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One of the first steps in the extraction of
beryllium meral irom beryl is treatment of
the ground ore with suifuric acid in order
to form bervilium :uifate. In subsequent
steps the suliate is purified and converted
to the oxide by caicination. During these
operations. in certain circumstances. plant
personnei can inhaie bervilium sulfate in a
particuiate state Willlams!). For this
reason an experimental investigation of the
biological action of inhaled bervilium suifate
has practical significance.

From the point of view of biology. a study
of bervllium sulfate presents the advantage
that the compound is readily soiuble. In
tnvestigations of the chronic biological ef-
fects of bervilium products, the over-all re-
sults of inhalation experiments conducted
with beryilium metal fume and with the
poorly soluble compounds of beryilium have
been comparatively unrewarding. Thus, it
has proved particularly difficult to reproduce
in experimental animals the type of granulo-
mata characteristic of the human chronic
pulmonary disease (Schepers?).

The present paper records the results ob-
tained from a series of studies on the long-
range effects on the rat of inhaled beryllium
sulfate. Acute and subacute toxicity studies
on inhaled beryllium sulfate have previously
been conducted with six species of animals
by Sprague. LaBelle. Pettengill. and Stok-
inger.> A total of 36 animals were studied
for periods not exceeding 40 davs. Of these
animals oniv 10 were rats. While a wide
range of biochemical, hematological. and

Received for publication Oct. 8. 1936.

Director Saranac Laboratorvy and Trudeau
Foundation «Dr. Scheoers) and Associate Di-
rector Sarapac Lanoratar. Mre Durkan

kd
4

pathological criteria was expiored. nniv the
pulmonary reactions are relevan: to the
present inquiry. The animais showed puk
monary edema to a variable degree. It was
most marked in hamsters, rats. and rabbits
and least evident in guinea pigs. \While in-
fammatory exudate in the terminai bronchi
and focal atelectasis characterized the lesions
in rabbits. hemorrhages into the alveolar
sacs occurred in the hamsters. and the rats
showed a moderate degree of infitration of
the pulmonary tissues bv neutrophiles and
monocytes. These results are significant in
that they indicate that beryllium suifate is
capable of provoking considerable pulmo-
nary damage when inhaled. It should be
noted, however, that the above siudies were
conducted with an aerosol concentration of
90 mg. of BeSO,4H:O per cubic meter—
a very high dosage.

Systematic investigations into the long-
range biological action of bervilium and its
various compounds were initiated in the
Saranac Laboratory in 1943 by the iate Dr.
Leroy U. Gardner. These studies have con-
tinued without interruption until the present
tume. Threeof us (T. M. D.. A. B. D, and
F. T. C.) have been associated with all
these experiments from their onset. One of
the projects undertaken was an inhalation
study with bervllium sulfate. The lack of a
toxic effect of a mist of bervilium :uifate
inhaled by guinea pigs for three hours dailv
for periods lasting from two and a naif to
four and a quarter months has been re-
ported by Vorwald.* The only reaction was
the sparse production of large mononuciear
alveoiar phagocytes.

Following the experiments in which Jervl-
lium sulfate mist failed to produce -ign:n-
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JFINHALED BERYLLIUM SULEATE

cant PULMONAry <nanges in exposed guinza
pigs. ».mar IMN21alon siuqies were carried
on wih rats. Material derived from those
siudies nas not been at our disposai. and
+he restiiis 0 De recorded in the present
paper are nased on work :udbsequently con-
Jucted by nieans of grants-in-aid awarded to
the <emuor investigator G, W. H. 3.3,

~ Materials and Methods

For the experimental investigatuon several pounds
of bervilium suifate were obtained in 1949 from
the Clifzon Products. inc.. through the cooperation
of the Atomic Enerzy Commussion. This onginal
shipment has been the source mater:al for ail the
experimental studies with bervilium suifate sub-
sequently carriea on at the Saranac Laboratory.
The matenal 1s a white, coarseiy granuiar product
soiuate 1n water ana on x-rav diffraction examina-
non vieids a pattern Iike that reported for
BeSO.4H.O*

