-Dawley-strain rats wers
separated inte four groups of feur rats esech, Bach group was then
assigned & number from 1 te 4, and each number in turn was divided inte
A or B, the letters corresponding to elther half of the brain,
Rate 1A through 4B were about 13 months old (i.e., sbout 3585-390
days old). The average weight per rat for easch group was as follows:
L(Aand B) o o » » ¢ s s s s o+ o+ 491% grams
2{Aand B) « s » 4 0 v s 0 v s s » 479 grams
3{Aand B) « 4 « « ¢ 5 4 s 0 v » o W61 grams
L(AAnd B) ¢ v o « v s e 0 0 x4 x 485 grams
The rats were first allowed 10 become guiet by placing them in
& jar containing sponges sprayed with ether so that they could be
weighed accurately. After weighing, the rats were anesthetiged by the
intraperitoneal injeetion ef 50 per cent urethane (1 ml per pound of
body weight). Following injeetion, anesthesia was complete in three io
four minutes. The rats' chests ware then opened by a midlins incislon
through the stermum se that the inferior vena cava and other large ves-
sels could be severed with the animal still alive. This allowed at
least part of the bloed of the brain (o be drained (exsanguination
teshnique), allowing the removal of the brain te become technically
gasier. Mext, the slmll bones were teased off and the forebrains re-
moved in toto, except for the olfastory bulbs which were transecied.
The forebrain was separated from the hindbrain by cutiting through the
brain stem at the level of the superior eolliculi (142, 148). The
forebrain was then divided into right and left halves (labelled A and B)
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and each was separated from the mningsal {dura and arachmoid) cover-
ings as mich as possible and alse frem the larger meningeal vessels.

Each half was then placed im a 15 ml weighing bottle with lid,
and then into & dessicator cemtaining Drierite” (anhydrous CasO, with
an indicator) to prevemt the specimens from absorbing any melsture
from the enviromment. After each group of four animals had been treat—
ed in this manner, the brain halves in the bottles were weighed wsing
a Christian-Becker chainomatic balance. This weight was tormed t&e
"wet weight". The brains were them macerated ﬁith glass reds built in
the bottles. The specimen beottles were then placed with their lids
off in an oven kept at temperatures ranging frem 110° to 116° C.

The first drying period constituted 98 hours of contipueus
uninterrupted dehiydration. In contrast, subsequent drying times
lasted up to 405 hours and represented the result of the accumulation
of sherter drying intervals.

After the tiasues h&d been dried, the weighing bottles amd their
contents were allowed te c¢cool to room temperature in the dessicaters.,
The weight now obtained comstituted the "dry weight® whiech, when divided
by the respective Iresh weight yielded the actual weights of the tissue
in percentages of the originsl wet or fresh weight. By subtracting the
last figwre from 100, the percemtage of weight loss was found and this
was equated with the origimel water content ¢f the tissue. The percent-
age of water in the rat bfain is given afler 98 hours of drying in the
oven., 7The remaining drying pericds were used to caloulate Lhe per~
centages of welght loss as & function of the time interval of
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dehydration (Tables 1, 2, 3, 4, 5, 6 and Figures 1, 2, 3). This was
done in order to demonstrate the inadequacy of the "sonstant weight""
method for caleulating the absoclute brain-water content at the tempera~
tures and time intervals empleoyed by the "elassical' procedures. The
relations between brain lipids, the temperature and time intervals of
dehydretion and the waler ¢ontent values obtained by dehydration tech~
nigues have already been described and will be further discussed when

the resulits ars presented.

2. Modification of the Classical Procedurs for Brain-Water

Content Determination.

Keeping in mind the perils of too high tempersatures and too
long intervals of dehydration, & repeat study in another 16 normal
rats of nearly the same specilications as the enes used previously
was attempied, The rate were again separated into four groups ef four
rats each, and each group was assigned a number from 5 through 4. The
midbrain separation into A and B halves was similarly used.

Rats S5A through 8B were about 13 to 1 months old (i.e., aboui
t.:i.@ days old). The aversge weight per rat for eash group wes as
follows:

5 (A and B) . . « 367 groms
6(Aand B) . + « o v« s s o« 310 grams
7(Aand B « « « » v o o s « » » 436 grams
B{Aand B) . . ¢ « « s v o o« v hO62 grams

'3
-
-
-
-
-
»
.

®

By most antimrﬁ' standards, two sonsecutive weighings within 0.00025
grams constitutes the so-called constant-weight.



In this stuldy the cven wae kept ab Lemperatures renging rom
$1° to 93° © and the tlosues were wedghed uaing a Netiler clesiric hale
ance (fype H 16) which has a total capacity of 50 grams. In contrast 1o
the jrevious study the tissues wers not macerated this tine, and the
first drying peried was seven hours of continuous upinterrupted debydre-
tion. The subseguent drying times {up to 147 howrs) were the resuly of
the assumilation of varishle drying intervals.

Here again the peroentages of weight loss wers caleulated as
shown belors, and these wore studied a3 a function of the time-interval
of dehydvation (Tebles 7, 8, 9, 10, 11, 12 and Figures &, 5, 6).

B. Brain Rectrelyte Determinatlons
1. Acutely Trested Animals and Ihedr Controls (TETA)

Fellowing determination of the brain-water content values, the
delipdrated braine wore welghed, then ashed separaiely in @ mufile fure
uace at 550° ¢ in nickel erucibles for three hours. 7The ash was dis-
solved in 0.2 ¥ M1 and made up to & velume of 25 co. These soluticns
wars then analysed by fiawe photometry, using the Beckman DU speciro-
photometer with flane sttaclment and photomultiplier. The pas misture
wes cygen and hydrogen. The wave lengihe esployed for the cations
wore: Calelum, 622 nyw; sodium, 569 m«and potassium, 766 ny. The
cation eomcsntration of the stock sclution from which the standards
wore prepaved was sodium 150 mBg/l, potassive 5 mig/l, and caleium
5 miigf1 (78, 160). ihe stendards were swde by diluting the steck solu-
tion in a retiv of 1:100 for both sodium and calelum and in & watio of
20:100 for potassiuvm. (For caleulations, see Appendix.)



2. Chronically Treated Animals and Their Comtrols (TETA)

The dehydrated brains were ashed and treated as before and their
eleotrolytic solutions alse anslyzed with a Beclman DU speetrophotometer
with flame attachment and photomultiplier. The gas mixture used this
time was oxygen and scetylens. The wave lengths employed for the |
cations were: calcium 422 my, sodiwn 589 my, and potassium 768 mu.

The cation concentration of the stoek selution wasz the same as for the
acutely trested animels. Similarly the dilutions were the same exceplt
for calciwm, wheose stoek sclution was diluted 1:25, (Por caleulations,

288 Appﬁtﬂixo )

g. Methods by which Cerebral Biema Can Be Produesd.

From the time Weed and MeKibben (176, 177) first produced brain
volume alterations (1919) in the laboratery te the present time a gon-
siderable number of procedures for the ecxperimental production of cere-
brel edema have been designed. lMost of them have, in some way, iried
to duplicate seme aspect of the pathological condition gbserved in the
human. Sinee the list of methods uwsed throughout the literature is
quite extensive, most of them will just be mentioned together with their
appropriate references and only occaslonally will detailed deseriptions
be given.

The deseription of the method used in this study, together with
a brief historieal note, will be followed by a list of most other

procedures,



I. The Experimental Production of Cerebral Edema by the Use of

the Triethyl Tin Compounds.

Of all the agents used in the experimental production of brain
edemn, few seem to be as reliable and as consistent in their effect as
the alkyl tin compounds, especially the triethyl tin derivativea. The
reason for their relstive obseurity lies in the fact that most of the
tin compounds are poorly absorbed from the gastrointestinal tract due
to thelr insolubility in bedy fluids. Thus, when tin was fed to rats by
adding it to their drinking water in the smownt of 2 mgfday, it was
found that frem 98¢ to 99 per cent was exersted in the feces (43). Tin
itself, when taken per os, is practically immooucus. However, inhala-
tion of tin fumes can result in a benign pnewmoconivsis. Its inor-
ganic salts are also supposed to have very little, if any, toxieity
except for the double salt of tin with sedium tartrate. In a study
conducted by Seifter and Rambousek (141) this compound when injected
intravenously preduced asute injuries to the central nervous system
mainly, and alse t¢ the gastrointestinal system. It has been found,
nevertheless, that stammous sodiuwm tartrate is 20 times less toxie
than TET (triethyl tin) on the basis of its tin content. Thus, the
full toxieity of tin is cbserved almost exelusively from its organic
compounds: the alkyl tin derivatives (16).

Befere 1950 enly eight artisles had been published on toxieity
with most of these coming from German investigators whe were concerned
with the possible contemination of food preserved in eans {90). At the
turn of the century, the genersl lmpression was that ne serious risk



attended the use of tin in food containmers because of the lack of
reports on its texicity.

Fhile it is wncertain at present whether or not tin plays an
essential bielogical role in the bedy, smell awounts of tin are present
in practically all enimal and human organs. In addition, tinm is found
in most soils and plants. It was caleulated that a 70 kg man must
centain approximately 0.352 grams of tim. The tin presesmt in soms of
cwr modern prepared foods is mainly due to the uwse of tin-lined food
containers (16). Fer instance a study dealing with cheese wrapped in
tin foil discovered the presemge of this compeund in amounts ranging
from several hundred to 2,000 pmm (23).

Renewsd interest en the subject of erganotin texicity resulted
frem its relatively recent use in the production of fungicides, insec-
ticides and anthelminties for poultry. Vam der Kerk and Luijtea of
Utrecht, The Netherlands, (90) é.re chiefly responsible for a consider~
able part of the eriginal work on its toxieity and for suggesting its
application as a fungleide. Triethyl tim compounds are also now used as
stabilizers in polyvinyl plastics and in chlorinated rubber paints (167).

In 1958, 217 cases of peisoning (110 of which wers fatal) were
reporied in France by Alajouanine st al (1) frem the use of a propristary
preperation knewn as Stalimen® in the tresatment of furunculosis, staphy-
loceccal skin infections, osteomyelitis, anthrax and aens. This drug,
taken orally, contained diethyliin diiodide dissolved in linoleic acid
and, apparently, also contained impurities of triethyl tin and monoethyl
tin. The tetal amount of diethyltin dilodide apparently ingested by
these people was of the erder of 3.0 grams/person (16, 157).
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In most of the patients poisomed by Stalinen® the first symptoms
began about four days after starting the drug and consisted usually of
severe persistent headaches. This was followsd shortly after by vemit-
ing, vertigo, sbdominal pain, photophobia, rapid loss of weight and
retention of wrine. In a fow patisats thers was alse a marked hyper-
glyeemia. In the most serious cases there was either transient or
permanent paralysis, psychic disturbances, papilledema, comvulsions and
coma, Death was usually due to respiratery or cardise failure. In the
surviving patients, residual symptoms included persistent headache,
asthenis, partisl paresis, areas of anesthesia, diminished visual
acuity, flaceid paraplegia and incontinence. At gutopsy the mest
significant leslon found was edema of the white matter of the brain
(16, 103). Alajousnine {1) himself believed that the best criteria
for detecting Stalinen™ toxieity was "the detection of a decreased
level of consciousness and an increased tendency to sleep”.

Meanmwhile, concurrent work done by Stener, Barnes and Duff
(157) and Magee, Stener and Barnes (95) showed that the lowsr alkyl tin
compounds, especially triethyl tin, had a speeifiec effect om the central
nervous system by producing cerebral edema. The dialikyl compounds per
98 did not elieit this type of response from the brain but scted as
severe skin irritants and caused inflammation of the bile duets. These
werkers then went on to propose that the TET compounds, being about ten
times as toxcle to rats as the diethyl tin when given orally, had con-
tributed up to ten per cent of the theoretical amount of diethyl tin
ingested by the Stalinen® victims.
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The allyl tin derivatives have been used experimentally in ver-
ious ways to produce cerebral edema, Cousideration will be given here
only to those speeific compounds which, as stated before, are the most
taxic members of the series and, therefore the most likely to eliecit
cerebral edema. The first types of triethyl tin compounds to become
available for experimental use were tristhyl tin sulfate snd triethyl
tin hydroxide. Both substances are white powders and very imsoluble
in water. Both are volatile with steam and decompose upon the presence
of heat or easlly associate themselves with the carbon dioxide inm the
aimospherse., lHowever, for use in the present study, it was possible te
oBm.n only the acetate and chloride salts of triethyl tin. It was
decided to use triethyl tin acetate (TETA) becauss of the readiness
with which it dissolves both in water and in normsl saline,

In designing experiments to produce cersbral edema, most of the
procedures devised first by Magee gt al (95) and later by Torack et al
(163) were followed. Thus, teclhniques were employed to produce both
an acute type of edema developed during & period of 24 to 48 hours and
& chroniec type elieited over a peried of 1 days.

1. Acute Produciion of Cerebral Hdema
Twenty-eight male™ rats, Sprague-Dawley strain, weighing
an average of 21 grams were separated into six groups of four rats
each, and four groups of one rat each. Nineteen rats, matched for
strain and sex, and whose average weight was 207 grams, served as

*In the Results section, values for only 27 rats are given since one
of the single-rat groupe died overnight, and wes oaly found after &
considerable degree of cerebral autolysis had taken place. Thus "
the various brain determinations were not carried on in this animal.
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controls. The control animals were also separated inte four groups of
four rats each and three groups ef one rat each. _

The experimental group was then injected intraperitonsally with
& triethyl tin acetate (TETA) solution (0.2 per sent solution weight/
volume in normal saline) comtaining 2 mg/ee. This preparaticn had
been previously buffered to a pH around 7 since the pil of the selution
originally was about 5.4. Each rat received spproximately 10 ng of
TETA/kg of body weight (i.e., about 2 mg/rat).

The contrel animals were injected with approximstely similar
quantitles of physiclogical saline.

All rats were then placed back in their cages and allowed to
eat and drink ad 1ib until sserificed 48 hours later. At that time,
the same procedure for sacrificing the animals and determiming thelr
brain-water content was used as the one mentioned previcusly in
part A.2 of this Section. Ume exception, however, wms that these
animals had not been partly anesthetised by placing them in a jar
containing ether-sprayed sponges, since the rapidity with which the
operation was performed made this unnecessary. Also, the brain
tissues were only dehydrated for 18 hours sinee this duration of time
was found Lo be ideal for purposes of brailn-water content determing.-
tions.

2. Chronic Production of Cerebral Edema
A new group of 4O male Sprague-Dawley rates of the same
specifications as above, and with an average weight of 143 grans, was
separated into groups of four. These constituted the experimental
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population. On the tenth day 28 of the surviving animals made up the
new experimental population which was compesed of seven groups of i-a.ts
sach. The control group ineluded 28 animals, matehed for strain and
sex, and wiih an average body weight of 1LE grams per rat. The eontrol
animals were divided into ome group of 14 pair-fed rats (i.e., aninmals
allowed to eat and drink only as much as the experimental group did)
and another group of 1 amimels who were permitted to eat ad iib.

The experimental group received TETA in both their food (pow-
dered Purina Chow) and thelr water in a concentration of 25 parts per
million, weight/weight, and weight/volume, respectively. They were
then allowed te eat and drink gd 1ib, with the consumed smounts of food
and water determined every day for purposes of applying these figures
%o the pair-fed group. Both the gd lib group and the pair-fed control
groups were also fed powdered Purina Chow placed in metal eomtainers
at the bottom of the cages.

All animals were welghed every second day and carefully observed
at least three times a day in order to accurately record the onset of
any symptoms, '

Beginning on the tenth day and centinuing through the fourteenth
day, all animals were sacrificed and their brain fluid eontents deter-
mined.

A second chronie TETA study was condusted later for the parpose
ol providing specimens for histologicel examination, ineluding both
light and electron microscopy. This time the population was made up of
20 experimental rats and six pair-fed animals plus five ad 1ib eontrels.



50

Representative brain samples were obtained in ovder to determine both
electrolyte concentrations and water content values. The rats were of
the seme specifleations as above and their average bedy migma wWers
146 grams for the expsrimentals, 145 grams for the pair-feds , and 150
grams for the gd lib comirol group, Body weights were alse recorded
se that between the first and the fourteeath days frem four to six
welghings had been recorded.

II. Other Bxperimental Methods Used for Produsing Cerebral Eiema
An attempt has been made here to include most of the commenly
used experimental procedures for eliciting ecerebral edems in vive.
Also included are a few procedures which, although not recorded in the
literature as such, have been kmown to produce cerebral edema clinie-
ally. |
Ghsaﬁ.ﬂmtﬁ.@g of Hetheods
These various metheds for producing cerebral edema may be
classified as follows:
1. Toxie
&. "Water-Intexication" mestheds.

i) Using distilled water as the agent: The eriginal work
using this procedure was done with cats by Weed snd MeEibben (176) in
1919. These workers injected distilled water intravenously in amounts
ranging anywhere frem 20 to 100 ml per eat. At the time, their impres-
sion was that the degree of cerebral swelling following distilled mater
was not teo dependent upon the absclute gquantity of water injected.
Modifications of this procedure were later undertaken by mumerous
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suthors, among them Reid (122) in 1943, Windle et al (186) in 1946,
and Seller and Spector (142) in 1963.

i1) Ueing other hypotonic solutiems: Elliot and Jasper
(36) in 1949 deseribed cerebral edems in rabbits induced by injeetion
of 0.1 per ecent glucose solution into the femoral vein. The infusion
rate was sbout 2 ml/min for a period of 60 te 75 minutes, so that
120 to 150 ml of fluid were administered. Aeming to their caleuls~-
tions, this amount of fluid would correspond to 2.5 to 4.0 liters in
& 70 kg man.

b. Chemical Agent or Drug Toxielty Methods

i) Triethyl Tin: This methed has already been outlined in
detall. Investigators whio have recently experimented with this type of
compound are: OStreicher (158) in 1962 and 1963 (159), Kateman et gl
(73) in 1963, and Reed et gl (119) in 1963.

ii) Dexedrine: Isolated hints that this compound could
induce edema were finally dooumented when Ong (107) in 1962 reviewed
the livsrature and reperted two sases in children, one of them three
years old. This patient had ingested 320 mg of the drug and died tea
hours later in a state of exhaustion. Acute internal hydrocephaius
&and esrebral edema were found at autopsy.

1ii} Sodium Cyanide: Wheatley (182) and Ward (172) experi-
mented with various doses of sodium eyanide in both cats and monkeys.
These workers found that from 1.4 to 1.6 ngn/kg of bedy weight of this
material in the previcusly paralyzed (and artifieially vemtilated) cat
produced a marked swelling of the brain, notably the disneephalen.
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iv) lead Encephalopathy: This subject needs no slaboration and
it will suffics to mention that Smith et al (144) in 1960 reported 16
cases in all of which the dominant e¢linical features were incressed
intreeranial pressure and acute cersbral swelling, As already pointed
oul they considered this type of edema as being of the "exudative®
kind, that is, where the cerebral edems fluid eontained protein,

2. Traumstie
8. Rxtreme Temperature Exposure to Localized Brain Aress
i) Thermal injury: Lee and Olesewski (85) have reported

cercbral edema affecting mainly the white matter in rabbite saerifieced
16 to 24 hours following cortical "coagulation”, This injury was
accomplished by first raising a scalp flap, next "eleaning® the peri-
osteum from & skull area of approximately 2 sq em and then applyixig Y
heated brass rod against it. This red, 0.3 em in diameter, had been
heated over a gas flame for three minutes, and wms then firmly pressed
against the bome for 20 seconds. This procedure was repeated four
timos.