The essentiai experimental principie comprised
exposure of rats to an aerosol of bervilium sulfate
in speciailv constructea octagonal chambers (Utr-
ban*) All the chambers empioyved were 1denucal
in every respect. These chambers were segregated
in a special sealed-off section of an outbuilding
both t0 provide greater safety for personnel and
to mmimuize the risk of accidental exposure ot other
amimats. The volume of the chamber was about
30 cu. 1., and iresh air was drawn n at the rate
of about 3 to 10 cu ft. per minute. \Whenever
animais were residing within the chamber, a con-
stant suppiy of fresh air was mamtamned for 24
hours a day. This air was passed through a Fiber-
gias filter. the main purpose of which was to
zuard against any contamination ot the atmosphere
in the event that, through an accident. the chamber
air should happen to be discharged back through
the (niet.

T> produce the aerosol, the bervilium sulfate
was -lissolved :n distilled water to make a2 1%
sointion, and the solution was atomized into a fine
mist, which was introduced into the iresh air
stream to the chamber at the pouwnt of inlet. located
At the rop center. The amount of compressed air
used for atomuization of the bervilium suifate soiu-
ban was neghgible in comparison with the total
\niume of air passed through the chamber. Smoke
studics ot the pattern of air fow revealed that
the aernsol was unitormly diffused throughout each
chamher The outgoing fltered air from all the
cha-ciers was led into a single duct and passed
= - a1 Zml gitraditer before being discharged
Nty the armnsnhnere.

Mt rezwiar atervais the atmospheric concentra-
TNt cer num suliaze n each cramner was de-

termined bv chemIca: inalysis. L0 cotiecung sam-
es [OT Anatvysls, i wWis wimmamwn (Tem the in-
terior or tne champer at 1 pownt just apove the
breatming level of the exposed amumais and was
passed througn three intted-disk gas wasmng
bottles connected n senes. Disuiled water was
used as tne coilecung dwd in the botties. Most
of the beryilium suifate trapped by the sampiing
apparatus was recovered wn the frst bottle, but a
small amount was carnied over to the second and
even to the third bottle. Routnely, the contents ot
the flasks, aiter the sample had been taken, were
acidified slightly ana dltered and the sulfate was
precipitated with barium chionde by the standard
gravimetric method. [n a few cases. as a check.
samples were divided into rwo parts. one part being
used for the suifate deterrmnauon and the other
part tor a bervllium aeterminavon Dy the duoro-
metric method of Klemperer and Martin.®

Some ditficulty was experienced dunng the earlier
part of the experiments in mamtining the con-
centration of the aerosol at a uruform level. and
on several occasions wide ductuauons in the beryi-
lium sulfate content ot atmospheric sampies were
observed. Usuaily, however, the concentration ot
bervllium sulfate in each chamber was near the
level sought. For the whole penod ot each ex-
posure phase the atmospneric concentrauon was, on
the average, about 127y of BeSO. (ly ot Be) per
cubic foot of air. -

The number of animals used. their distribution
according to stram. source, and sex. and other
pertinent data are recorded in Table 1. As 1s
evident, a total of 136 aibino rats were exposed
to the beryilium suliate aerosol for periods up to
six months, and a further 1]J9 rats were kept as
controls i1n a normal atmosphere in another build-
ing. Special precautions were taken to ensure that
the control animals would not be exposed acci-
dentally to any bervliium.