A less drastie procedure which was tried by the writer was the
cxposure of an area of the brain (usually frental cortex), 1 cm in
dlameter, to a 250 watt infrared light lamp for a few mimutes at a
time, Swelling could be roughly correlated with length of exposure and
distance between lamp and brain srea. These observations were made
both in rabbits and ecats,

i1) Cold injury: A4n ingenious methed for the production of
brain edema was reported by Klatze and sssoeiates (79) in 1988, After
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exposing an ares of the cortex 15 mm in diameter, a steel plate (whose
stem was fixed to a glass system in which a mixture of dry ice in
acetone was circulated) was applied by light toush for 20 sesonds. This
procedure, whish was performed in eats, demonstrated edems in animals
which were sacrificed at 6 hours or longer fellowing cold injury.

A modification of this methed was developsd by Torack and ssso-
cistes (163) who directly applied carboa diexide ice to the expesed
brain area of albine miece for a period of 20 to 30 sesonds. Histologi-
cal preparations demonstrated maximsl slteration, 24 te 72 hours after
ice application.

b. Trauma by Brain Coneusaion

Ifreuns as an experimental means in this problem was popular-
ized by Pileher (112, 113) in the late 1930's and early 1940's. By
using a special set-up which maintained the head oi the animal {(dog)
rigid, he was able to uniformly traumatize brains with varying degrees
of weights - usually 500 te 1000 grams. Pilicher's methed was applied
to guinea pigs in & less uniform fashion by Windle et sl (186) who,
nevertheless, succeeded in demenstrating a significant inerease in
water content in the concussed braius.

¢. Trausa by Stab Wounds

Foley et a1 (44) in studying the effects of stereids in brain
sdeam produced swelling by inserting & blunt probe through a small bons
defect in the skull for a distance of about 5 mm., The guines pigs were
then saerificed at varying times up te 12 days postoperatively.



d. Traums by Compression ~ Using Balleouns
Several authers in the past have experimented with balloens
as s method of lnducing ecerebral edema. Some have passed pediatric
catheters inio the eisterns magna in degs or other large sized animals,
while others have inserted deflated balloons through a defect in the
skull. In both eases the bulb of the catheter or balloon was inflated
nsing fludd. Stern (154) used this last method in cats, making a 0.5 em
opening in the skull and then inserting a collapsed condem balloon with
& ecapacity approaching 5.0 nl. The balloon was placed extradurally and
after fixatieon was inflated so that brain compression would exist fer
some 30 minutes. When this method wan coupled with simmltaneous water
infusion, the animals developed s more severe degree of edems than they |
had with either method alone.
e. Trauma by Craniotomy end Simple Expasure of the Brain
Substanes
Here again; this phencmenon well lmown te neurosurgeons, has
been repeatedly used experimentally, even though the degree of pathology
carmot be uniformly relised wpon in all instances.

3. Z-Rays and Other Ionizing Redistion ‘

Besides reports of isclated cases in meuropathology texts sueh
as Greenfield's (55) there is an important experimental study by Russell
and essocietes (132) which deserves mention. They submitted rabbits to
& single X-ray dose of 2,850 r. and were able to demonstrate lesions
after a latent peried of approximgtely 100 days. It was interesting to
note that the deiay&d irradiation-necrosis lesions were accompanied by

an increass in capillary permeability.
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The elinical studies referred to previcusly (55) deseribed
swollen cortex, overlying a poorly demsrcsted white matier in those
exposed patients. 4lso, latent periods ranging from months to years
in o few cases, in which patients would experience few or no symptoms,
were emphasised.

L. Anoxie
8. Anoxis Induced by Various Bresthing-Gas Mixtures and/or

by Impairment of Respiratiscn

White gt al (183, 184) in 1942 and 1943 studied the effechs
of anesthetics such as sodium pentobarbital (WembutalR) snd ether and
suggested that these did net produce striking alterations in the per—
meability of the serebral capillaries or in the cevebral volume unless
they were combined with an inadequate airway or a breathing mixture
containing less than 10 per sent oxygen.

Therefore, whenever anoxia ocourred, whether it would be from
obstruction of the respiratory tract, failure of the respiratery cen-
ter, or accessory organs, or from an inadequate volume of axygen in
the inspired air, permeability of the capillaries was inereased and
fluid rapidly left the blood stresm and entersd the brain tissues,

b, local Anoxia Induced by the Injection of 0il er Other

Embolie Agents

Bdstrom and Eesex (34) in 1956 introduced the tochnique of
cannulating the internal ecarotid artery of dogs and injecting emboliszing
material to produce a very consistent and rapid ineresse in intracranial
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pressure and swelling of the brain. These changes were present in the
absence of any obvious systemic hemodynamic aberration. The embolising
agents used were either peanut oil in deoses of 0.01 ml/kg of body
weight, or cornstarch USP in doses of 1 to § mg/kg body weight., 7The
latter was given as a suspension in less than 1 ml of saline selution.

5. MAnexie ~ Isshemis

Spector (148, 149) is one of the reecent invesiigators who has
been studying cerebral edema by producing ancocle ischemia., Briefly,
the right common carotid artery or; more often, the internal earotid of
rats was ligated in the neck, while the animals were under anesthesia.
After the gnimsls had stabilized; they wers rendered hypoxic by plas~
ing them in & nitrogen atmosphere until they became ammeie. They were
then taken out of the nitrogen jar and "revived and placed back in it
once more” for a variable peried of time. Using this precedure, edema
was first detected four hours after the ancxic-lschemie insult, and
reached a peak by 19 to 25 hours.

é. Ischemic
Levine and Klein (86) in 1960 were able to dememnstrate both
marked cerebral edems and increase in brain bulk, and alse a vicious-
cirele mechanism invelving infarction and swelling in those rats who
had undergone bilateral common e¢arotid ligatien alone.
Their findings were again dooumented by Spector (148) who ligated

both common carotid arteries and then proceeded to show a very signifi-
cant inersase in the brain water content of the survivers 24 hours
afterwards.
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7. Infectious

The older literature deseribes cases of cerebral sdema or brain
ewelling in patients with infectious disesses more often than do the
many publications since then. Neverthsless, the association is still
seen often enough and, in some cases, as in acute brain abscesses s it
provides us with the main loealizing neurclogic sigas for diagnosis,
In acute brain sbseesses it is the edems, rather than the SpacE~
d¢cupying lesion, which results in the more severe neurologic manifesta-
tions and the gemeralized increase in intracranial pressure (72).
dcoordingly, investigators such as Levine gt al (87) and Katmmen gt sl
(74) have been inducing cerebral edema by the use of gertain substances
from infectious organisms. Their purpose, of course, has been to dup-
licate in the laboratory the brain response to inflammation, Among the
substances being used are PPD (purified protein derivative of tubereulin),
lipopolysaccharide from Escherichia coli 0111:B4, pellets of killed and
dried 3taphylococous aureus or Mycobacterium tuberculosis and polysac—
charides from pneumocoscal or cryptosoceal capsules. All these sub-
stances were implanted in or around the white mstter through an opening
in the slull,

€. 4llergic
It is realised that the separation between this type of experi-
mental procedure and the one demeribed above is more artifieial than
real; in both ¢ases a strong hypersensitivity eomponent seems to be a
factor in the gemeral brain reaction. In thie growp belong substances
such as crystalline bovine albumin (87) which are known to induce
either local or gemeralised allergic reactions.
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9. Hiscellaneous
Implantation Provedures, - Other methods using implantation
techniques have already been outlined; the precedures mentiened here
smploy materials which are either inert substances such as graphite or
organic and inorganic compounds such as copper sulfate, silver nitrate
and triethyl tin (87). ALl of thess materials were implanted into the
brain in the form of pellsts., It is interesting to observe that the
edems these substances roduce is quite similar to the sdema seen in
buman brains as a result of absecesses or tumers, and alsc to the edems
seen in animal breine secendary to experimental cold, thermal or other

m%’.riﬁg .

D. Histelogieal Techniques
The preparation of the animals for this phase of the project was
described previously under the subject of chronie production of edema.
Microscopie specimens from experimental, pair-fed and ad 1ib centrol
animals were available for the following studies:
(1) Por Light Mierescopy Eramination
{a) Cajalls Gold sublimate for Astrocytes

Feraffin sections, (After Scharemberg (134) and Naumenko
(105) with some modifications by the writer.)

1. Fix tiseve in Dromformalin (or 10% formalin). (For a
small tissue fixption about a 24-hour peried of time was required; fer
& large tissue, up to seven days" time was needed.)



2+ Bring tissues to water delyndration and imbed in
paraffin block,

3. Cut sections at 10 to 20 micrems., Bring to water.

4. Put inte following solution (on slides and leave
from one to three days):

Ammondum bromide 0.6 gram
Formaldehyde 14.00 ml
Distdlled wmter 100,00 ec

5. Dip once in distilled water.
6. Place in mixture of 8 ml of 1% gold chloride
{yellow) and 4O ml of distilled water. Then immedistely sdd 6.4 ml
of 5% merewric chloride. Mix well by moving slides areund within
Jar using plastic foreeps.
7. Keep in dark 6 hours or longer.
8. Rinse 2 to 5 mimutes in distilled water.
@. Pat in 5% sodium thiosulfate for five minutes.
10, Rinse again in distilled water for 2 to 5 mimutes.
1l. Dehydrate and cover.
With this technique it has been found that pathologieal cells
{astrocytes) stain better than normal.

() Cajel's Gold Sublimate Method for Protoplasmic and
Fibrous Astroeytes (R2).
Frogen sections.
For fixation use Cajal's fixative as befors.
Vuterials: Mereuwric chloride 0.4 gn

1% gold ehloride (brown or yellow) 10 ml
Distilied water 60 ml
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Method: Dissolve the merewrie chloride in the
distilled water with the aid of gentle heat;
cool and then add the gold chloride. This
solution should be prepared immediately
before use.

The suecessive steps then followed are:

(1) Pix pieces of tissue 3-5 mm in thiclmess in F.A.B. for
3-8 days.

(2) Cut frosen sections to a thickness of 15-20 .

(3) store sections in F.A.B, until ready for staiming.

(4) Rinse well in distilled water (2-3 changes).

(5) Treat in gold sublimate solution in a flat covered dish
in the dark at 22° ¢ for 4-8 hours or longer until sections
are deep purple in color. Sections must lie flat without
eressing or over-lapping.

(6) Rinse rapidly in distilled water.

(7) Fix in 5% sodium thiosulphate.

{8) Wash in distilled water.

{9) Float on to clean slides.

(10) Dehydrate, clear, snd mount in Canada balsam or D.F.X.

Using this technique it is found that astrocytes (protoplasmie
and fibrous) appear red-black. (Frozen sections of formol saline-fixed
tissue may be impregnated, bui they should be treated overnight in F.A.B.
{above} or for one hour in 5% hydrobromic acid (supplied commercially as
a 40% selutlon)at 37° C; then comtinue from Stage 4 abovs.

(¢) Sehiff's P.A.S. (Perlodie Acid Leucofuchsin) Technique.
(¥odified from H. J. Conn and M. A, Darrow's Staining
Procedures (19), 1960.



Tisvues are fixed in 107 formalin end embedded in
paraffin. The sections are then cub at 5 microns.

Sohiff's resgent is preparsed as follows:

Haterials: Boiling water (distilled) 425 oo
Basic fuchsin 5 om
Sodiwn metablsulfite 9.5 gn
1 Normal 1¢ HCL (add later) 7% ee

Method: Dissolve fuchsin by pouring beiling water over it
(bring te boil).

Cool to 50° C. Filter.,
Add HC1 and sodium metabisulfite.

Allow to stand, Add charcoal to decolorize partly.

Filter and store in refrigerator at 5° C.

Paraffin sections should be cut at 6-10 microns.
go through following ateps:

1. Bring seections to wmter. "Oxidigze sections with
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2.
3.

ke
e
6.
Ts
8.
9.

10.

periodic acid agueous solution for rouiine demon-
strations.”

Immerse in 1% periodic acid for 5-10 mimutes.

Wash in rumning tap water for 5 mimutes. Rinse in
distilled Ha0.

Stain in Sehiff's resgent for 10 minutes {see below).
Transier directly to first sulfite rinse for 1 minute.
Transfer to second sulfite rinse for 2 minutes.
Transfer to third sulfite rinss for 2 minutes.

Wash in ruming tap water for 10 minutes.

Gan counterstain with light green or diluted
hematoxylin.

Dehydrate, ¢lear and aover.



Baths of sulfite vinse, to £ill 3 seplin jars - uses
10% potassium metabisulphite 7.5 ml |
N/l Hydrochlorie acid 7.5 ml
Add to 135 ml of distilled water. 7This selution
mast be fresh.

() Mallory's Fhesphotungstie Aeid Hematexylin (PTAH) ~
Modified from H. J. Conn and M. A. Darrow's:
Staining Procedure (19), 1960.

Tissues wers fised in either Cajal's fixative or in

108 formalin and embedded in paraffin (Sections eut at

5 mierons).
HMaterdals: Hematexylin I gn
Phosphotungstie acid 20 gm
Distilled water 1000 ml

lMethod: Dissolve the hemstexylin and the phosphotungsiie
acid in separate portions of water, the hematoexy-
lin with the aid of gentle heat. When vocl, com-
bine, Ripening can be accomplished at umce by
adding 0.177 gn KinQ, (potassium permangansie).

Then go through fellowing steps:

1. Following sectioning of slides, remove paraifin in
the usual manner.

2. Tissues should next be placed for three hours in
saturated agueous Hgalz in paraffin oven at 57° C,
rinsed briefly im tap water, placed five minmutes in
lugel's iedine, rinsed in tap water, placed 5 mimutes
in 5% agueous sodium bisulfite (3&25203,5@ and
rinsed again in tap water.
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3. Plsce sections fer 5-10 minutes in 0.25% agueous
potesaium permanganate.
%, Wash in tap water.
5, Place for 5 mimutes in 5§ aqueous oxalic aeid.
6. Wesh well in tap ﬂw.g
7. Stain overnight in the suin:l.ng solution
ﬁ-ﬂeribad above.
8. Wash tisswes briefly in tap mttr; dehydrate in
aleohol or acetone.
9. Clear and mount inm baleam or synthetie resin.
Results: Neureglial fibers - deep blue
fuelei ~ deep blue
RBC's ~ deep blue
(e) Asur II - Methyleme Elue
The staining solution is prepered by mixing equal paris
of Asur II sand methylene blue. For wmmple, to make 50 ce:
Materials:

25 ¢e of 1% Amur II (in distilled water)
25 ec of 1% Methyleme Blue in Borax solution.

Mix.
This technique was used to stain the "thiek" seetions
{1 mieron) ‘af the blocks which were to be prepared for slectron
microseopy examinatlon.
Then go threugh fellowing steps:
1. Mount section on slide in pool of water, then let dry
on hot plate set at 60-80° €.
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2. Place in 1¥ periediec acid for § mimutes.

3. Vash with distilled water.

4, Add g drop of stain deseribed above.

5. Place slide in hot plate for § seconds.

6. Rinse off exeess stain with distilled water.

7. Immerse slide in xXylene, drain and mount in medium.

(2) PYor Elestron lileroscopy Examination (146)

{a) Tissues wers {ixed instantly after removal from animsl,
in 2% Osmium tetroxide buffered with veremal asetate (with suerese).
The tissues for fization were cut s0 as to be 1 mm or less in their
greatest diameter. After being plased in the fixative selutden,
tissues were refrigerated for two hours. |

(b) Dehydration was accomplished by immersing tissues in 50%
ethyl alcehol for 5 minutes, in 708 aleohel for 10 mimutes, in 95%
alechel overnight and, finally, in 100% aleehel for 30 minutes -

3 times. Tissues were then plaged in propylens oxide twice, Ior
30 minutes sach time.

{¢) Infiltration was accemplished by plaeing tissues in a
mixture of 1/2 Bpon and 1/2 propylene oxide for 2 hours.

(d) Tissue was then placed in 100% kKpon before undergeing
polymerization. This was secomplished by maintaining capsules {eontain-
ing tissue embedded in Epon) at 37° C overnight, at 45° C all the next
day, and at 60° ¢ for all the following might.
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{e) The tissues were then ssetioned with a Perter-Blus miecro-
tome to a silver-geld hwe (60-100 millimicrens).
{£) Mounting was accemplished using ecarbon-coated ecopper grids.
(g) staining was donme with uranyl scetate where tissues were
immersed for 1 hour at room temperature. (Tissue must be side down on
drop of stain.) Tissues were then rinsed in distilled water and dried
on filter paper.
The emamining eleectron miercscope was an RCA Type EMU - 3F.
The staining solution (uranylacetate) was prepared as follows:
& grams of wuranyl acetate wore disselved in 100 ¢so of
distilied water. This must be kept refrigerated end mmst

be centrifuged before use.

E. Selection of Dehydrated Brains for Electrelyte Determination

For the acute TETA study two dehydrated brains were chosen ran-
demly out of each L-rat group, and three were takem out of the l-rat
group series. This meant that since thers were six groups of rats
each (ia the acutely treated snimals), and two were taken out of each
group, the number of brains was 12; then three rat brains were added
from the single-ret group (also from the acute series), making s grand
total of 15 brains. That is, 15 braine of the 28 whiech had besn prev-
iously emmined for water somtent. The controls for these acutely
treated aiumels were selected in the same fashion, the mmber in this
ease¢ baing 11.
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The reascn all brains from the treated series and their cenitrels
were not analyzed for their cation content was dus %o the time factor
invelved. It must be remembered that each tissue had to go through &
time-sonsuming process, ineluding weighing, ashing, extraction and
analysis by spectrophotometer. It was them settled that “"represeata-
tive" tissues frem each group of rats would be analysed instead.

For the chronisally treated snimals and their eontrels, similay
reasoning wes used., The exact muber in each case will be found in
the representative charts of the Result Seetien.
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RESULTS
This section will review most of the meaningiul data cbtained in
this study. Some of the material not included relates to water eontent
values for gray and white matter gnd other brain aress in dogs, cais
and rabbits. These observations were obtained in both normel and
edematous brains, the edema having been induced by s variety of tech-
nigues ineluding enoxia, trauma, anoxia-ischemia and water infusion.

A, Brain-Water Content Determinations in the Normal Animal Using
Two Metheds
1. "Classical” Procedure

Using the "constant-weight” spproath, temperatures ranging
from 110° to 116° ¢ and time intervals of over 98 hours, the mean
brain-water sontent of four groups of rats (16 animals) was found to
be 78,411 per cent of the original fresh tissue weight (Table 1).
The tabulated resulis may be seen below., The average body weight was
approximately 481 gm and the aversge age about 13 months.

TABLE I 'TABULATED WHOLE~BRAIN WATER-CONTENT VALUES FOR ALL FOUR
GROUPS OF RATS

Rat Group No. Weight of rats Approximate per cent of
in grams water® in rat brain
(% of weight loss,
mean of A and B)
1 EA and }53 490.5 76.793
2(Aand B 479 76.615
3 (4 snd B) 467 78.069
4 (A and B) 485 78.168
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then the percentage of weight less, or the "brain-wmter content”
was observed as a function of the time interval of dehydration, an
inereasing percentage of weight loss was debected as the peried of dry-
ing increased. This trend, found in all four groupe of brains, did not
show any tendensy to change even after 405 hours of dehydration. When
ail the values were pooled and & product-moment correlation test was
done, using the time imtervel and the percentage of weight loss as
variables, & correlation cosfficient (r) of +0.97 was found. The time
intervals ranged between 92 and 405 hours.

The differences in percentages in water content between oppos-
ite halves (A and B) of the brains were: 1.255 per cent for group 1,
0.254 per cent for group 2, 0.638 per gent for group 3, and 0.092 per
cont for group 4. The mean 4 and B difference when all fowr groups
were pooled was 0,560 per cent. The range of mesn brain water gontent
values for all four groups {also expressed in percentages of their
fresh tissue weights) was 0.724 per cent. Thus, this muech veriation
was found in a similsr, ell-male rat populstion where the weight range
was only of the order of 24.5 grams.

The tabulated mean values for the percentages of weight loss
against the length of times of dehydration for each group of rats as
well as for the whole population are presented in Tsbles 2, 3, 4, 5, 6
and in Figures 1, 2, 3. OGraphs corresponding to each sel of data are
also shown. In Figure 3, the best-fitting straight line was fownd by
regression. In Tables 2, 3, 4, 5 the first figures in each "per eent
of welght loss® colwm, i.e., &t 96 hours; represent "constant-weight'



values. These figures are the means of the first two comsescutive
welghings within 0,00025 grams and, as such, only these means have
been recorded,

Tables 2 through 5 give the sctual values for each group of rats,
separating the figures into opposite brain halves A and B, At the bot-
tom of sach table the mean per cent of weight loss for the composite
rat group is given,

flost of the presented cbservations and those to follow were done
using this group sepavation procedure in erder to faciliiate the keep-
ing and analyming of data., The following is en example of the way any
single set of values was compiled,

The first figure shown in the colummn labeled Mean Weight of
Tissues for the rats in Group 1A (Table 2) is given as 0.68055. The
amounts actually recorded, however, were:

0.66350+ grams

oeris

2,722 granms
The mean for these four values was sppreximately 0.68055 (2.722221 + 4 =
0.680552). This last figure was recorded and used for subsequent tebu-
lations and statistieal analysis, being considered as one independent
mean valuo,

The formmlas used te f{ind the straight line and the correlation
ccsfficient in Figure 3 (161) were:
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FIGURE 1

PER CENT WRIGHT LOSS IN WHOLE RAT BRAIN
VERSUS TIME OF DENYDRATION

Each of the following four graphs (Figures 1 and 2) corresponds te one
group of animals (four rats) where the percemtage of weight less frem
the original fresh tissue weight is plotted against the time of
dehydration in hours. As stated previously, the lstters A and B
correspond %@ opposite bwrain halves. The mean values for each group
hae also been plotted. The temperature as indicated in the graphs
ranged between 3110° ¢ and 116° (.

GROUP I (Table 2).

GROUP 2 (Table 3).
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FIGIRE 2

PER CENT WEIGHT LOSS IN WHOLE RAT BRATN
VERSUS TIME OF DENYDRATION

For details of these graphs see the legend of Figure 1 on previous
bagse. '

GROUP 3 (Table 4).

GROUP 4 (Table 5).
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TABIE IT TABULATED MEAR VALVUES FOR PER CENT OF WRIGHT 1055 VERSUS TDn
OF DEHYDRATION. (xmm.;mumwmumm
and for Mean of 14 and 1B)

GROue 14
Time Spent in  Mean belight of of Tisswe in % of Welght
mm Tissne-1in Grams - ovs . .
0.68055 100 0
ﬂ 0.124860 2.835 78.165
133 0.145785 .72 T8.R75
i58 Q.I4670 2.556 TE Al
190 0.14598 .46 8. 554
25 0.14545 a.372 76.638
256 0.15490 21.292 78.70¢
2 (L 14460 a.24:8 78.752
2 O 1BL00 21159 78.841
360 0.14330 A.056 78. 944
387 0.14300 - AEA2 78,988
399 0.14245 8.932 79.068
W05 0.14255 20,946 79:054
CROUE 28
4] 0. 63240 100 o
oa 0,13015 20. 580 79.420
133 0,12010 H.434 79.586
158 0.12810 20.256 19704
190 0.13725 0.122 79.878
3TN 0,12865 20.059 79.941
26 0.12610 19.90 80,060
23 0.12560 ig9.892 80.108
297 0.12525 19.806 80,194
360 0.12375 19.568 80.432
m{;gm - MEAN i
9% 7..795
133 78.931
158 79.09,
1% 79.86

?9‘538

HEYJER
3
E
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TABLE III TABULATED MEAN VALUES FOR PER CENT OF WEIGHT LOSS VERSUS

TIME OF DEHYDRATION.

and 28, and for the Mesn of 24 and 23)

(Ineludes observations for Group 24

GROUP 24 ,
Tine Spent in Mean Weight of Welght of Tissue in ¥ of Weight
mennin Hours ﬁ%m % of Wet Weight inss
0.62635 100 0
0.13315 2L.258 78.742
133 0.13070 20.867 79,133
158 0.13030 20.803 79,197
2Ll 0.12950 20.675 79.325
26 0.13860 20.532 79.468
213 0.138L0 20,500 79.500
GROVE 28
0 C.67150 100 0
98 0. 1445 .52 T8.488
133 0.14205 21.154 76.846
158 0.14095 20,990 79.01C
190 €. 14000 20,849 79.151
21l 0.13935 20.752 79.248
246 0.13825 20.598 79.412
23 0.13725 20.439 79.561
297 0.13665 20.350 79.650
360 0.13480 20,074 79.926
387 0.13445 20.022 79.978
399 0.13400 19.955 80.045
405 0.1 19.963 80.037
GROUP 2A and 2D ~ MEAN
0 0
98 78,615
133 78.990
158 79.104
2L 79.287
26 9440
23 19.531




4

TABLE IV TABULATED MBAN VALUES FOR FER CENT OF WEIGHT 10585 VERSUS

TIME OF DEHYDRATION.
and 3B, and for the Mean of 3A and 3B)

(lacludes observations for Group 34

L2034
Time Spent in Mean Weight of  Welght of Tissue in & of Weight
Qven-in Hours [Tissue-in Grams @ of Wet Weight Loss
Lt 0.67790 . 100 0
98 0.14650 21.611 73.387
190 0.14385 21.220 78.780
2 0.14280 21,065 78.935
26 0.14225 20.984 79.016
203 0.14170 20.903 79.097
_97 0.1110 20.81, 79,186
360 0.14035 20.704 79,296
387 0.14000 20.652 79.348
399 0.13955 20.586 79.414
k5 0.13945 20,572 79+429
GROVP 38
0 0.62830 100 0
98 0.13960 22.251 1. 749
133 0.13815 21.968 76.012
158 0.1375 2.829 78.171
1% 0.13655 21.733 78.267
a4 0.13610 21.662 78.338
246 0.13550 .57, 78.426
213 0.13550 2566 78.434
GROUP 3A and 38 - MEAN
0 0
96 78,069
190 78.52
21 78.636
2hb 78.721
203 78,766




TABIE V TABULATED MEAN VALUES POR PER CENT OF WEIGHT 1033 VERSUS
TIME OF DEMYDRATION., (Insludes cobservations for Group LA
and 4B, and for the Mean of LA and iB)

GROWP 44
Time Spent in Mean Weight of VWeight of Tissue in % of Weight
Qven-in Hours Tissue-in Grams £ of wz Loss
0 Q. 63%5 0
98 0.139%0 21 878 78.122
133 0.13850 21.659 78.341,
158 0.13780 21.550 78.450
190 €.13685 ZL.401 78.599
s 0.13635 2.323 | 78.677
213 0.13525 21,151 78.849
297 0.13475 2.073 78.027
360 0.13385 20,932 79.068
387 0.13315 20.823 79.177
299 0.13295 W79 19.209
GROP 43
0 0.63160 100 0
98 0.13760 2L.786 78.214
133 0.13540 2.438 78.562
158 0.13470 21,327 78.673
190 0.13375 2.176 78.82),
2, 0.13285 4.034 76.966
246 0.13230 20,947 79.053
a3 0.13150 20.820 79.180
27 0.13120 20.773 79.227
360 0.13010 20.645 79.355
387 0.12970 20.598 79.402
399 0.12925 20,464 79.536
GROUP % and 4B - il!;:_j.l(,;; s
78.168
2.33 78.452
158 78.562
190 78.712
21 78.822
246 78,90
273 79.015
297 79.077
360 79.212
387 79.290

399 12.373
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FIGURE 3

PER CENT WEIGHT 1055 IN WHOLE RAT BRAIN
VERSUS TIME OF DEHYDRATION

The graph eorresponds to all four groups of animals (16 rats) whose
mean values have been pooled (Table 6). Again the percentage of weight
loss from the original fresh tissue weight is plotted against the time
of dehydration in hours. The values for each group are plotited as
shown on the graph key. The best-fitting straight line is shown
together with the correlation coeffieient (r). (For formmlas used,

see pertinent seetion in text that follews.)
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TABLE VI POOLED DATA FROM ALL FOUR GROUFS INDICATING THE MEAN
PER CENT OF WEIGHT LOS3 VERSUS 7TIME OF DEHYDRATION

(OR TIME SPENT IN OVEN)

Time Spent in Mean Per Cent
Qven in Hours of Weight loss
4] 0
98 78.411
133 78.791
158 78.920
190 T8.817
21, 79.008
246 79,126
23 79.186
297 79.298
360 79.450
287 79.510

7



' Fgr the Preduct-Moment Correlation
{Correlation Coefficient):

| NS XY -5X3Y
F o= /TNZX2 - (X2 NET2 - (5 D)2

2. Regression to find a straight line:

¥ = Bt + € where

_ ~SXISY
Bsx2 - (5x)2

_EX351 - X XY
6= T2 - (s 0)2

B

2. lModification of the "Classical' Procedure
In obtaining the brain-water content of beth hemispheres

{A and B) for esach of the rat groups, Lwe sets of eriterla were used.
In the first place the weight mesasurements selected for determining the
mean had to be three of more consecutive figures whose numerical differ-
ence was less than 0.00025 grams. In many instances this difference
was only & very small fraetion of this amount. Since the tissues wers
being weighed repeatedly after almost every hour of dehydratien, little
or no difficulty was encountered in reaching this aceuraecy. If a set
of data did not fulfill these requirements, the values chosen were those
which, because of thedir owm relative similarity and their difference
fron the ether figures, full into the same “category®. The time inter-
val wherein the two sets of eriteria were met turned cut to be in mest
cases between 14 and 19 houwrs. This interval corresponded to a "plateau”
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identifiable in the graph of Figure 6 which relates the time of dehydra-
tion to the percentage of weight loss.™

Therefore when brain dehydration was carried out at temperatures
ranging frem 91° to 93° ¢, the mean brain-water content of four groups
of rats (a total of 16) was found to be 77.783 per ecent of the orig-
inal fresh tissue weight. The tabulated resulis may be seen below.
The average body weight was approximately 394 grams and the age about
410 days (i.e., 13 to 14 menths).

TABLE VII TABULATED WHOLE-BRAIN WATER-CONTENT VALUES FOR ALL FOUR

GROUPS OF RATS
Rat Group Ho. Weight of rats | Approximate per cent of
in grams "water” in rat brain
{per cent of weight
_ loss, mean of A and B)

5 (A and B) 367 78.153

6 (A and Bg 310 71,755

7 (4 and B 436 77.875

8 (A and B) 462 T1.349

Mean = 77.783 per cent,

Again, when the percentage of weight loss (or "brain-water con-
tent") was observed as a funetion of the peried of dehydration, continu-
ous weight loss on repeated heating was the rule., Thus, by 147 hours
the tissues were still losing weight and showed no temdency teo appreach

2 "real” constani weight,

*he figures referred to here have been identifed by brackets inm
Tebles 8 through 1l. The mean for each of these sets of values ylelded
the percentage of brain water gontent for each greup (either A or B).
Opposite halves were then cembined in order to obtain the mean values
for the speeific group (A snd B).
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The differences in percentages im water content between eopposite
helves (4 and B) of the brains were: 0.331 per cent for group 5,

0.085 per cent for group 6, 0.749 per cemt for group 7, and 0.02; per
cent for group 8. The mean A and B difference when all four groups were
pooled tegether was 0.297 per cent. The range of msan brain-water con-
tent values for all four groups (when expressed im percentages of theilr
fresh tissue weights), was 0.804 per cent, while the mean bedy weight
range in the same rat population was 152 grams.

In the next pages both tables and their representative graphs
are shown (see Tables 8 - 11 and Figures 4, 5); also, the pocled data
for groups 5 through 8, together with their graphical jequivaleni is
presented (Taeble 12, Figure 6). In each graph, a "flattening out"

(or platean) appears immediately after the area of accelerated welght
loss (relative te the peried of drying) and can be idemtified. This
rplateau” precedes the area of "irregular tisswe welight", which in
Figure 6 lies between 20 and 35 hours and alse precedes the region of
contimious weight loss, which on the same Figure begins at 35 hours.
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FIGURE &

PER (CENT WEIGHT LOSS IN WHOLE RAT BRAIN
VERSUS TIME OF DEHYDRATION

Each of the following four graphs (Figures 4 and 5) corresponds to one
group of animals (4 rats) where the percentage of weight loss from the
original fresh tissue weight is plotted against the time of dehydra-
tion in hours. As stated previously, the letters A and B correapond
to opposite brain halves. The mean values for each group have also
been plotted. The temperature as indicated in the graphs ranged
between 91° and 93° (.

GROUF 5 (Table 8).

GROUF & (Table 9).
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FIGURE 5

PER CENT WEIGHT 1OSS IN WHOLE RAT BRAIN
VERSUS TIME OF DEMYDRATION

For details of these graphs see legend of Figure 4 on previocus page.

GROUP 7 (Table 10).

GROUP & (Table 11).
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TABLE VIII TABULATED MEAN VALUES FOR FER CENT OF WEIGHT 10SS
VERSUS TIME OF DEHYDRATION. (Inoludes ebaervatiemns
for Group 5A and 5B and for the lMean of 54 and 5B.)

GROUP 54
Time Spent in Mean Weight of  Veight of Tisswe in £ of Weight
Oven-in Hours Tissue-in Grams § of Wet Weight Ioss
0 0.54,912 1000 0
7 - oamm 22.540 TT b0
8 0.12198 22.214 77.786
9 0.12166 22.155 T 845
10 0.12107 22.048 77.952
11 0.1.209, 22,02 ¥7.976
12 0.12078 21,995 78,005
13 0,12071 21.982 78.018
1 0.12034) 21.915 ?8‘085;
15 0.12034) 21.915 78,085
17 0.12035) 21.917 78.083)
19 0.12022 22..893 78,107
23 0.12051 21,946 78.054
27 0.12050 21,944 78,056
35 0.1.2043 21.931 78.069
51 0.12039 21.92 78,076
Y 0,11956 2L.773 18.227
GROUP 5B
0 0.62480 100 0
| 0.13876 22,209 77.791
8 0.13797 22.082 77,918
g 0.13760 22.023 77.917
10 0.13723 21,964 78,036
1 0.13694 2.917 78.083
12 0.13672 21.882 78.118
13 0.13634 21.821 78.179
1 0.13614) 21,789 78. 21
15 0.13600% 21.767 78.233
19 0.13608) 21.780 78.220)
27 0.13620 2.799 768.201
35 0.135% 21,757 78.243
51 0.13588 21.748 78.25
83 0.13530 - 2.655 78.345
147 _0.13533 21,660 78.340

(Concluded on next page.)
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TABLE VIII (Concluded)

GROUP SA_and 53 - MEAN

Time Spent in Mean Fer Cent
Oven in Hours of Weight Loss
0 0

7 77.626

& 77.852

9 77.911

10 77.99%

1 78,030

12 78.062

13 78,099

1 76.148

15 78.159

17 78,152

19 78.164

23 78.054

27 78,129

35 76.156

51 78.164

83 78.252

147 _T78.284
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TABLE IX TABULATED MEAN VALUES FOR PER CENT OF WEICHT 1088
VERSYUS TIME OF DEHYDRATION. Ineludes observatioms
for Group 64, 6B and for the Mean of 64 and 6B.)

GROUP 6A
Time Spent in Mean Weight of  Weight of Tissue in % of Weight
Oven-in Hours Tissue-in Grams ¢ of Wet Weight Loss
0 0.62833 100 0
7 0.14152 22,523 TT.4T7
8 0.14095 22.432 77.568
g 0.14062 22,380 77.620
10 0.15036 22,339 77.661
1 0.14031 22.331 77.669
12 0.14011 » 22,299 77.701
13 0.13992 22.269 77.731
1, - 0,13968 22,230 77.770%
15 0.13968 22.230 77.770
17 0.13963 22.222 77.778%
19 0.13972) 22.237 77.763
23 0.139%4 22.192 77.808
27 0.13936 22.179 77.82
35 0.13932 22.173 77.827
51 0.13910 22.138 77.862
83 0.13882 22.093 7.907
147 0,13882 22.093 | 77 . 507
GROUP 6B
0 0.61407 100 0
7 0.13883 22.608 77.392
g 0.13804 22,480 77.520
9 0.13769 22.423 77.577
10 0.13737 ' 22.370 77.630
11 0.13737 22,370 77.630
12 0.13716 22.336 77,66k
13 0.13695 22,302 77.698
14 0.13668) 22,258 77.742)
15 0.13674) 22,268 71.732)
17 0.13666) 22,255 T1.T45)
19 0.13681 22.279 77721
23 0.13681 22.279 77.720
21 0.1370L 22.317 77.683
35 0.13686 22,287 77.713
51 0.13666 22.255 T7.745
83 0.13636 22.206 T7.79%
147 0.13607 22,159 , 77.841

(Concluded on next page.)



TABLE IX (Comcluded)

GEOUP 6A and 6B - MEAN

Time Spent in Mean Per Cent
Oven in Hours of Weight Loss
0 0
8 7544
9 77.599
10 77646
11 77.650
12 77.683
13 77,715
14 77.756
i5 77.751
17 77.762
19 T7.7h2
23 7765
27 77752
35 77.770
51 77.804
&3 77,851
147 11874

86



TABLE X TABULATED MEAN VALUES FOR PER CENT OF WEIGHT 1035

VER3U3 TIME OF DEHYDRATION,

for Group TA, 7B and Mean of 74 and 7B.)