The Sherman rats used in the experiments were
obtained from two separate commercial suppiy
houses ( Manor Farms and Sprague Dawiey). The
Wistar rats represented animals from the Saranac
Laboratory colony which had been bred at the
Laboratory during the past 10 years. For practicai
purposes the female ammals predominated in the
experiment, but a surficient number of males was
included to be sure that the effect ni sex wouid
not be overiooked in evaluaung our resuits. At
the start of the experiments the rats of the Sher-
man strain ranged in weight between 30 and 110
gm.. and the rats of the Wistar strain between 140
and 210 gm. =~

Two basic experiments were conducted: In one
(Study A) the period of exposure to the beryilium
sulfate aerosol ranged from 1| day to 30 days.
while 1n the other (Study B) the penod was 180
lavs. As part of the experiments special atrention
was gnen o the control ammais -« Studies C and
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TABLE | —Tabduianion or R3is 1n Cxservment on the Bioiogscas Action of Serviaum
= Juraie derosos .
" Expenimentai Group: -Cxposed to Bervilium Suifate Aercsol for
Different Lengins ot Time and Thereatter
Allowed 0 Reside in Normai Aur

Controis: Never Exposed :0 Bervibhum Suliate Aerosol

- — + ———————— . —— -
N b mtr A MO VM MM W A3 kma
ot ) N

Anumsl Series
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Nao. of animais
i { Sherman
. Wistar
L. [ Sprague Dawley
e Sowree { Manor Farms
s . 1 3aranac Labocatory
Sex [ ferdale
b moe
Dursrion of evposure. days
Average concentrarion of Be5O. v.cu. ft.
A Perod 1a oormal air, ;0.
N [atercurrent desths
[ Cnder exposure
L. (o normal arr
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D). In the first study (Study A) three groups,
cach composed of seven rats, were exposed in the
same chamber to the aerosoi for, respectively, one
» day, one week, and one month. [n the case of the
one-day exposure the bervilium suifate mist was
disseminated for 8 hours, but the rats remained
in the exposure chamber for a further 16 hours.
! On removal, four were immediately killed. while
k. three were allowed to live in normal air for a
r- 9, period of three months. A similar procedure was
o followed for the rats exposed for a week and for
:, a month. It should be noted, however, that 2 week
. ' in this case represents an exposure to the beryliium
sulfate aerosol of eight hours a day on five days,
four hours on Saturday, and no exposure on Sun-
R day. These nine amimais that were allowed to
‘ survive in normal air are not reported on in this
study but will form the basis of a subsequent
communication dealing with the delayed effect of

: transient exposures to beryllium compounds.
, - For the 115 rats which inhaled the bervilium
sulfate aerosol for 180 davs (Studv B), a sched-
ule uimilar to that of Study A was foliowed, but,
owing to limitations of space, the ammals were
exposed in three separate chambers, and the experi-
ment was conducted in two phases. During the
period while the ammals were being exposed to
the bervllium sulfate aerosol, 36 of the 136 rats
died. and a further 29 were killed. Of the latter

- -

group 15 were sampled on compleuon of the full

penod of 180 days of exposure. and the other 14
were killed prior to the end of the third month of
exposure. [n addition. there were the nine rats
mentioned in the preceding paragraph. This left
a balance of 32 rats which were transierred to
normal air and observed for penods up to 18
months. During this ume 12 amimals died. and the
remainder were killed in the order shown in
Table 2.
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Qf the 139 control arumals 70 were of the Sher-
man strain ( Study C) and 69 of the Wistar strain
(Study D). These anumais were killed in sets ot
three or ifour at intervals of two months. Only
five of the Sherman group and five of the Wistar
group died of naturai causes. The changes which
developed in these two strains of laboratory rats
could thus be followed over periods of 20 and 2
months, respectively, and could be contrasted with
the lesions provoked in the lungs of the rats which
had been exposed to beryllium suifate aerosol.
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Intercurrent Deaths