GROUP_ 74

Time Spent in Mean Weight eof

{Includes ebservations

&7

Weight of Tissuwe im % of Welght

Oven-in Hours Tissue-in Grams £ of Wet Weight Loss
0 0.72101 100 0
7 0.16717 23.186 76 .814
8 0.16424 22.779 77,223
9 0.16155 22.406 77.59
10 0.16058 22.272 77.728
k31 0.16041 22,248 77.752
12 0.1601 22.211 77.789
13 0.15973 22,154 77 846
ik 0.15962 22.138 77.862
15 0.159&73 22.118 77.8823
17 0.15946] 22,116 77.884
19 0.15921 22.082 77.918
23 0.15940 22.108 77.892
27 0.15962 22.138 77.862
35 0.15896 22,047 77.953
51 0.1589 22..Qbdy 77.956
83 0.15834 21,961 78.039
147 0,15843 21.973 78.027
GROUP 7B
o 0.64612 100 0
7 0. 14497 22.437 77.563
8 0. L4439 22.347 77,653
1o 0. 14354 22.216 77.784
1 0.14358 22,222 77.778
12 0,14333 22.185 77.617
13 0.14312) 22,151 77.349;
Y 0.14312 22.151 77.849
15 0.14291 22.118 77.882)
7 0.14288 22,13 77.886)
19 0.14299 22,131 77.869)
23 0.14278 22.098 77.902
27 0.14297 22.127 77.873
35 0.14287 22.112 71.688
51 0.1429, 22,123 77.877
a3 0.14264 22.076 7.924
157 0.14254 22.061 17.939

(Coneluded on mext page)



TABLE X  (Comeluded)

GROUP 7A end 78 - MEAN

Time Spent in - % of Weight
Oven~in Hours Loss
0 0
7 97.189
8 77437
9 77.660
10 77.756
il T1.765
iz 77.803
13 77.848
1, 77.856
15 77.882
37 77.885
19 77.89%
23 17.897
27 77.868
51 T7.917
83 77.982

147 . T7.983__
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TABLE XTI TABULATED MEAN VALUES FOR PER CENT OF WEIGHT LOGSS VERSUS
TIME OF DEHMYDRATION.
Group 8A, 8B and Mean of 84 and 8B.)

GROUP SA

Time Spent im Mean Weight of

{Inclundes observations for

Weight of Tissue in % of Weight

Oven~in Hours ‘Tissue~in Grams & of Wet Weight loss
0 0.6283¢8 100 0
7 0.14634 23.288 ¥6.712
8 0.14525 23.115 76.885
9 0.14460 23.012 76,988
3.1 9‘1&332 22&887 va
12 0.14349 22.835 77.165
3 0.14323 22.79% 77.206
7 0.15297) 22.752 77.2:.53
15 0.14290) 22.741 77259
17 a.xmzi 22.7hi; 77.256)
19 0.14274 22,716 77.284
23 0.14276 22,719 77.261
27 0.34303 22,762 77.238
35 0.14278 22,722 .218
81 0. 14249 22.676 77324
83 0.14238 22.658 T 32
U7 0. 14217 22.625 77.375
GROUP €D
0 0.61219 100 0
7 0. 14242 23.264 76.736
g 0.14100 23,032 76 .968
g 0. 14007 22.880 77.120
10 0.13925 22.746 77.254
11 0.13889 22.687 T7.313
1z 0.13880 22.673 77.327
i3 0.13850 22,62k 77.376
14 0.13829 22,589 77411
15 0.13808) 22.555 T7 .hds5
17 0.13810 22.558 T b2
19 0,13818 22.571 77 429
23 0.13808 22.555 77 445
27 0.13802 22.545 77455
35 0.13780 22,509 TT 491
51 0.13762 22.480 T1.520
83 013740 22.4h4 77.556
167 0,137i5 22.503 11291

(Goncluded on next page)



TABLE XI  (Coneluded)

GROUP @4 and 8B - MEAN

Time Spent in % of Weight
Oven-in Hours loss
0 0
7 76.72%
8 76.927
9 77.054
10 77.151
il 77.23
12 77 26
13 77.291
TR 77.330
15 77.352
17 77.349
19 77.357
23 77.363
2 1347
35 77.385
51 77.422
63 T bk9

Y , 77486
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FIGURE 6

PER CENT WEIGHT 1035 IN WHOLE RAT BRAIN
VERSUS TIME OF DEHYIRATION

The graph imcludes all four groups of animals (16 rats) studied by the
modified technique of the classical procedure for Brain Water Content
Determination (Groups 5, 6, 7, 8. Table 12). Again, the perceatage of
weight loss from the original fresh tiseue weight iz plotted against the
time of dehydration in hours. The values for each group are plotted as
shown on the graph key.
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TABLE XIX. POOLED DATA FROM ALL FOUR GROUPS INDICATING MEAN
PER CENT OF WEIGHT LOSS VERSUS TIME OF DEHYDRATION

22

Time Spent in % of Weight
Qven-in Hours gss
0 0
7 T .24k
& T7 440
9 77.556
10 T7.637
11 77.665
12 77.699
i3 77.738
1k T7.713
15 . 786
17 77.787
i9 77.789
3 . 710
27 T1. 1%
35 77.808
51 77.827
83 T1.884

3
3
&
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THE EXPERIMENTAL PRODUCTION OF CEREBRAL EDEMA BY THE USE OF TRIETHYL
TIN ACETATE. |

In the process of producing and observing cerebral edema, para-
meters other than those dealing direetly with the brain substance were
also studled. Seome of these such as body weight provide some ides of
the relative texieity of the compound used. They also document a com-
parable phenomenon wiileh cccured im those patients originally poisened
with Stalinon® (1). Other parameters like symptematelogy and the
nature, onset and course of the disability relate mere clearly with the
basie pathophysioclogic process which has been investigated in this
study.

B. oymptomatoleogy and Associated Bedy Changes in Triethyl Tin Acetate
(TETA)~treated Animals.
1. Acutely treated animals.

Of the 28 animals injected with TETA (10 mg/kg BW), 27 wers
alive 48 hours later; the one rat having died during the second night.
All animals however developed a characteristic sequence of symptoms
noticeable throughout the duration of the experiment.

Within one-half hour after intreperitoneal injection with TETA
there wae a generalized cpauping of the skeletal musculature of the
enimal which was most noticeable from the abdomen down. This was
followed by & picture of generalised weakness with flaceid paralysis
and dragging of the hind limbs and, later, by prostratieon. Quite notice-
able alse was the hypethermia. By two to four hours after injection
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the rats seemed to recover slipghtly; however, by 24 hours there was
again marked lethargy, listlessness and signs of an increasing general-
ised wealmess, At about this time too, secretion of red (bloody) tears
was observed.

The rats, even though guite preosirated, attempied to eat and
drink watil they were sacrificed. Nevertheless there was an average of
27.7 grams of weight loss by A2 hours which correspended to abeut 13.8
per cent of their original total body weight.

By 48 hours the picture was similar teo that seen at 24 hours,
except for an inerease in the severity of the same. ds previously
stated the pattern and sequence of evenis Just described was uniformly
the same in e¢ach animal treated, escept for the animal which died prier
to 48 hours. In this case the same order of events took place within a
shorter peried of time. Seme of the physiecal ehanges just deseribed
may be seen in Figure T4, where the experimental animal ls contrasted
to & healthy control.

While dissecting the brains of the treated animals, it was pos~
sible to easily differentiate these from the normals by a series of
striking features present in the former. In the edematous bri.ins there
was & plastering of the brain substance against the calvarium which
together with its mushy consistency made it relatively difficult for the
experimenter to separate it frem its beny encasings. Ventrally, a crowl-
ing of the cerebral hemispheres against the optic chiaam, tuber cinereum

and mavmiilary bedy resulted in partisl displacement or impingement of
the internal carotid and posterier commmicating arteries (Figure 128
and 120},



2. Chronically treated animals.
4s noted in the Methods and Materials section, two separate
studies of chromie TETA intoxication were conducted (the second study
having been undertaken teo provide specimens for histelogical examina-
tion). In both cases the symptomatology and associated bedy changes
followed parallel courses; enly the first study will be completely
discussed here.

Of the 40 animals given TETA in their food and water, only 30
wers alive by the 12th day. Of these, 28 were selected for the various
gravimetric and elecirelyte determinstions.

The firast noticeable effect of TETA in vhe experimental animals
was & reduction in the amount eaten and drunk with a conseguent cessa~
tion of growth and loss of weight. Te a certain degree this was also
true of the pair-fod animals, however the loss of bedy weight was not
as extreme.

No other symptoms or signs were gvident until the é¢ighth day when
"bloody" tears and petechiase were seen aroumd the animals'! nostrils and
smouts. Also, at aboul this time, the first neurolegical symptoms
appeared in the form of difficulity in menipwiating their hind limbs,
lethargy and listlessness. By the 10th day atrophy of the lower part of
the trunk and hind limbs became quite obvious and was asseciated with
the progressive flaceld parelysis observed in the same regions of the
body. The animsls'! ¢onditien then deteriorated rapidly with the muscu~
lar flaceidity extending to the fore limbs. Finally, weskneas forced
the animals to remain motienless en their sides, unable to feed
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themselves (Figures 7B, 84, 8B, 94 and 9B). Thus, by the end of the
experiment these chronlcally treated amimals had lost an average of
k6.1 grams (31.6 per cent decrease from their origimal bedy weight) as
compared te the nenbtreated pair-fed rats which had gained 6.5 grams
(k.4 per cent imcrease from their original body weight). The healihy
gontrol animels allowed te eat ad lib had developed nermally and had
gained 87.1 grams which represented a gain of 58.1 per ceamt in thelr
total body weight.

In the second stwdy the experimental animals also given TEIA in
their food and water lost LL.6 grams {(a deorsase of 30.5 per cent im
body weight) while the mon-treated pair-feds lost 9.5 grems (a decresse
of 6.5 per cent from their original bedy weight). The ad lib controls
developed normally and gained 81.2 grams, which represemts a gain of
54,2 per cent in beody weight.

These results are shown in Figures 10, 11 and Table 13. The
offect of TETA omn cessation of growth and loss of body weight is appar-
ent. The loss of body weight seems to be beyond that explainable by a
simple reduction in the amount of food comsumed, as indicated by the less
pronounced weight loss exhibited by the nen-treated pair-fed animals,

While anesthetising the animels intraperitensally pricr to sac~
rifiece, an almost complete anesthesia of the abdomen was noted. Omee
the siull of the animal was opened and the brain examined there was mo
possibility of confusing TETA treated enimals with the contrels. In the
TETA trested animels the plastering of the brain substance against lts
bony encasings had apparently resulted in a certain degree of adhesion
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of the memingeal membranes, making removel of the brain much more diffi-
cult. The brain had also & mushy cousistency and there was a general
crowding of the cercbral hemispheres against all the adjacent strue~
tures, most noticeably from the veniral view. The cercbral hemispheres,
especially, encroached wpen the optlic chiasm, tuber cinereum, mamillary
body and interpeduncular fossa (Figures 124, 128, 12C and 120).
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FIGURE 7

GROSS AWATCMICAL FEATURES

Gomperison of animals treated with TETA versus nermal coatrols.

A. A normal control rat {sbove) is pletured together with one whieh
had been injected intraperitoneally 48 hours previously with TETA

(10 mg/kg BW). Note in the animal below the flacecid position of its
right hind limb, and apparent wealness of the other hind extremity
(with consequent dragging of the cauwdal part of the body). Jome degree
of prostration and/er lethargy is also noticeable. "Bloedy® tears ave
seen in the left perdccular area.

B. Again, a normal control (above} is shown with an experimental
chroniecally treated animal (below). This photograph was taken after
1) days of TETA ingestion. The marked prostration, cachexia, atrophy,
flaccidity (most noticeably in the hind limbs) and genmeral weakness
are all evident.
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FIGURE &

GROSS ANATOMICAL FEATURES IN
CHRONICALLY TREATED RATS

A. Three animals with various degrees of pathelogy are pressnted.
They all show atrophy of the caudal region of the bedy and flaceidity
of the hind liwbs. Verying degrees of prostration and wealmess are
also seen. Note that the animel en the far right shows 2 "band” in
the abdemen which demarcates the area of extreme musele wasting
ébelewg from the region of lesser mmscle atrephy snd weight loss
above ), -

B. Flnccidity with complete loss of muscle power in the hind limbs
of one of the experimental animals. ‘
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FIGURE 9

GROSS ANATOMICAL FEATURES IN
CHRONICALLY TETA TREATED RATS

A. This photograph demonstrates the marked prostration, flaceidity of
the extremities and extreme musele wasting (more acecentuated in the hind
limbs). At this stege, the animal was unsble te right himself.

B, Absence ¢f the nermal reflex in e chronically treated animal.
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TABLE XIIT THE EFFECT OF CHRONIC TRIETHYL TIN ACETATE INTAKE ON
POTAL BODY WEIGHT OF RATS.
STUDL 1
Days TEIA Treated Pair-Fed Controls Ad Lib Controls
on (10 rats) {7 rats) {7 rats)
freg Heans Yeans Hsang
¢ 145.9 8.k 150.0
2 135.8 135.4 156.1
é 129.1 8.9 181.9
g 117.2 145.7 196.9
10 106.3 136.0 22.1
iz 105.8 1414 229.0
14 99.8 154.9 37.1
ST0DY 2
{20 rata) (6 rats {5 rats)
g 6.1 1445 149.8
3 144.5 -163.3 180.4
8 12,8 45.7 205.8
12 99.7
13 103.1 ) 135.0 231.0
1% 101.5
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FPIGURE 10

THE BFFECT OF CHRONIC TETA INTAKE
O BODY WEIGHT OF RATS
(STUDY I) ~(TABLY XIII)

The body weight of the experimental animals has beea plotied against
the pumber of days on TETA. This is contrasted to similar tracings of
non-treated pair-fed andmals and of gd 1ib contrels. In each case the
number (M) of animals ineluded in the various categories is indicated.
The onset of muscular wealmess as well as the time when animals begen
to die has been chromclogically marked with arrows.
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FIGURE 11

THE EFFECT OF CHRONIC TETA INTAKE
ON BODY WEIGHT OF RATS
(3TUDY II) - (TABLE XITI)

This graph is similar o that shewn in Figure 10 (ses legend) repre-
senting the secend study dome em a different rat population.
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FIGURE 12

GROSS ANATOMICAL FEATURES OF BRAINS FROM CHRONICALLY
TETA TREATED RATS (VENTRAL VIEW)

Hormal brains from control rats (A and ©) have beem laid side by side
to brains from rats treated with TETA for 1) days (B and D). The
brains are all oriented in the same fashion so that the olfactery
tracts are seen inferiorly (ome of which is indicated as ot) while
the interpeduncular fossa is shown superiorly (if) in the same
sm?m The grrows indieate the space between the pyriform lobes
(s1) (laterally) and the optic chiasm, tuber cinereun and mamillary
body medially. The spuces are well outlimed in the comirol brains
while they are much reduced in the edematous brains. This has
apparently resulted in a displacement (medially) or impingement of
the intermal carotid and pesterior commmicating arteries.
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€, DBifect of TETA on the Water Content of Rat Brain
1. Acutely treated animsls (Figures 13, 14 and Dable 14).

The brains from 27 animals injected 48 hours previously
with TETA (10 mg/kg BW) were compared to the krains of 19 other animals
used as controls. Besides having matched all these animals for sex,
type, strain and several other paremeters, ihey were also mateched for
weight. Thus, in the case of the controls, their mean body weight was
207 grams while the mesn body weight of the experimental group was
201 grams for the centrols (values falling between 185 and 229 grams)
and 51 grams for the experimntai animals (with values between 181 and
232 grams).

The mean percentage of bralm water content in the controls was
79.1 per cent (with a msan percentags of dehydrated tissue weight of
20,9 per cent) while the same value for the TETA treated snimals was
81.4 per cent (with a mean percentage of dehydrated tissue weight of
18,6 per cent). These twe means were significantly different from cach
other at the p<0.001 level. Using 20.9 per ceat for the mean of normal
dehydrated tissue weight, as caleulated by HElliet and Jasper's methed
(36), the experimental animals were found to have a mean percentage
brain swelling of 11.1 per cent.

The greatest range of water content of one hemisphere cempared
with the oppesite one was 0.2 per cent for both controls and experimental

rats, The range of the mean per cent water contents of the hemispheres
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for the eontrols when all members of a pepulation were considered was
0.3 per cent (the values falling between 78.9 and 79.2 per cent), while
the simllar range for the treated animals was 1.7 (with values going
frem 80.7 through 82.4 per cemt). The range for percentages of brain
swelling in the TETA treated animals was 8.1 per cent (wiih values

between 7.7 and 15.8 per cent).
| In Table 14 statistical significance was evaluated by using the
Small Sample Theory "t" test (161) for means of two independent groups,
with the mmber of scores in the two groups not equal.
Mumber of scores im Group I =1N; (Wy=17)
Fumber of scores in Group II = N, (N, = 9)

X - X, |
t = 7 i T T - (EX: ) /A = s ~ f
vV (/V/ - Az -2 ) /A
whers X, = 167.47k
% = Lb.551
.2 = 3,118,722
%1% = 3,068.29
¥, = 20.936

= 22328 e
ohey b

df (degrees of freedom) = Ny + Np ~ 2 = 1

with 14 df a p = .001 requires a value for t of 4.140 or greater.
3ince t in this ease = 11.038, the experimental group II mean is sig-
nificantly different frem the controls (I) at the p<0.00L level,



107

FIGURE 13

EFFECT OF ONE DOSE OF TRIETHYL TIN ACEIATE
ON THE WATER CONWTENT OF RAT BRAIN

The statistieal significance was caloulated using the Small Sample
Theory "t test (361).

(The diserepancy existing between the value for the mean per cent
swelling in the TETA treated animals , listed here as 1l.1, and thal
given in Table 14, recorded as 11.357 per cent, is due te different
metheds of calculation.)
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FIGURE 14

EFFECT OF ONE DOGE OF TRIETHYL TIN ACETATE
Ol THE WATER CONTENT OF RAT BRAIN

These values are an expansien of those presented in Figure 13.

(T-test refers te the Small Sample Theory test used to doecument (in
this case) lack of significant difference in bedy weights between
experimental end control rat populations.)



jowluo ajbuis Auo u) abupus }s8}D8Ig w3k

S|DWIUD JudJa}jIp Udomjaq abuoy %

(¢€e-181) 16| (622-6G8I) bt abuoy

wb-}m Apog
(1s94-1) 102 .02 uDap
(8°Gl-277)18 0 obuoy - Buijjomg 9,
20 20 sxu0 9buDY

JUdJUO0Y 184D M %
(¢8-208) L1 | (26L-68L) €0 4l abuoy

V13l STOY1INOD SNOILYAY3SHO

ulpig Joy uo 9Jp}aoy uly |Ayja1a] Jo 3s0Q BUQ JO S}984)7

(1109 yW303 VY3430 AIONANI ATTVLNIWIYIIXT



TABLE X1V TABULATED MEAN VALUES FOR PER CENT WEIGHT LOSS OF RAY
BRAIN (OR MEAN PER GENT WATER CONTENT) AFTER 18 HOURS
OF DENYDRATION. '

(The mean per cent of dehydrated brain tissuwe weight
and its aquare wped in statisticel analysis arve both

included, )
CONTROL SERIES
Group liean Per Cent lican Per Cent
Humbar BraineWater Dehydrated
Coutent Erain Tissue 2
Weight (%) X3
¢1 79,175 204825 433,681
c2 10,947 21,033 443,229
c3 78.902 21.098 645,126
Ch 79.202 20,796 432,557
L+ 79,200 20,800 432,640
[ 78,896 21.104 445,379
c7 79,127 20. 873 435.682
= 553,449 Xy = 146,551 Xy%=3,068,29
Hean = 79.064% Xy= 20,936%

AFTER GNE DOSE OF TETA

- ————.