Since Sprague. LaBellg, Pettengill. and
Stokinger 3 had previously demonstrated that
animals which inhaled beryllium sulfate
aerosol in relatively high concentrations de-
veloped an acute form of chemical pneu-
monitis. the prevalence of spontaneous
deaths in our series of animals requires
some comment. As is shown in Table 2. the §
majority of those deaths occurred during
the first three months. The fact that no anf-!
mals from the control group died during.,1

e

1

o oo @ 0t bt o @

this period tended to incriminate the b“"-"ljf
lium sulfate as a factor in the cause ot
the deaths. The majonity of these an:mals
died from a subacute to chromic tvpe of
pleuropericarditis with a tendency to chronic
macrophage pneumonitis and muitiple ab-
scess formation. No pathogemic bactena
could be isolated from these lesions. Never-
theless, in spite of these indications that the
bervilium sulfate may have been the cause,

-t 8 Bbow .
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TABLE 2 —CEFe:t of [nnauea Oerviiium Suifsie derosoi om tne Lungi or Rats-
Fross Ohseranions

Jross Qbservstions

Misceilapeous Reactive
wesions = Bl o}

Pulmonary
Tumors

No.of
Anumsis

peri0d of
g gperiment.
Mo.

Modae of Desth

Portenndiniy

Erposure to Berylhium Jullite Aerosol
Ca to 1 18 dted
T sad 1

¢ sad

Plouilhy
Disrete
4 ouduscent

Alideexs
Madium
Suwml

)

Residence 1o Normsl Alr After Six moaths. Etposure to Berviltum Sulfate Aerosoi
M 5 N ed .. . 3

9 4 dt

\ 2 xilled
4 killed
i dled

6 killed

4

figures 1n Columns | ro 7. under Gross Ohssrvations. refer to the number n{ snimals in which the lesion was found: tn Columns

§ 1o L1, to the numoer of tumors found.

we are satisfied. for the following reasons,
that the deaths represented an intercur-
rent epizootic. First, deaths ceased rather
promptly after sulfathiazole and sodium bi-
carbonate were added to the drinking water
furnished to the animals. This therapy was
continued for a period of several weeks,
unul there were no more deaths. Second.
the deaths were limited to animais in the
first two chambers in which bervilium sui-
fate oxposures were’ maintained.
thire chamber. in which exposures were
commenced several months after the ex-
posures in the first two chambers were
terminated. no deaths occurred during the
full six-month period, nor were there anv
fieaths in the animals exposed for a month
! Studv A. In more recent experiments
additional sets of 10, 110, and 30 rats have
been cxposed to a bervilium sulfate aerosol,
"hf\‘?‘- had about the same concentration as

inre. for periods of nine. six. and three
month.. respectively, without losing a singie
immal. This suggests rather conclusiveiv
tat 1t 2 concentration of approximarely

In the-

12y per cubic foot of air beryllium sulfate
by itself does not induce either an acute or
a subacute pulmonary inflammatory reaction.
The possibility that the inhaled beryllium
may have facilitated a latent virus-caused
pneumonitis has not, however, been wholly
excluded. In this connection it may be
mentioned that the rats bred at the Saranac
Laboratory have been reiatively disease-free
for a considerable time.

Pulmonary Responses During Exposure

Prior to the third month of exposure there
were no pulmonary reactions other than
those associated with the intercurrent in-
fections. In those animals that died during
the fourth and Aith months of exposure,
isolated gross foct of reaction couid be iden-
tified, but they were not clearly linked to
the inflammatory process which killed the
animals. Histopathological changes were
sparse and inconclusive. Mild bronchitis and
puimonary hyperemia sometimes occurred in
amimals which did not die from puimonary

35




Plate [.—A, foam-cell ciuster: Rat 200, exposed to bervllium sulfate aerosol for six
months, then killed; x 330. 8. intra-aiveolar giant foam ceils: Rat 21, exposed to berilium
sulfate aerosol for 6 months. then in normal air 10 months: x 800. C, focal mural cellular
inftitrauon : Rat 198, exposed to bervilium suifate aerosol for six months. then killed: v 173
D. focus of interstitial ceilular innitranon and partial fibrosis. surrounded by epithelaiizedi
Jistorted aiveoli: Rat 26. exposed to bervilium sulfate aerosol for six months, then in narma
air six months; X 03.
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JQisease  Alsc.:n the cier orzans surveved
(liver soieen. kidnev pancreis. tavrad.
suprarenai. puimonary and hepatic ivmpn
nodes no aonormautes couid be demon-
arated. o these organs the bervilium sui-
{ite erther proved 10 2e nert as a direc:
chemicai pathogen or Z:d not become de-
posited 1N concentrations sumcient to pro-
oke even the jeast cyiological deviauons
commoniv associated with mid metallic
toxIcty