Group MHean Per Cent lean Per Cemt Par Cent
Humbar braineWater Dehydratad Brain
Content Brain Tigsve 2 Swelling
Al 82.371 17,629 310.782 15,796
A3 81,523 18.478 341,436 11.741
A 81.305 18,696 349,540 10.699
AS 81,561 18,439 339,997 14,076
Ab §1.602 18,195 331.167 13.078
FY 80.832 19,168 367.412 8.445
A9 81,598 18,402 338,634 12,104

A10 80,68 19,318 373,185 7.728
e 29=187.476  %30,110.792 =102,217

Nean = 81.392% ¥y 19.608 = 1357
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2. Chronically treated snimals (Figure 15, Table 15).
The brains frem 28 rats treated with TETA for a period of
10 te 14 days are cempared to the brains ef 28 pair-~fed controls,
These twe rat populations had a mean bedy weight of 143 and 148 grams,
respectively, with a range of 31 grams in each case (frem 12 %o 155
grams in the experimental, and from 129 te 160 grams im the controls).

The mean per e¢ent brain-water centent in the control populatien
was 78.5 per cent, while in the TETA trested animels it was 81.2, the
latter representing a 12.5 per cent swelling in the edematous brains.
The mean per cent dehydrated brain tissue weight for the experimental
rats was 18.8 per cent and for the contreols, 2.5 per cent.

The greatest range in per cemt brain-water content in any
single animal {when opposite hemispheres were compared) was 0.2 per ceat
for the contrels and 0.3 per c¢ent for the chreniecally treated animals.
The greatest range when all members of a population were taken into con-
sideration was 0.5 per cent for the contrels (with values between 78.2
and 78.7 per cent) and 1.0 per cent for the experimental group (with
values between 80.8 and 81.8 per cent),

The range in brain swelling for all members of the experimemtal
population was 4.9 per cent with values going frem 10.6 per cent to a
15.5 per cent increase in brain bulk,
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FIGURE 15

EFFECT OF CHRONIC TETA INTAKE
ON YHE WATER CONTENT OF THE RAT BEAIN

Both mean and range values are given {Table 15).



EXPERIMENTALLY INDUCED CEREBRAL EDEMA
Effects of Chronic TETA Intake on Rat Brain

OBSERVATIONS CONTROLS™ | TETA¥*
Mean % Water Content ' (8.5 8l.2
Mean % Dehydrated Tissue Wt 21.5 18.8
Mean % Swelling 0 .12.5
Number of Animals 28 | 28
Days on TETA 0 | 10-14

# Pair-fed controls

Y % Present in following concenfrafions{ Food 20 pom. wi/wt

Water 25 ppm wt/vol

EXPERIMENTALLY INDUCED CEREBRAL EDEMA
Effects of Chronic TETA Intake on Rat Brain (cont)

OBSERVATIONS CONTROLS TETA

Range® [0.5(78.2-78.7)|1.0(80.8-81.8)

% Water Content

Range** 0.2 0.3
% Swelling Range 0 49(10.6-15.5)
Mean 148 143

Gm. Body Weight

Range 31(129-160) 31 (124-155)

# Range between different animals
#% Greatest range in any single animal
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TABLE XV TABULATED MEAN VALUES FOR PER CENT BRAIN-WATER CONTENT
AFTER 18 HOURS OF DERYDRATION.

RAT POPULATION CHRCHICALLY TREATED WITH TETA

Croup Mean Per Cemt Hean Pexr Cent Par Cent
Humber Brain-Water Dehydrated Brain
Content Brgin Tissue Weight Suslling
CH1 81.816 18,184 15,459
Cus 81.620 18.380 144547
CHS 81.269 18,731 12,916
CH6 81,043 18,957 11.865
CH7 80.768 19,232 10,586
CHES 804916 19,086 11,274
X = 81.175% ¥ = 18.825% X = 12,479

PAIR-FED CONIROLS

Group Hean Pexr Cent loan Per Cont
Number BraineWatey Dehydrated
_, Content Brain Tissus Weight

CHLL 78.637 21,363

cri2 78.442 21.558

CHi3 78,653 21.347

CHl4 70,307 21.693

GH15 76,186 21,814

CH16 78,539 21,461

CHLY 78.6 21.327

£ = 549,437 Z = 150,563

¥ = 78,4912 X = 21.509%
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D. Bffect of TETA on Cations of the Rat Brain
1. Acute treated animals (Table 16, Figures 16, 17).
Fifteen brains obteined from experimental enimals and

11 brains from centrols were chesen from their respective groups for
measurement of cation content, as explained in the section on Metheds
and Materials, However, for purposes of statistical analysis values for
nine rat groups are listed in the experimental series, and seven from
the centrol population.

Among the control electrelytes studied, potaseium wes found teo
have the highest value, and calcium the lowest. The means, in mlia/kg of
dry tissue, plus or minus ohe standard deviation were: for potassium
332 + 3.46, for sodiwm 220 + 2,92, and for caleiwm & + 0.23. The experi-
mental edema values expressed in the same units were 342 + 4.96 for
potassium, 292 -+ 15.69 for sodium, and 1l ++0.43 fer calecium. In terms
of percentage, the experimental edema figures represent an inecrease of
three per cent over the controls for potassium (difference sigaificant
at the p < 0.001 level), an inerease of 31 per cenmt for saleium, and an
increase of 33 per cent for seodiwe.

When the per cemt inerease in tissue sodiwm (in the experimental
animals) was platted against the degree of cerebral swelling (alse
expressed in psrcentage), a product-moment correlation, (r), of 0.98 was
found. This, of course, suggested a direct relatiomship between these
two variables (Figure 17).
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FIGURE 16

EXPERIMENTALLY INDUCED CEREERAL EDEMA: EFFECTS
OF ONE DOSE OF TETA ON BRAIN CATIONS

In the upper part of this illustration the inerease of cations
(expressed in percentage) in the experimental edems animals is
gompared to the control values which have been arbitrarily set at
100 per cent. Significance was calculated by the small sample
theory "t" test.

In the bottom part of the figure the direct mean values i1 standard
deviation for both sontrel and TETA-treated animels is given.



EXPERIMENTALLY INDUCED CEREBRAL EDEMA
Effects of One Dose of TETA on Brain Cations

H
o
1

Control - 11 rats

5 5§§ TETA ~-15rats

n
[»]
L

o
(=4
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o
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o
T

H
(@]
T

# Significantly different
from controis ot
p < 0.001

Cation Brain Content-% of Control Valve
n
o
]

Nat catt K+

200 £2.92 840.23 3324 346 Mean cation content £ I1SD

in mEq/ Kg dry tissue

EXPERIMENTALLY INDUCED CEREBRAL EDEMA
Effects of One Dose of TETA on Brain Cations

ELECTROLYTE VALUES IN
mEq/Kg OF DRY TISSUE

CONTROLS TETA

Na* -mean +[SD 2204292 | 292+15.69
Kt -mean +1SD 332 +3.46 | 342+ 4.96%
Cat*-mean + 15D 8 £0.23 |1 £0.43
Number of Rats [ 15

# Significantly different from controls at p < 0.00I
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TABLE XVI TABULATED MEAN VALUES FCOR RAT BRAIN CATIONS: IN CONTROLS
AND IN ANIMALS WHERE ACUTE CEREBEAL EDEMA WAS INDUCED BY
THE INTRAPERITOMEAL INJECTION OF ONE DOSE OF TETA

(1) DREDEMAL ADALS X = Overall Nean
Group Nean Brain Llectrolyte values (expressed in nig/kg of dry
Fumber tissue)
swiun Caleium Potassium
Ay ‘ 317. 317.065 11.133 338.695
iz 271.140 10.090 © 335.554
A3 29k 245 10.915 361,777
i, 292.505 © 10.460 345.959
Az 297435 10.560 342,497
by 29k 290 10.460 350,920
Ag gg ?Og 10.?22 336,054
A » EO 2 »
. L zZzT{g“ﬁ . Z= 95.038 €= Mxi%ﬂvsiz
| I = 292.311 X = 10.560 X = 341.861
(II) CONIROLS
¢ 219.795 8.261 33he22
¢ 216.071 §.315 328,446
¢ 222,761 8.346 329.553
¢ 221,217 8.215 332,795
¢ 224,707 7.83% 334.675
g 219.456 7 .g.u. ggzgjgg
L 1%:% b : S 2331')‘93
X = 219.555 I = 8.092 X = 331,642
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FIGURE 17

EXPERIMENTALLY INDUCED CEREBRAL EDEMA: RELATIONSHIP
BETWEEN THE PER CENT INCREASE IN BRAIN-TISSUE
SODIUM VERSUS THE DBGREE OF "CEREERAL SWELLING®
FOR TETA-TREATED ANIMALS

The control mean value for sedium of 219.56 nEy/kg of dry tissue (set
at 100 per cent) has been used to calewlate the relative increase in
the experimental animals. The percentage of cerebral swelling was
caleulated as shown before, using 20.9 per cent as the msan per cent
of normal debydrated tissue weight. The best-fitting straight line
was found by regression amalysis.
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2. Chronieally treated animels (Table 17, Figure 18).
Vineteen brains from experimental animmls and 17 braims
derived from gontrols were selected from two separate studies as
explained in the seetien on Metheds and Materisls. Therefore, for
purposes of statistical amalyeis, 12 rat groups are analysed la the
sxperimental edeme series, and 10 in the contrel population.

A in the acute studies, potassium was found te have the highest
¢ontrol electrolyte value and caleium the lewest. The means in
ulig/kg of dry tissue plus or minus one standard deviation were for
potassium 333.6 + 10.90, for seodivm 234.6 + 14.8, and for caleiwm
5.1 + 1.60. The correspending experimental edema values were
341.9 + 17.29 for potassiwm, 318.3 + 11.97 for sodiwa and 7.6 & 1.95
for caleium. These last figures when expressed in terms of percentage
of the contrel values, reprssent an increase of 49 per cent for cal-
e.ium; an ineresse of 36 per cent for sodium, and & non-significant

inerease of 2.5 per cemnt for potassium,
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FIGURE 18

EXPERIMENTALLY INDUCED CEREBRAL EDEMA: EFFECTS OF CHRONIC TETA
INTARE OR BRAIN CATIONS

The upper part of this illustration shows the increase of cations (ex:-
pressed in percentage) in the experimental animals when compared te the
control values which have been arbitrarily set at 1007, Significance
was celeulated by the small sample theory "t" test.

The bettom part of the figure shows the direct mean readings +1 standard
deviation for both control and TETA-treated animals.



EXPERIMENTALLY INDUCED CEREBRAL EDEMA
Effects of Chronic TETA Infake on Brain Cations
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# % No significant difference



119

TABLE XVII TABULATED MEAN VALUES FOR RAT BRAIN CATIONS: IN CONTROLS
AND IN ANIMALS WHERE CEREERAL EDEMA WAS INDUCED BY THE
CHRONIC INGESTION OF TETA

(I) EXPERIMENTAL ANIMALS I = Overall Mean

Group Hean Brain Electrelyte Values (expressed in mEq/kg of dry

Number - tissue)

Sodiwm dun Potassium
oy 331.272 5N 323.331
CHy 320,971 10,037 392.063
CH, 311.289 8.985 352.104
' 328.488 11.062 341,856
gﬁ 321.88) 7.130 342,507
CHy 312,008 5.289 323.695
CHg 333.795 3,662 328,330
CLilg 327.280 7.7h2 343,72
oL, 326,717 6,511 335,201
Cliizg 291,757 7.479 343 . 14dy
i 2 e | 192 iams
» £= 9320.02] %% 91,195 £= ,108.38
I=318.3% X =7.59% X = 341.866

(II) CONTROLS

CHyo 252.856 6.350 326.513
CHyg 260,925 - 6,760 345.399
CHyj, 237,526 5.119 319.767
CHyg : 222.693 5.004 32L.115
CHy% 233.092 k372 325.79L
Gy 223.194 2.691 332.601
CHay 223.186 L4227 337.626
Plgs 219,599 8.450 353,438
Plag 220,418 oLk 324.169

2= 2346.121 Z= 50,847 £= 3335,55

¥ - 235.612 X = 5.085 X = 333.555




E. Light Micrescopy of Rat Brain Tissue (Figures 19 through 24)

Al of the rat tissues situdied mierpscopically belong to ani-
mals which were fed TETA in their food and water for 10 to 14 days and
the contrel animels for this experiment. Humen tissue is shown in
Figure 19 in ordér to illustrate a classical type of newroglial reaction
o poxious stimmli, The areas primarily studied in rat brain were the
gortical and subcortical reglons since these were found ﬁa best demon-
strate the various types of histological aberratiom associated with
tri@?hyl tin edema.

The main findings neted in edematous brain tissue by nghi
microscepy were found to agree with the cbaservations made on the same
type of tissue using the electron microscope. These are illustrated in
Figure 20, Flates D, E and F where myslin sheath distention with vacu-
ole formation is eclearly visible. These vacuoles, containing a particle-
free fluid, gave no stain reaction. In most cases it was possible to
cbserve the demarcation of these vacuoles, or spaces, by myelin lamellae,
eliminating the pessibility that these were intercellular spaces. In |
several tissues these vacucles had become confluent wilh each ether due
te disintegration or gap formation of their emclosing myelin lamellae,

At low magniiication, these spaces gave Lhe ilmpression ef just
being gaps in the tissue without any particular demarcatien, yet inspec-
tion at higher magnificaiion usually revealed the true Iealurses presented

above (Figures 21D, 22D and 22E).
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Despits the fact thalt most of the reticulation occurred in the
myelinated white matter, ineluding areas of the corpus callosum, a few
such spaces were found in the cortex proper (Pigure 22, Plate D).

The other findings are related to variocus aspects of possible
neuroglial respemss to moxious stimmli. Use ef the PTAH (Mellory's
phosphotungstic acid hematoxylin) method was decided becsuse of its
abillty to stain pathological astrocytes better than normal. This
staining method allowed the fellowing features to be observed in the
experimental edema material, The neuroglial eells (which had a deep
purple-blue tinge) appeared to be astrocytes on the basis of morphologi-~
sal criteris even though in some cases their perinmeuronal position might
have suggesied other types such as the eoligodendroglia. Their normally
unstained c¢ell body had now sequired s pink-bluish coloration and was
clearly eccentric in relation to its nueleus, suggesting astroeytie
swelling as pointed out by Greenfield (56), The newreglial processes
which alse had been smooth and regular in appearance in cenirol mater—
ial, had endergone twisting and had become guite irregular with seme of
the processes broken off er fragmented. Increase in neuroglial feliwork
wes alse apparent in seme instances (Figure 23, Plate F). In cenclusion,
the sponginess cbserved primarily in the myelinated areas, coupled with
the various possible asireeyiic aberrations just described, gave a
pleture quite characteristic for this type of edematous prepsratiom.
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FIGURE 19

LICGHT MICROSCOPY OF HUMAN BRAIR TISSUE:
ASTROCYTES

Tissues from normal mmen brain cortex (Plates A, B, C) are contrasted
to specimens derived from a human cortical glial scar (Plates D, E, F).
All tissues were stained by the Cajal's Geld Sublimate Method.

(NOTE: These illustrations are presented so that the reader might
observe in classical material g well-knewn reactiem of ome type of
neuroglial cell te noxiows stimmli,)

Flate A. Typleal astroglial demsity of normal cortex. Astrocytes N
are stained purple-black against the mmech lighter background (x 283).

Plate B, The same tlssue at higher magnification. The astrooytes
and their processes (light purple-black) are betier visualizsed (see
arvow) (x 1225).

Plate C. Astrooybes commmnicating with the eapillary (¢) by thedr
foot-plates; one of them is shown at the arrew. (x 276L). '

Plate D. Proliferation of astroglial fibers - glicsis - and hyper-
trophy of the astrosytic cell bodies (x 190).

Plate E. Higher magnification of tissue shown in Flate D shows
intricate neureglial feliwork in glial scar to adventage (x 1225).

(In Both Plate D and E the original stain color has been changed due e
photographie distortion.)

Flate F, Another area of gliosis permitting better cbservation of
gell bedy and muelear hypertrophy awd pyimoesis (x 1225),

*The magnification listed includes both mieroscopic resolution and
photographic enlargement.
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FIGURE 20

LIGHT MICROSCOPY OF RAT BRATN TISSUE

Tissues were staimed by the Asur II-lethylene BElue method. These are
the "thick" sections (1 micren thick) ef the blecks whieh were used for
electron microscopy. Plates 4, B, and C c¢orrespond to tissues from
normal andmals, while Plates D, E, and F are from tissues derived from
rats where cerechral edeoma was induced by chrenic TETA intoxieatien.

Flate 4. Celluler density deep in the mormal rat cerebral cortex,
showing compactness of microscopic structures including mewrons (n)
and myelinated mexrve fibers (see avrows) (x 1225).

Flate B. GSame area at higher magnificaticn. Netice neurone (m),
astroeyie (a) and myelinated nerve fibers at the pointer (x 2764).

Plate C. Heurons with their myelinated processes deep in the
gerebral cortex. Agsin, note compectness and cohesivensss of
structures (x 2764).

Plate D. Area doep in the cerebral cortex somewhat comparable to
area in Plate A showing relatively mormal-sppearing neurons (cee
pointer) and grossly distended myelin sheaths forming perfectly
elear vacuoles (v). (x 1225).

Plate B. lagnification of section of Plate D showing eemtrast
between compact cortex and reticulated appoarance of immediately
adjacent distended myslin sheaths. HNote vacuoles (v) (x 2764).

Plate F. TFurther illustration of reticulated spaces or vacuoles
{v) containing water-clear material. Seme of the vacusles have become
confluent with each other by disintegration or development of gaps
in their separating myelin lamellae (x 2764).
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~ FIGURE 21

LIGHT IICROSCOPY OF RAT BRAIN TISSUE

Tissues were stained by Mallory's Fhesphotungstic Acid Hematexylin
(PTAH) method. Plates A, B, and C correspoml to tissues from normal
animals, while Plates D, E and F are from tissuse derived from rats
where c¢erebral edema was induced by chronie TETA intexication. The
PTAH metheod gives nuclel and neureglial fibers & blue tinge, amd
stains pathologiecal astroeytes better than normal.

Flate A. Intaet rat cerebrum showing the normal sempact structuwre of
the cersbral cortex (¢), subcortical white matter (sw), and their areas®
of "interphase" (see pointer) {x 143).

Plate B. Intact cerebrum again showlng compact structure of the
cerebral cortex (¢), corpus cellosum (ec), and the area of the nucleus
cavdatus/putanen (see pointer) (x 285).

( Pla?e €. A different view of the same area as that shown in Plate B
X 285 »

Plate D. This area corresponds roughly to the one shown for normal
tissue in Plate A. Hotice the campact appearance of the cerebral
cortex contrasted to the spongy nature of the subcortical white
matter (ow) (x 285).

Flate E. 4 different view of the same ares as showm in Plate D,
demonstrating more ¢learly the confluent nature of some of the
reticulated spaces (see pointer) (x 285).

Plate ¥. Diffuse sponginess of myelinated areas. This tissue
corresponds roughly to the one shown fer normel tisewe im Plate C, It
is suggeated that it vepresents sponginess (due to myelin sheath disten-
tign) of both subcortical white matter and corpus eallosum. The tissue
is oriented sc that the cerebral coritex is immediately superior to the
illustration (x 285).






FIGURE 22

LIGHT MICROSCOPY OF RAT BRAIN TISSUE

All of these brain tissues originated in rats im which cerebral edema
was induced by chronic TETA intexication., Tissues in Plates A, D and §
were stained by using 5ehiff's PAS (periodic acid leucefuchsin) tech-
nique, wvhile those in Plates B, ¢ and F were stalned by Cajal's Gold
Sublimate methed.

(NOTE: Origimal stain colors have been changed partly due to photo-
graphic distortion.)

Flates 4, B and . A1l show various degrees of reticulation (see
arrows) or vacuele formation due to nyelin sheath distention. HNote
that (in these studies) it has been the subcortical white matter which
has suffered the mest marked pathological alterations. The cortical
srea (o) is indicated in each case. lagnifications are as follows:

A. x 285.

B, x 143,
C. x 285.

Plate D. MNyelin sheath distention and vacucle formation extending
deep into the sortex (see pointers) (x 28%).

Plate E. Magnification of eme of the reticulated areas showm in
Flate D. Note that the vacwoles are lined by myelin lamellss (see
peinter), when these are intact, and are not perivasowlar. HNo
s(stnn:ms reaction is evident inside the well-demarcated clear spaces

x 1225).

Plate F. This is an attempt at the demonstration at high magnifica-
tion of myelin sheath distentien in its early stages. Gressly normal-
appearing cortex is illustrated in the lower part of the plate (x 1225).
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PIGURE 23
LIGHT MICROSCOFY OF RAT BRAIN TISSUE: ASTROCYTES

Tissues were stained by the PTAH method. Plates 4, B and C correspond
to tissues from norsel brains, whils Plates D, E and F are derived from
rats where cerebral edema was induced by chronie TETA intexieation.

(NOTE: Altheugh it is difficult to state with complste acourasy the
identity of esch of these neuroglial cells on the basis of the stain
alone, suggestions will be made on the basis of this and other identify-
ing features such as sise of nucleus, shape and size of whole cell.)

Plates 4, B and C are presented to illustrate density and staining
properties of neuroglia deep in the csrebral cortex.

In 4, B and C neurons (n) staining light pink are intermingled with
the desp purple-blue tinged astrocytes (at emd of pointers). Even though
the perineurcnsl position of seome neuroglia would suggest their being
oligodendrocytes instead of astroeytes, this idea must be rejected begause
of the relative sise of these cells when compared to the neurons. HNots
in B the relative regularity of the glisl processes (see arrew). Also
motice that the cell bedy is practically not visible (all one sees is
the nucleus).

Plate D. Relative twisting and irregularity of the glial processes
at the end of the arrows. Astrocytes (a) are indicated.

Plate E. Note the eccentric appearance of the cell body next to the
nucleus (see pointers), suggesting relative swelling of the astreoytes.

Plate F. Conglomeration of mstroeytes plus relative increase in
neuroglial feltwork (see arrows). Many of the astrocytes have lost
their preocesses.

That these are astroecyles and not other types of neureglial eells is alse
indicated by the relative sime and shape of the nucleus (as compared to
the sise of their e¢ell boedies).

Magnifications for Plates 4, B, C, D, F ard F are as follows:

A. x= 122§,
B. x 2764.
C. x 1225.
D. =x 1228,
B, x 276i.
F. x 1225,






FIGURE 24

LIGHT MICROSCOPY COF RAT BRAIN TISSUE: ASTROCYTES

i1l tissues belong to amimals where verebral edems was induced by ehrenic
TETA intoxieation. Tissues were stained by the PTAH method.

Plate A. Typical vacuolar spaces give spongy appearance to subeorti-
cal vhite and cortical areas (x 285).

Plate B. A whole host of asirocytes without their mrocesses suggesting
some form of pathologiecal transformation (x 1225).

Plate C. Turther examples of perineuronal position by these neurc-
glial ecells (x 1225).

Plates D, E and F are fuwrther examples of excess of glial fibers,
irrvegularity and twisting of their processes and eccemtrie appearance
of the astrocytie cell body. Clear spaces {at the end of the arrows)
are artifacts in the tisswe.

Hagnifications for FPlates D, & and F are as followa:
D. = 1225,

E. ® 1225&
F. =z 1235.
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F. Eectron Microscopie Observations of Hat Brain Tissue
In identifying the varicus normsl structures which one encoun-
ters in brain tissues, the eriteris indicated by Sehultz, Meymard and
Pease (98, 140} and by Farquhar and Hartmenn (38) have beem adhered to
viien possible. This was necessary for the sake of consistency, in

view of the current eontroversy and diverging opinions on this subject.

1. Observations in Hormal Rat Brain
Dlustrations of normal rat brain tissue are presented in
Figures 25-27. Both glial and npuronal structuresz as well as their
cheracteristic component elements are deseribed in some detall. Bn-
phasis has been placed in identifying the various features by which
each ¢ell 1s commenly recognized.

Besides the asirocytes, cligedendrocytes and miereglia, a
fourth type of esll, the "atypical”, "intermediste" or “transitional®
glial gell is presented. This cell classification therefors includes
thoze cells which possese characteristies typical of more than ene type
of neuroglial cell.

Astrocytes are chiefly characterized by their sise whieh, in
many cases, is comparable to that of o neuren and wswally larger than
that of an oligodendrocyte; by their watery muclews containing clumped
chromatin masses; and by their cytoplasm which is also quite dilute and
enclosed by an ill-defined eytoplasmic membrane. Overall, this cell
has a "washed-out" or poorly preserved appearance. The astreeyvtic
processes can be easily identified by their typieal relation to blood
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vessels and by theilr watery contents occasionally interspersed by mite-
ghrondria or other cytoplasmic elements.

The oligodendrosytes are charscterised by thelr smaller size,
their moderately demse nucleus in which the chromatin is aggregaied
peripherally forming a derk rim along the nuelear membrane and by thelr
moderately dense scant cytoplasm which alse forms a narrow rim areund
the nucleus. Oligedendrocytes are situated typically between nerve
processes (“interfaseieular”) or among neurons ("internsuronmal®).

The microglia are less common than both astroglia end oligoden~
droglia and are characterized by the extreme demsity of both their
aucleus and cytoplasm. Also their cytoplasm seems to be more concen~
trated near one pole of the cell. The misroglial processes when lden-
tified usuwally appear to branch angularly.

The neurons have a maliitude of identifying features including
a moderately dense mucleus contelning gramular materdal not particu-
larly aggregated into chromatin clwmps, a cytoplasm typleally populated
by RNA gramles ("resettes"), Golgl complexes, endoplasmic reticula and
mitochendria, Hewral filamenis are also commonly seen at the site of
the neuronal processes.

It is remarkable that except for the unidentified spaces men-
tioned in Figure 28, Flates A through U, no significant intercelluwlar
space was over loecglised in elther gray or white matter. On the cen-
trary, there was always electron~demse material interspersed bstween
identifiable structures.
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The relation of astrocytlc processes Lo vessele is demomstrated
in Figure 28, Plates E and F, From inspection of the illustrations
presented as well as frem many others reviewsd im the course of this
study, it was evident that the astrocytie processes do make centact with
the bare walls of small vessels, such as capillaries (which might be
mmm in their outermeodt aspect by a basement membrane) without the
presence of a leptomsningeal sheath between these two emtities. This
sheath appears to swrround vessels of larger sise and apparently dees
not reach the copillary level.

2. Observations in TEPA-Treated Animals (cerrespending to

Figures 29 throwgh 31).

Similar findings were observed in tissues derived from
animals where cerebral edema had been acutely indwced as well as in
those derived from anlmals where the gerebrsl edema had been produced
over a period of 10 to 14 days.

The mest important finding irn this histological study was the
very consistent and reliable presence of distended myelin sheaths form-
ing vacuoles, Uswally, but not always, these vacuoles were formed from
the suter lamellse of the myelin sheaths. In some cases the distentien
was extreme so that the emclosing mewbrane would disintegrate or develop
gaps in its surface. This could produce the erronecus impression of a
large intereellular spsce.

At times the distended myelin sheaths would infringe wpon adjac-
ent structures deforming them or producing gaps in thelr surfaces, as
is 1llustrated in Figure 30, Flates 4, B, C and D.
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Another finding without the siguificance of the ome Just men-
tioned, was the observation both in "seute" as well as in “chronie"
material of apparent breaks in the plasma membranes of astrocytic mro-
cesses, This fact wes surprising in view of the finding of grosaly
normel structures (with the exception of mitochondria) swrounding the
glial processes and slso because the astrocyiic processes did not seem
particularly enlarged, at lesst pot to the extent described by Torack,
Terry and Zimmerman (164) in triethyl tin-treated mice. Similarly, the
mitochondria feund in the astrocytic processes were larger than thelr
gounterparts in nermal tissue, as evidenced by direct measuremeant of
the photomicrographs, taling into account their respective magnifica~
tions. A&lse their internal ridges or crests, when visualized, appearsd
to have lost thelr exderly arrangement. This finding could probably
1ot be explainsble by attributing it to variation in the plane of sec~
tion.

Finally, no real eatiracellular space wes ever ¢bserved desplie
the finding at times of enowgh histelogiecal evidence to substantiale
the increased presence of fluid within the myelin sheaths,



Koy for Figures 25 threugh 31
a - astrocyte

ac - astrocytic cytoplasm
ah - axon hilleck

an - astrocytic nmucleus

ap - astrocytic process

art - artifaect

ax - axis eylinder (or axeoplasm)
b - blurring

b -~ basement membrane

en - endothelial nucleus

er - endoplasmic reticulum
ge ~ Golgl complex

1 - Jumen

mn - mitechondria

me - microglial cytoplasm
mn - mieroglial nueleus

snf - myelinated nerve fiber
ms - myelin sheath

ne - neuronal ¢ytoplasm

nf - neural filament

me - nuclear membrane

m - peuronal macleus

np - nerve process

nol - nmueleolus
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¢ - oligodendrocyte

e -~ oligedendroglial cytoplasm

on - oligedendroglial mucleus

p - process

rbe - red bloed cell

s - unidentified aspace

se - smooith mscle

sm - synaptic menbrane

85 « sarcolemmel sheath

sy - synaptic vesicle

wnf - unmyelinated nerve fiber

v - vacuole in normal tissue

V - abmormal finding (vacwole) in
experimental material

wee ~ white bloed cell
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FIGURE 25
BLECTRON MICROSCOPY OF NORMAL RAT BRAIN: MNEUROCLIA

Plate A. Astrocyte with watery cytoplasm sc and nucleus gn containe
ing characteristic clumped chroumatin mgeses. Notice irvegularly oval
shape of nucleus together with the relative cupty character of their
poorly demavcsted cytoplasm. All of these characteristics contribute
to make this cell appear poorly presexved, which is one of its chief
idencifying features (7,281).

Plate B. Astrocytic process ap with typical watery appearance and
ogcasional mitochondris m, Also notice the low demsity vacucles which
could be part of a Golgl complex and the relative sparsity of any othey
elenents or particles., The arrow points to the temvous membrane separate
ing the process from the surrounding neuropile which containa abundant
&(xznochcm)iru and at least two small myelinsted nexrve fibers, mnf

IQ' 278 L ]

Plate C. An oval, dense oligodendroglial nucleus on is seen, further
characterised by its pervipherally aggregated chremstin which forms o
dark rim along the nuclear membrane. The scant rim of moderately dense
eytoplasm is claseical (x 5, 160).

Plate D. Another typical oligodendrial cell with nucleuws on and
cytoplasm oc which forms narrow rim and contains & moderate quantity of
A particles (sea arrow) end mitochondria. Its position smeng mitoe
chondrigecontaining ug myelinsted nexve £ibers, mnf categorises it as
an interfascicular oligodeundroeyte {x 14,520).
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FIGURE 26

ELECTRON MICROSCOPY OF NORMAL RAT BRAIN

Flate A. Myelinated nerve fibers cut im different planes, some of
them containing an ocecasional mitochondrion, a few RNA particles and
some neural filaments (x 14,502).

Plate B. HNyelinated merve fibers showing neural f{ilamemts nf,
eriented in a fairly parallel directlion; mitochondria m; and axoplaam
ax. The myelin sheath ms has a lamellar structure, not too apparent
in this illustratiem (x 20,462).

Plate C. This section is a magnification of the square demarcated
in Figure D end shows myelimated nerve fibers, mnf, part of a microglial
cell with extremely dense musleus and cytoplasm, an astroeytic process
gp with a mitochondrion m, and part of an oligodendreglial nucleus en.
liote also the abundant synaptic vesicles av, syneptic membranes (see
arrows), the surprising relationship of the astrocytic process to the
adjacent nerve processes amd the close gpproximation of all structures
resulting in a negligible intercellular space (x 20,462).

Plate D. Typical miereglial cell characterigsed by ite exireme
overall density which makes differentiation between nuclews mm, and
cytoplasm me fairly difficult, The micreglial eell is surrounded by
myelinated and unmyelinated nerve fibers and bears close proaximity to
an ast ic process and an oligodendrocytic whese nucleus on is shown
(Figare C). The microglial process p retains the same heavy materisl
density typical of both nuclous and cyteplasm. An extremely fine
nerve process may be seen at the arrew (x 5,160).
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FIGURE 27
ELECTRON MICROSCOPY OF WORMAL RAT BRAIN

Plate 4. Newronal mucleus mn and eytoplasm ne lying next to myelin-
ated nerve fibers. The muclsus is enclosed wi a double nuclear mem-
brane um and is comstituted by grammlar material not particularly aggre-
gated into chromatin clumps. The cytoplasm contains groups of dense
particles (RNA gramules) grouped as rosettes visible at the arrow,
mitochomiria, a vacuole ¥, and an aggregation of structures probably
ziepreszgt%ng menbranes , camnalicull and vesicles of a Golgi Comples g
{x 20,4062).

Plate B. Magnification of a section of adjacent Figure A. The
double nuelear membrane is better visualised. The Golgi membrenes
supposedly have no attraction for RNA particles and thus differ from the
membranes of endoplasmic reticulum in this very important point. Another
feature of the endoplasmic reticulum is their tendemcy toward random
orientation. The vacuecle in the neurenal cytoplasm and the mitochondria
ave further demonstrated. The lack of demomsirable intermal ridges or
arests inside the mitochondria does not rule them out singe it is well
knowa that the plane of section must be nearly perpendicular to any
membrane for it to be properly idemtified (x 57,482).

Plate C. Astrocyte exemplifying consploucus chrematin clumping (st
the arrows) and watery appearance of the remaiming macleoplasm an. The
nucleolus nel is prebebly visible as indicated. The eytoplasm ge iz
poorly demarcated and Indented at least by two astrocytic precesses gp
as shown, one of which bears mitochemdria (x 7,281).

Plates D and E. These are thought to represent "atypical”, "trans-
itional® or "imtermediate” forms of meuroglial cells. Both of these cells
(D and E) have some features ordinarily aseribed to oligedendroglia and
some featuwres ordinarily aseribed to astroeytes. Thelr size would tend.to
place them in the Yolige” categery since these are smaller than astro-
eytes. Their nueleus has both ol chromatin and a remaining watery
pacleoplasm (features of astrocytes) and dark chromatin rims slong the
nuclear membranes (typieal of eligodendrocytes). Again their cytoplasm
is poorly demarcated, especially in Flate D, and yet, it is not watery
but full of cyteplasmic struotures. Thelr location ameng groups of axons,
in this case myelinated merve fibers mmf, is & more commen characteristic
of oligedendrocytes. Hotice in Flate E the neural filaments pf appreach-
ing the glial cell from the left and probably belonging to a different

plane (x 7,281).
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FIGURE 28

ELECTRON MICROSCOFY OF RAT BRAIN T1SSUE

Plate A. Heuron with nucleus un containfog & goed deal of gramuler
naterial diffusely spread over the entire muclecplasm snd bounded by a
double nuclear wembrane. Seolid black deposits in mucleus and cytoplasm
axt ave holes in the tissue. The cytoplasa me shows mitochondrie m;
typieal rosettes of EHA granules at the arrows; endoplasaic reticulum
gr with FNA particles attached to {ts membranes; end component parts
(vesicles and membranes) of a Golgi Complex ge with few or no attaching
A particles. Note beginning neuronal processes at either end of the
eell (z 10, 278),

Plate B. Axon hillock region of neurcm gh fllustrating adjacent
nucleous nn and containing mitechondria, endoplasmic reticulum er,
vacuoles and resettes of INA granules at the arrows. The nucleus cone
‘tains a carbon depesit gxt. An umyelinated nerve fiber ymf with s
mitochondrion can be seen in the lower pavt of the fiald (x 10, 278).

Plate C. An wnayelinated nerve fiber unf with neural filaments af
is shown to advantage in upper part of plate, Small myelinated nerve
fibers ave also visible at the arrows (x 14,502).

Plate D, Beuron with game nh.netexisticé as those described for
Plate A snd partially surrounded by the unidentified spaces s mentioned
below {x 5,160). '

Plates E and ¥, Both of these Plates axe theught to represent a
transitionsl stage of vessels botween typical arterioles and capillaxies.
They both contain a red blood cell zbe within their lumen 1. The endo-
thelial liaing in both vessels and an endothelial nucleus gn rest upen
& basemant membrane visualized at the end of the arrows. Primitive or
poorly differeatiated smeoth muscle 3¢ (also knowun as the perivascular
cellular layer) can be seen sharing the basement membrane with the endoe
theliuwm and in turn has been gheathed in its outer boundaxy by an early
type of sarcolemmal sheath gg. Hote the astrocytic processes ap and
myelinated nexve fibers swrrounding beth vessels (x 7,281).

NOTEs Technical circumstances make ft difficult to state with sccuracy
vhether the tissues in Figure 28, Plates A, B; D and B come from normal

or TBTA-treated animglas. Nevertheless, they ave presentad because they
illuptrats scme classical features of meuronms. Ouwr inability to trace

the origin of these tissues is further compounded by the presence of some
wystarious, perfectly clear, extransuronal spaces g. These spacea, bscause
of their relationship to the surrounding meuropile and the fact that they
are absclutely clear, could be considered srtifects: On the other hand,
the wellepragerved state of the other structures including those encapsule
ated within the spaces, coupled with the remarkeble uniformity In configurae
tion of these spaces, nakes the artifgct theory sasewhat untemable. To the
best of our knowledge there are no veports in literature of spaces quite
like this, nor have we came across similar materials in other preparatiocns.
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FIGURE 29
ELECTRON MICROSCOFY OF RAT BRAIN -~ TETA-TREATED ANINALS

NOTE: Im all the snimals from which the tissues for this Figure were
obtained, cerebral edeme was induced wiihinm 48 hours (acute earebral
edema) exeept for the tisswe in Plate ¢ where the originmal animal was
treated for some 10 to 14 days.

Plate A. Neuron with nucleus nn end cytoplasm, containing roseites of
RHA granmules visible at the arrows and an array of membranes, canalicwli
and vesicles probably part of a Golgl Complex ge. The double nuclear
membrene ls ¢learly evident as are the several pores p or fenestrations
soen in lts outer layer. The mitochondria m show seemingly & disorgan-
izmation of their internal ridges or crests - not explainable by the plane
of seotion - but yet inconclusive as far as evidence in faver of a
pathological alteration. All the above structures lie next to large
vacuoles ¥V resulting from distention andfer splitting of myelin sheaths
ms. The local blurring b sesn st times in the lamellas of the distended
myelin sheaths is probably due to their being streteched or twisted out of
the plane parallel te the electren beam (2). An axis cylinder ax
enveleped in a myelin sheath and contalning miteochendria is alse present
in the field (x 20,462).

Plate B. Another example of adjecent distended myslin sheaths exhibit-
ing vacuoles V. At least ome mitochendrion m (this one elomgated) with
similar charaeteristics as the one described in Plate A can be seen,

The rest of the neurcpile cannot be accwrately identified (x 20,462).

Plate C. Various myelinated nerve f{ibers lie next to a vacuole ¥,
apparently formed by distention of the ouber lamellse of the adjacent
myelin sheath. This vacuole and all those deseribed previously seem to
contain particle~free fluid. They differ from the previously deseribed
unidentified extrameuronal speces of Figure 28 by their emclosing mem-
brane or coat formed by the cuter myelin lamellse. Compact newropile is
seen in the upper part of the plate, Two of the saxis oylinders gx are
indicated (xz 7,281).

Plate D. Again several vacuoles ¥ are seen interspersed smong compact
normal-appearing newropile (containing an abundance of mitochondria m)
end several myelinated nerve fibers mmf. Note that there is no signifi-
cant intercellular space (x 5,160).

Plate B, Again several irreguler appesring mitochendria m larger than
thelr counterparts of the same magnification observed im control brain
tissue - are seen in astrocytic processes gp and in the swrounding neurc-
pile. The astrocytic processes themselves seem to have a tendency toward
beceming conflusnt with each other by destruciion or disappearance of
their limiting plasme membranes (see arrews) (x 14,502).
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FIGURE 30

ELECTRON MICROSCOPY OF RAT BRAIN -~ CHRONICALLY TETA~TREATED ANIMALS

Plate A. An oligodendrocyte ¢ with nueleolus ncl is seen between two
astrocytes g (also containing nucleoli), one of which seems to indent it
st the single arrow. One of the astroeytes (the lower one) has several
gaps in its cytoplasm which communicate with the edjacent vacuele. The
three glial cells are practieslly in a sea of vacuoles V. USome of the
myelin sheaths are not only distended but seem to have broken and become
confluent with each other. Myelinated axis eylinders ax are also present.
The double arrews indieate ares magnified in Plate B (x 5,160).

Plate B. Magniiieation eof area in Flate A indicated by double arrows.
The oligodendrocyte micleus appears surrounded by a narrow rim of moderate-
ly dense eytoplasm o¢ which in contrast te the astroeytic eyloplasm ag
appears grossly intact, The more watery astrocytic cytoplasm is broken
off at least im one place and has become confluent with the adjacent
vacuole ¥ at the arrow (x 14,502).

Plate C. Magnification of area in Plate A indicated by single arrow.
Again notice more dense, grossly intact eligodendroglial eytoplasm oe
in contrast to more watery astroeytic eytoplasm ae which indents the
former. As in the previous plate this astrocytie cytoplasm has at
least one gap in its membrane (see arrow) by which it commmnicates
with adjacent vaecuwole ¥V (x 14,502).

Plate D. Another example of astroglial compression by adjacent distend-
ed myelin sheaths containing water-clear contents (x 5,160).

Plate E. A classical perineuronsl eligodendroeyte next to normal
appearing neuren, Neurcmal cytoplasm ne shows characteristic elements.
Both cells as well as surrounding neuropile appear intact. Neuronal
nucleus nn is shewn (x 7,281).
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FIGURE 31

ELECTRON MICROSCOPY OF RAT BRAIN TETA-TREATED ANIMELS

HOTE: Plates A, B, and C correspond te tissues from aculely treated
animsls, while Plates D and E come from chronically intaxicated rats.

Plate A, Several vacueles V are seen next te normel appearing neuro-
pile and other myelinated nerve fibers (whose axis eylinders gx are
indicated). Note neuren with nucleolus adjacent to atypical appearing
¢ell, probably a microglia. DBecause of the relative decreased nuclear
density of the miereglial nucleus and cytoplasm, it is possible that
this eell is undergeing pathological alterations (x 5,160).

Plate B. The distended myelin sheaths appear t¢ have broken, forming
confluent vacucles (zee arrows), Vessel immediately adjacent is some-
what deformed and contains red blood cell amd probably a white blood
cell wbe (x 5,160).

Plate C. The fairly compaect structure of this animal's white matter
is disrupted by the presence of several vacueoles V (x 5,160).

Plate D. Myelin sheath, in the midst of neormsl appearing neurepils,
whose several lamellae seemed to have undergene distention in separate
layers (x 5,160).

Plate E. Simdlar illustration gs the ene shewn fer Figure 29,
Plate E, enly that in this case the tisswe is derived from an animal
chronieally treated with TETA. Several astrocytic processes ap with
nitochondria are evident; in seme there seems to be a disruptien of
their plasma membranes (see arrows). Some mitochendria m look enlarged
and irregular. Smell newyve processes np are everywaere. Red blood ecell
rbe inside vessel is seen in lower part of the Flate. Symaptic vesicle
gv 1s indicated (x 14,502).
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BISCUSSION

The impertance of cerebral edema in many pathologic processes
affecting the brain has been emphasized. The number of monographs
dealing with thie subject documents it (76, 101), Furthermore, in-
vestigations of this phencmenon have not enly uncovered many new areas
of neuropathalogy, but have also provided insight inte the many-faceted
fisld of functional neurephysiology.

In the experimental laboratory, eme of the major goals has been
the production of cerebral edema under controlled conditiens (34).
5imilarly, the absence of criteria universally agreed upon indicating
the presence or extent of this "lesion" has hindered its understanding.

Discussion of the findings on triethyl tin cerebral edema is

best dene after division inte various major categories.

A. Brain-water Content Determinations by Dehypdrgtion Technigues

& lack of standardisation of procedures can account for many of
the existing discrepancies among investigetors in their evaluation eof
variations in brain-water content.

Our first study following the "eclassical® procedure i‘az? brain-
water determination, using the dehydration method, ylelded a value of
78.411 per cent for whole braian in rats, with an average body weight of
481 grams, This vaiwe is clearly within the range of values quoted in
the literature for similar species (32, 149, 150). Yet, being within
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the reange is not enough when minor deviations from the contrel values
gignify critidal differences as to whether or not cerebral edema is
prosent. It was shown previcusly that after massive infusion of hypo-
tenie solution with the development of ¢linical slevaited intracranial
pressure, the imerease in brain-tissue fluid was only eof the order of
one 1o three per cent of the total fresh brain welght. Therefore,
more importamt is the ability to find & similar amount of fluid in com-
parable areas from one single animal or from a series of animals
matched for species, sex, age and body weight. In the study quoted
above, the mean differemce between opposite halves of the brain (4 and
B) when all four groups were pooled was 0.560 per cent. The range of
mean whole brain-water content values for the same population was
0.72, per cent despite the fact that these Sprague-Dawley strain male
rats only had a range of body weight of 24.5 grams, and were all of
the same age.

Repetition of this study by the "medified” dehydratien technigue
yielded a mean brain-water comtent, for similar rats weighing an aver-
age of 394 grems, of 77.783 per cent, also within the previcusly des-
eribed range. This time, however, the mesn difference between opposite
brain halves (A and B) for the whole population was amly 0.297 per cent.
The range of mean whole-brain water content values for the same series
of animals was 0.80, per cent, even though the variation in boedy weight
wae this time 152 grams.

The importance of sex, age, body weight and species in the varia-
bility of whole brain water cemtent was recognized by Demaldscn (31, 32,
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33) and can be apprecisted in Figures 32 and 33 which are reproductions
frem his eriginal werk of 1910 (32).

The ultimate purpose of research of this nature is the applica~
tion of its prineiples and concepts to the hwman brein., Thus an actual
study with tables such as that shown in Figure 33 which correlates the
water centent for man with the albine rat ait corresponding sges, was a
very important factor im the decision to seleet these snimals for all
subsequent phases of the study. For years no such observations had been
reported in literature wntil in 1955 Graves and Himwich (53) published a
study on the relationship between age and water content in various parts
of rabbit brain. Even though this work was not as complete as Donald-
son's, it set the stage for similar attempts (149).

Another peint believed to be at the basis of many of the exist-
ing differences between investigaters also invelves the so-called
Yglassical” metheds of dehydration. The matter of excessive tempera-
tures and prolonged intervals of dehydration for brain tissues is not
new, as a matter of fact Shapire (143) in 1939 thought that the values
for the absolute brein water content seemed to depend on the method of
dehydration. Similar claims were made by other authors (160, 186), yet
they all seemed to remain unneticed. The possible fractienation of
lipids, especially those containing unsaturated fatiy acids (when
exposed to increasing temperatures) was described earlier.

Inspection of Table 6 and Figure 3 in the Resulis section suggests
that the criterion wsed by many investigators in determining the brain-
water content which comsists of heating the tissues until constent weight
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FIGURE 32

PERCENTACE OF BRAIN AND SPINAL CORD WATER IN
ALBINQ RAT ACCORDING TO AGE AND BODY WEIGHT

Both agm'a are reprodustions f{rom Dopaldson's origimal work of
1910 gz . They are based on information recorded in the upper twe
tables of Figure 33.
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FIGUEE 33

BRATN WATER CONTENT IN THE ALBINO RAT

These three tables are also reproductions from Domaldson's ]
work of 1910 (32} The upper two tables give the actual figures for
the graphs presented in Figure 32 (that is, the percentages of water
in the rat brain according to age and body weight) and both are self-
explamatory. The lower table cempares the percentages of water in
the brain of man end the slbine rat at correspending ages.



The mean vaiucs of the percentage of waler in the brain and apinal cord of the albino The mean values of the percentage of water in the brain and spinal cord of the albino

rat. Both sezes arranged according lo age, inereasing by 10 day ingrements,d rat.!  Both sezes arranged according lo body weights, increasing by 10 gram
o B increments,
[‘ PracENTAGE OF WATER Pancraraon or Waren
| - . B .
i |‘ BRAIN BPINAL QORD wl:?::-r BRAIN SPINAL conp
L S SR e I,
| Malo Female Malo ] Female Male [ Femai Male | Femals
0-10 87.4 /7.4 84.8 [ 84.8 Grams, |
10-20 8.7 83.4 80.5 80.3 5 87.6 87.9 8.7 85.5
20-30 31.3 81.6 77.2 | 77.1 15 84.8 83.9 81.4 80.7
30-40 0.4 80.0 74.3 748 , 25 81.2 0.4 77.0 76.2
40-50 79.2 79.0 73.9 ' 73.7 35 70.7 79.1 74.9 74.1
50-60 79.0 l 70.3 72.9 { 74.2 45 79.6 79.0 4.4 73.3
60-70 7.3 78.8 74.5 ’ 73.2 55 7.5 78.8 74.4 73.2
70-80 78.9 78.8 | 72.9 73.8 65 7.9 78.8 7.2 4 728
80-90 78.3 B8 72.8 5.8 75 8.9 78.6 3.2 3.2
00-100 78,7 79.0 73.0 74.1 85 78.8 8.5 ; 72.5 72.5
100-110 78.3 o | 700 70,8 0 5.8 78.6 2.1 2.0
110-120 78.6 BT 71.3 72.5 105 78.4 7.2 L 7.5
120-130 78.3 75.2 71.6 7.7 116 7.7 8.8 .7 7.5
130-140 78.2 78.0 wo | 7o i2s 8.6, LT, 710
140-150 750 t 720 . 135 78.4 78.2 71.8 70.6
150-160 78.1 78.0 70.6 70.8 143 182 (£ i3 10:4
: 155 78.5 78.3 - 7.2 71.0
160-170 78.2 78.3 71.0 71.3 i s it 03 s
e 7840 710 175 78 7.5 0.0 71.0
- A 8 190, g\l 1.5 185 783 B X B 9.8
= 1
200-210 78.0 70.0 71.0 72.0 ;32 Zﬁjf,' z,z 23'2 32
210-220 78.3 78.3 71.0 7.7 215 76 g ' 6.5 6.7
220-230 78.7 78.3 72.2 71.0 25 8.0 9.8
230-240 78.5 78.0 71.0 71.0 235 78.0 77.0 69.5 68.3
240-250 245 78.0 73 00 | es0
£50-260 ‘ 255 78.0 0.0
260-270 265 77.8 69.2
270-280 g 2775 78.3 78.0 69.5 63.0
280-200 285 77.0 €3.3
250-300 78.5 72.0 205 78.0 70.0
300-310 77.4 . 68.2 305 77.3 69.0
310-320 7.3 68.0 315 71.5 68.5
g5 75.0 68.0
3 Noto that the values hote given begin with 0-10 days, l..6, & mean age of five # For reasons similar to those previously given (sec Donaldson '8, Pp. 166:157)¢
days after birth. Hence the initial percentnges are less than those in table 1 which the individual records are not printed. These however are on file and copies of
gives the values at 5 grams, approximately the weight at birth. them may be had by application to the Director of the Wistar Institute.

Comparison of the percentage of water in the encephalon of man and the albino rat al
corresponding ages

MAN i RAT
Age ! Percentage of ‘ Percentage of Age
Years \ ater J Water Days
: i
Birth 8.3 | 87.7 Birth
2 years i N8I ' 81.3 26 days
9.5 years 79.2 I 78.6 115 days
25 years ! !
maturity : 77.0 | 78.0 290 days
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is m@ud, is inadequate. The mere fact that a tissue might weigh
within .00025 grams in two separate recordings does not assure that it
will stop losing weight on repeated heating., Exactly the reverse is
found when careful suwecessive welighings of the tissue are made. Iu both
studies (Table 6 and 12, and Figures 3 and 6) the brain tissues contin-
ued to lose weight despite an interval of approximately 400 hours in
‘one case and 150 hours in the other. In the first instance the tempers-
ture ranged from 110° to 116° ¢ while in the modified techmique it
varied between 91° and 93° C.

The fixed interval of 12 hours was therefore wsed simce it lies
en a plateau portion of the time-weight loss cwrve (Figure 6. This
time also agreed with the eriteria set-up in trying te establish the
*ideal® time interval of dehydration frem the astual vslues (Tables 8
through 11). |

Use of the "modified” precedure resulted in the existence of a
narrovw range of mean whele-brain water contents in the subsequent stud-
ies. In Pigure 14 (acute TETA studies) the ramge for the eentrol popu-
lation was of the order of 0.3 per cent while in Figure 15 {chremic
TETA studies) it was 0.5 per ceat. The mean (A and B) difference
(between opposite brain halwes) for both control and expsrimental edema
populations in the asute TETA situdies was 0.2 per cent, while in the
chronic animals it was 0.2 per cent and 0.3 per cent, respectively.

Finally, the advantages of using whele-brain preparations over
single morphelogically different brain areas are self-evident. For one
thing, there is still much contreversy over the areas of the brain which
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preferentially develop edema. This difference of opinion is found even
among investigators using the same type of experimental agent. For in-
stanece, Toragk, Terry and Zimmerman (164) demonstrated with the help of
illustrations, loosening of the fibers (with "vacuole® formation) of
the corpus callosum and internal capsule in their triethyl tin-treated
edematous mice-brain preparations. More recently, Alew and others (2)
repeated these experiments wsing rabbits and in this case they suggest-
ed that the subcortical white matiter was involved, but the corpus
callosun and intermal capsule were spaved. Similar contradictiens are
common throughout the literature.

Along the same line of thought, it is well known thai there are
differences in the imtegrity of the bloed-brain barrier (and other
‘types of barriers) in different parts of the central nervous system
(13, 139). Thus, if ome is dealing with any experimental material
which is suseeptible te the selective action of any of the braiam bar-
riers, examination of only a few single morphologically-different areas
(since examination of 211 of these is net technically possible) might
give a blased pieture of the sbnormal brain-water content relation-

ships.

B, The Production of Cerebral Edema Using the Triethyl Tim
4cetate (TETA) Experimental Hodel.
The comsistency and dependability of this experimental agent
ever ainee its intreduction in 1955 has beem repeatedly documented (2,
73, 95, 119, 157, 158, 1hk, 164). Furthermore, its selective action
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on the central nervous system {(spart from testicular atrophy after leng
sxposurs to alkyl tin) (95) is desirable im view of the advantages of
controlling as many variable as possible in any experimental model.
similarly there is no svidence thai newrcas of the brain or spinal cord
are damaged appreciably by it.

The changes cbserved in brain-water content secondary te acute
or chronic THTA edema have been summariszed in Figures 13, 1h and 15.
In the scute triethyl tin series, the ineremse was of the erder of
2.3 per cemt while that of the chrenic was 2.7 per cent of the total
fresh brein weight., This difference was signiiicant at the p <.00L
level. It might also be noted that at ne time was there any possibil~
ity of confusing the brain-water values of the experimental animals with
the eontrols, for their respective ranges showed no overlap. For instance
in the acute series the cemtrol figures ranged frem 78.9 per ceat to
79.2 per cent while in the experimental group they varied from 80.7 per
cent to 7.4 per cent.

The variastion in body weights in the acute TETA experimentis was
4l grems for the contrels and 51 grams for the treated animals. In the
first series of experiments, (Results, section 4, 1) in which the
relassical” method of dehydration was uwsed, the body weight range was
2.5 grams. Thelr range of mean brain-water content for all members of
the population was 0.72h, Were this "classical" procedwre them to have
been used in the acute TETA studies it is probable that the scatier of
velues in the trested and eomtrol populations would have made their
difference less significant. 4 simllar case san be made for the chronie

TETA observations.
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The inereases in whole-brain fluid listed for the aculely and
chronically trested animals may be placed in their proper perspective
when it is remembered that there is oanly a 10 per ceat differsnce in
volumes between the eranial eavity and the brain substanse. Therefore,
with this ‘lijnited "gpace” preventing further cerebral expansion, any
small increase in the part of any one of the brain comstituents will
undoubtedly upsei homeostasls and p?oﬁably result in some degree of
increased intracranial pressure. Incidentally, these increases compare
very fa‘vm’b]; with those reported by Magee and his group (95) im |
similar experimentis.

Vhen the edema induced in the acute and chrenie experimental
groups was aaleula.ﬁed in terms of mean per cenat swelling, this was
found to be 11.1 per cent and 12.5 per cemi, respectively, which alse
is amﬁrabla to the values reported by Streicher (158) and Ketsman and
his greup (73).

Ho definitive comparison of TETA with ether agents proveking
cerebral odema is possible im this discussion im view of the extraerdi-
sary large musher of them. A brief mention ¢f some of their salient
differences however might help emphasize the impertance of alkyl tin
edema in the field of experimental newropatholeogy. Nei all of the
metheds of producing cerebral edema permit the evaluation of as many
difﬁ'ex*eni parameters as are possible with triethyl tin. For example,
rwater intoxleation” methods will produce significant inereases in
gerebrospinal fluid pressure, yet the extent to which eystemiec hyper-
volemisa can be induced, without irreversibly demaging the experimental
preparation, limits the degree of cerebral edems which cam be elisited
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(186). Among the traumatic metheds, concussion is quite pepular and yet
throughout the literature gross discrepancies are commenplace as to
whether significant water changes can be detected (112, 113, 186).

Other traumstic methods such as cold or thermal injury are better swited
for histelogical examination than for significant physico-chemical anal~
yeis (79, 85, 163).

Even ameng some of the "texie substance" methods, like the eme
enploying sedium cyanide (172, 182) the experimental sei-up necessary
for adequate results contrasis greatly with the simplicity cbeerved
when wsing the triethyl tin compounds. For instance, in the case of
sedium cyanide srtificisl wemtilation im the previcusly paralysed
animal is required. |

The "ischemic" procedure invelving bilateral carotid ligation is
socompanied by a very high mertality as reported by Levine and Elein
(86) whe found that of 200 rats, 128 died within the first 2 hour per-
jed. Lastly, the disadvantages of the cerebral edama induced by proced-
ures employing the implantatien or allergic techniques, when a glebal
approach to the pathology is contemplated, are all obvious.

Another consideratien of the experimental set-up as used in this
study invelves its use in the evaluatien of new therapeutic measurss

and drugs with pessible application in the treatment of gerebral aci,am.*

*) few preliminary cbservations wsing Urevert™, dexamethsseme (as
Decadion’, and Papase™ (a [roteolytic enmyme) indicated that this
experimental technique might be useful in detecting the ability of
these drugs te control cerebral edema. Appropriate changes in both
brain-water content and brain electrolytes suggested that possibility.
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A study of that mature would alse set the siage for the elucidation of
the meehanisms of action of these various therapeutic agemts,

¢. Braia Eleetrolyte Changes in Cerebral Edema

Ever since Weed and McKibben (177) injected hypertenic salt
solutlons inte experimental animals and showed an enduring fall in
cerebrospinal fluid pressure, the guestion of osmetic pressure rela-
tionships acress the brain eapillary membranes in cerebral edema has
besn a subject of interest. Msny of the theories proposed to explain
the pathephysiolegy of cerebral edema aseume the existence of & brain-
barrier mechanism which actively pumps ions and other subslances s¢ as
to preserve intermal homeostasis im the water-ion compartment {29, 50).

The ions most usually studied arve sedium, chloride and potassium.
Teehnical difficulties prevented the evaluation of chloride in this
projest. Another cation, hewever, {caleium) was included after reperts
by Swank and Jackson (160) of changes in its brain goncentration in
hansters following 1ipid mesls. Some of the meals had induced comvul-
sions and shnormal electrical discharges from the brain; this presumably
could be due to hypexia of brain tissues.

In both scute and chronic studies a gross incresse in sediwm and
ealeium was found. As far as potassium is concerned, the resylts wers
inconsistent because a minute but statistically signifieent rise was
found in the acute series, while a similar rise (this time not signifl-
cant) wus found in the chronically treated animals. It is isportant to
note that all results were expressed in milliequivalentis per kilogram of
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dry tissue ss this permits a more ¢lear appreciation of the absolute,
undiluted electrelyte variation.

As evident from previous intreductery material, both the sedium
and potassium changes are comsistent with the vast majority ef reperts
dealing with all types of cerebral edema (2, 56, 73, 93, 156).

When the sedium values from this work are compared with similar
values in TETA-edema preparations reported by other authors, these are
found to be in agreement im both the acuie and the chremic animal
series. Magee and coworkers (95) reported a 49 per cent aud a 36 per
cent increase, respectively.

The 31 per cent and 49 per cent increase in caleium we found in
the acutely and chronically-treated rats has mo parallel in the literature
sinee there are no published reports of brain caleium studies with
alkyl tin-treated animals.

A curious finding ebserved enly in the acute preparatlens may
be seen in Figure 17. When the per cent inerease im tissue sedium {frem
the coptrol values) was plotied against the degree of cercbral swelling
in the same tissuwes, & product-moment correlatiem (4) of 0.98 was found.
This implies that the sele caleulation of brain sodium concentrations
conld give an sceurate estimate of the extent of itissue hydratien or
dehydration - or, as the case might be, an estimate of the degree of
cerebral swelling present. The fact that this [inding was neot identified
in the chronic TETA studies obviously poses doubts as to the veracity of
the postulate.
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D. Histologieal Findings in Cerebral BHdema

The controversy which has arisen over this important aspect of
cercbral edema was introduced earlier in this work. One of the major
points of contention was the difficulty in correlsting fimdings from
electron and light wicroscopy. Many of the proponemte for the comtimued
acceptance of the classical concepts on neurcglia and the braim “inter-
cellular space” base their evidence on comventional light microscopy
observations, They furthermore refuse te accept the propositions sug-
gested by the elsctron microseopists on the basis of what Sir Robert
Hutehison (131) has termed evidence "the thimking mind instinetively
rejecis”. The "newcomers® to this field, in twrn, have mot made snough
allowances for their relative inability to systemstically examine a
whole brain ares the way light microscopists, of course, can mere
gasily attempt.

1. Idght Migrescopy Stwdies

The coneepts on the mature of cerebral fluid sccusmlation in

triethyl tin-treated animels have aleo undergene scme change sinee thelr
relatively recent inception. The okiginal work of lmgee and coworkers
(95) on experimental triethyl tin intoxication reported & curious
reticulation in the sppearaance of the white matter teomsistent with an
interstitisl edema of the white matter. Smith and associstes (14k) on
similar observations emphasized the myelin sheath separation by flwid-
containing spaces und again asserted the presence of a igtrildng inter-

stitlal edema®.
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While our work was in progress an article by Alew, Kataman and
terry (2) was published, containing findings almost identical to those
demonstrated here.  These censlst of promounced myelin sheath distention
with vacuole fermation, presumably due to the presence of edema fluld
with compression of the surrounding sirustures. It is te be emphasized
that the edema fluld identifisd was mot interstitisl but always limed
by layers of myelin, the split most commonly cecewrring among the ‘outar
myelin lamellse. | |

A point of differemce with the work of Aleu and associates (2) is
that while they detected s sparing of the corpus callosum fromAthc dif-
fuse sponginesa iﬁmﬁ.ﬂi@d in the subcortical white matter, we found
repeated involvement of white matter areas, inmecluding the corpus callos~
um, Ow findings are supported by similar reports from Torasck and co-
workers (164)., Two reproductions from thelr original work are presented
in Figures 344 and 34B.

That a spengy appearance of the white matier is also character-
istic of luman cerebral edems is well demonsirated by Feigim and Popoff's
{40) i1lustration in Figere 34D.

Other findings mere in accord with the slassical histelogic inter-
pretations of cerebral edema were those observed by the PTAH methed. By
these means, we have suggested ocme degree of astrocytic reaction in the
form of swelling, irregularity and twisting of the astrocytlc processes,
and an ingrease in the newroglial feliwork. Iven theugh mo cause snd
effect relationship can be postulated on these resulis, it is significant
that an inerease in brain fluids and electrolytes is sssociated with
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this type of newroglial resction, in the presence of healthy-appearing
peurcmes. (Certainly there is pome precedence im the work of CGerschen~
feld and sssociates (50) whe demomstrated swelling of the astrecytle
cell bodies in in vitre studies of brain slices, to suggesi such a
contention.

Other reproductions from elassical demonstraticns of human gere-
bral edems are shown in Figures 34C and 354, B, ¢, D, D and F. Note
the surprising similarity between CGreenfleld's (54) demenstration of
diffuse gliesis and clasmatodendrosis"in an edematous area rexwote from
the tumor” (Figure 35D,) and our own observations in Figure 23,

Plates F and F from the TETA-edema preparation.
2. Hlectron I—Iiemaee_pia Stndia?a

' The cerebral fluid accwmlation as seen im the eleciron
mieroscope and which was produced by the imtraperitoneal administration
or the ingestion of TETA appears to be mainly cenfined to the vacuoles
resulting from myslin sheath distention. This finding agrees with the
recent studies of Aleu and associates (2) in triethyl tin-treated
. pabbits, It comtrasts though with the obzervatloms of Torack, Terry
and Zimserman (164) in triethyl tinm treated mice, to the extent that
their most importent findings were an inerease in the eytoplasmic volume
for "clear glial cells® and a rupture of the plasma membranes of the
glial processes. The latter imvestigators, however, make no mentien
of myelin sheath abnermalities despite the faet that their light mieros-

gopy illustrations look much like ours.
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FIGURE 34
LICGHT MICROSCOPY OF CEREBRAL EDEMA

Hote: Both plates A and B axe reproductions frem Terack, Terry &
fimmermants The Fime Structure of Cexebral Fluid Accwmulation.
&i Jo P&th.’ 1960& 33' 3?3‘283.

Plates C and D ave from Feigin and Popoff!s Neurcpachological
Obaervations on Cevebral Edema. Arch. Newrol., 1962. 6,
77/151-86/160.

A. Intact mouse cevebrum showing nommal compact strueture of
the corpus callosem (CC), fimbria (F) and fntermal capsule (I1C).
Hematoxylin and eosin stain,

B, House cerebrum in chromic triethyl tin poisoning. Thexre is
loosening of the f£ibers of the corpus calloswm (CC), fimbria (F) and
internal capsule (¥C). Hematoxylin and eosin stain,

Co Section from arcwate wiite matter., The sstrocytes ave not
entirely nereal, Cajal stain. '

De Edenmatous white matter adjecent to carcinomatous module. The
tissues show marked spongy cheuge. Naoumenko's modification of Cajal
stain,
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FICURE 35
LIGHT MICROSCOPY OF CEREBRAL DDEMA

Hote: Plates A, B, C and D axe reproductions from Gragnfisld's
6'ere§szal Bdema Asscciated with Intraczanial Tumors. Brain, 1939.
62, 129.152,

Plates E and F are from Peigin & Popoffts Neuropathological
Changes Late in Cexcbral Edema. J. Heuvepath. Exp. Newrol., 1963.
22’ 5(}”.53.1.

A. Secondary nodules in right frontal lobe frem a renal carcincma.
The uyelin sheaths are izregularly swollen and many granules of lipoid
lie free in the tissuss (Weigert-Pal counterstained alem carmine).

B. Right ocecipital glioblsstoma. The myelin sheaths in the most
edematous area are very scanty and those present show many bulbous
swellings on thelr course or at thelr teminations (Weigert.Pal
counterstained alum cammine).

€+ Frontoevertical endothelioma, A swollen binucleated astvow
cyte is seen with much overgrowth of neuroglial f£ibexs (Mallory's
phosphotungstic acid hematoxmylin stain).

B. Astrocytans of left parietal lobe. Diffuse glicsis (and
clasmatodendrosis) in the edematous arce remote from the tumoy
(Mallory's phogphotungstic acid hematexylin stsin).

E. Nommal arcuate white matter, Astrocytes are normal ia
appearanse (Paraffinegold sublimate stain),.

Fo Deep white matter, hypertemsive case., The astrocytes axe
abmxx;al with ghort poorly stained processes {Paraffine-gold sublimate
stafnl.
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The finding in this study of possible abmormalities in the mito-
chondria of astrecytle processes coupled with bresks inm their plasma
membranes has prescedent im the work of Torack and associates (164) and
some other authors (37, 102). Yet, o reconciliation between their
observations and ours is not simple unless the matter of degree of
cerebral edema is introduced. This of course is hindered to a certain
extent since they de not present any eorresponding data of brain-water
or electrolyte cén*bem or albernate phyeical or chemical meammtﬁ.

The vacuolar spaces studied contained a particle-fres, water
clear materisl (presumably edema fluid) which is consistent with other
published reparts (2, 164) and with Smith and coworkers' (144) elassi-
fication of triethyl tin edema, ameng these of the transudative type.

Our work further doouments . “é;hé "modern” bellef of a mimuie and
insignificant extracellular space, even in the case of pronounced brain
flunid sccmmilation. Ner were we able to identify perivascular spaces
(of the Virehow-Robin type) in elther normel or experimental material,
This is similar to the findings of Haynard and associates (98) in their
extensive studies of the vaseular bed of the rat serebral cortex.

As pointed out im the pertinent section of Methods and Mteiiala,
consistency in the identification of normal structures viswalised by
electren microscopy demands that an investigator align himself with one
of the schools of thowght existing on this isswe. This emphasizes the
lack of correlative studies between light and electrom microscopy
cheervations and the need to "bridge the gap".
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Anpther problem inhersnt in studies of this kind is the matier
of how representative a tissue sample really is of the area iU is
suppesed to demenstrate. Very exacting techmigues hinder aceurate
localizgtion or tagging of the tissue blocks so that different investl-
gabers might be reporting their cbservaticne from differemt structural
areas. This again would impede satisfactory comparisen of their work.
the infinitesimal nature of tiscues dealthwith makes this proposition
not too unlikely.

E. Mechanisms of Action of the Triethyl Tin Compounds

The typieal symptomatology and associated boedy changes seen in
our TETA-treated animals have been previously described in the litera-
ture (20, 95, 102, 103). The reason for their appearance is mot yet
well understoed and only a few of the basic biochemical derangements
have been idemtified.

The earliest discovery was the realization that the triethyl tin
salts uncoupled axidative phesphorylaticn in vitre and also inhibited
brain respiration both in vive and in vitre. Like other uncoupling
drugs such as thyracine they were found to produce mitochondrial swell-
ing at lower comcentraticms tham those at which they were able to
wneouple oxidstive phosphorylation. Unlike 2,4 dimitrophenol, however,
they inhibited witechondrial adencsine triphosphatases. A general
reduction in metabolism wus also consistent with the fall in body tem-
perature observed in the triethyl tin-treated animals (303).

Moore and Brody (102) later suggested that because & jerticn of
the triethyl tin melecule inm selmtion exists as a cation, it was possible
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that it could secept electrons along the electrom transport chain and
thus divert their passage or set wp an alternate reute for electron flow.
This new patlway could exclude a step im the chain normally associated
with energy-rich phosphate transfer.

Cremer (20) then proceeded to show that triethyl tin sulfate was
an active inhibitor of ereatine phosphste synthesis in brain slices;
furthermore, the orgenic cempound appeared to be more sensibive to
triethyl tin than to axygen sonsumption.

A finding of uwimost importance in explaining the basie biochem-
ical aberrations in allyl tin edema resulted from studies with NaZ*,

It appears that the earliest change produced by triethyl tia in vive
is a stagnation of the sedium pools of the cercbrospinal flwid and
brain. 7This could result fram an iphibition of the eupply of energy
necessary to maintain the mechaniswm which conitrols cerebral salt and
water balance (20).

It is interesting that the alkyl tin compounds do not imbibit
angerobiec glycolysis of brain hemogenates, in view of the work of
Streieher, Prokep and Klatse (159) who were unable to produce tri~
ethyl tin edema in lmmeture rats and cats. It is well known that in
the presence of anoxia the very young and immature animals ave capable
of utilising quickly and efficiently the anaerobic breskdown of glyco-
gen to satisfy the energy requirements of their central nervous
system (149},

Also it has been suggested that the prolonged perioed of cemtral

nerveus system depression showm by the triethyl tin-treated animals
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could be related to a centrally-msdiated relesse of calechelamines
from the brain and adrenmsl medulla (103).
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SURMMARY AND CONCLUSIONS

An axperimental model of the clinical condition was utilized te
study cevebral adems. This was accomplishad by the wse of triethyl tin
acetate, which was administered either intrsperitomeally or by inclusion
in the ratts focd and water depending on whather scute or chromic
corebral edema was to be induced, This model is thought to be extremely
practical not only becawse of its consistency and dependability - as
documented in this work - but also because it sllows the simultancous
observation of several key parameters.

& preliminary study of the classical dehydration technique for the
detemination of braine.water comtent resulted in a move reliable and,
possibly, a more valid modification of that procedure,

Cerebral edema, thsn, as produced im this investigation, was
characterized by: a) an incresse in brain-water contemt; b) a calculated
tcoxebral swelling® of 11% te 12.5% in acute and chronically intozicated
animals, respectively; c¢) typical symptomatology and associsted body
changes; d) changes in brain-tissue electrolytes, which congisted of 2
33% to 36% increass in sodimm, a 31% to 49% increase in caleium, and &
3% to 2.5% increase in potassium for acute and chronically treated
animals; and ¢) by distinctive bistological findings. These relied om
both 1light and microscopic observations indicsting myelin distention
with vacuole formation which seeén most certainly due to the presence of

sdesma fluid. These two microscopic metheds alsc suggested that s
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neuroglial reaction oceurs in the course of cevebral edema with the
astrocytes being the prebable incriminating cell atructure.

Evidence presented for the absence of a significant iatercellular
space in the normal brain coupled with a similar finding in the model
cerebral edema is consiataﬁt with current opiniens on the subject.

The histological observations have been sccompanied by an attempt to
demonstrate base«line mormal structures by electron microscepy.

This work would indicate a more important fumction for the studied
neuroglia than their mere vole as supporting tissue of the ceatral and
peripberal nervous system. Certainly the lack of a significant cerebral
extracellular space emphasizes the meed to postulate some other anstome-
1cal location for the water-ion compertment., Furthermore, the natuze
of the physicoe-chemical changes detected in the experimental model
sugpests that in cerebral edema there must occur an lmpairment Qf the
mechanism which controls cerebral salt and water balance,

¥inally, 1t is suggested that this experimental model might be
useful in the pessible evaluation of new therapeutic measures and agents

to be used in the treadtment of cerebral edema.
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APPENDIX

COMMOWLY USED ABBREVIATIONS

BBE -~ bleed-brain barrier

BLB - blood-liguor barrier

BW ~ body weight

CA - carbonic anhydrase

B3 -~ central nervous system

C5F ~ ¢erebrospinal fluid

'DIBV - differential index of brain volume
PAB — formel ammoniwm bremide (bromformalin)
ICP - intracranial pressure

ip - intraperitoneally

1BR - liguor-braim barrier

olige - oligedendrocyte

PAS - purified protein derivative of tuberculin
ppa ~ parts per millien

PTAH - phosphetungstic acid hematexylin
TETA ~ triethyl tin acetate
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CALCULATION OF ELECTROLYTES FROM TISSUE SAMPLES (usimg flame photometry)

Formmla = gmg—m—l lard * consentration
vhere unknown is the reading of the sampls io be measured.

Standard is the reading of stock solution (after adequate
dilution).

Concentration is the original concentration of etock selutiom.
Example: leasurement of Sedium in a brain-tissue sample

Tissue weight prior to ashing = 0.11647 grams

Unknown reading = 4l

Standard reading = 30

Original concentration of stoek selution = 150 mEq/L

Dilution of steek solution to make standard = 1/100

Dilution of ashed tissue sample = diluted to 25 ce

Therefere % x 150 = 153 mEq/L or 153 x 102 nEg/ec

(and because of stoek dilution) = 153 x 103 nBg/ec

(since sample was diluted wp . 3 g2 -5
te 25 ec, multiply by 25) 3,825 x 107 miq

Then wsing simple ratie:

If 3,825 x 10-5 mBg of Ha® ave present in 0.11647 grams of tissus

¥ mEg of Ha™ are presemt in 1@3 grams of tissue

%:822 3; 1072 - %

X = 328.411 mBg/kg of dry tissue, which is the sodium
concentration in our tiseue sample