In the majority of the ammais kiiled at
the end of six months of exposure to the
bervilium sulfate aerozoi. there were macro-
Leopicaily detectable mulnpie smail gravish-
white subpleural foc: of reaction in variable
numiners « Tabie 2). In most instances the
lung: -wvere moderateiv well seeded with
such discreze lesions. and in about half the
cases there was some tendency toward
marginai coaiescence of individual foci. On
histological examination the macroscopically
detectable gravish-white foct resolved them-
selves into zones of reaction of vartabie
composition.

Foam-Ceil  Clusters.—Collections  of
foamy macrophages n several adjacent sub-
pieural lobuies were the chief explanation
for the macroscopicailv detectable lesions
«Plate [.4. B% Each of the animals killed
at the end of six months possessed such
foam-ceil clusters Table 3), and an aver-
age of about three ciuster units could be
cnunted in single whoie-iung sections passing
through the midcoronai plane. There was
cnnsiderable variation in the prevalence of
these areas. some rats showing as manyv as
eight while others had only one or two.
There was variation aiso in the number of
alveolar spaces invoived in each unit. but
In most instances it was clearlv apparent
that the foam ceils had congregated within
discrete puimonary lobules. Marginal con-
Huence was achieved through involvement of
<Antizuous lobules rather than through spill-
Ag? ¢ the reaction bevond the anatomical
imils of individual icouies. At this eariv
“lage the maiority o1 the arfected areas lav
'Mmeliateiv Jeneatn ne pleura. In those in-

tances wnere Joam-ceil Jiaaters were
lemonsiradie more cenrrany. ey were gen-
2railv ccnnned :o lung parenchyma aputting
sn ramincations of larger diood wesseis or
Sronchi.

The foam-ceil umits possessed further
characteristics worth recording. The com-
ponent foam cells varted irom smail
mononucieated to large muitinucieated
macrophages. The nuclear chromatin stained
intensely, and there were large karvosomes.
The cyropiasm was relativeiv  excessive
and somewhat granular. and the vacuoles
which usuaily impart to such ceils their
foamy character were as vet relatively
smail. The foam ceils were not vet crowded
rogether excessively, but in rmost cases
#ach aiveolar space within these unit areas
possessed two or more cells per plane of
section. The cell boundaries were exception-
ally sharply defined.

The presence of such {ocam-cell-flled
lobules. though arresting in appearance. does
not vet constitute a specific type of puimo-
narv reaction, as similar cell clusters have
been described by other authors (Innes,
McAdams. and Yevich®). \We have ob-
served this phenomenon in inhalation ex-
periments with amorphous silica dust,
though the foam cells do not usually occur
in quite such abundance as was seen in the
present instance. [n the normal control ani-
mals (Table 4) isolated foam-cell clusters
occurred only rarely.

Focal Mural Infiltration.—At numerous
points within the lungs the alveolar walls
were thickened either by proliferation of the
cells lining the alveoli or due to infiltration
by macrophages. The occurrence of such
toci of mural innltration was sometimes re-
lated to areas where foam-cell clustering was
also present. However. foam-cell clustering
occurred in some instances without any as-
sociated mural thickening. On -the other
hand, thickening of the wails unaccompanied
by foam-ceil clusters was also observed. In
enumerating the foci of mural infiltration
for the purpose of constructing Table 3.
anty those foct were recorded in which no
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TABLE 4 —Rate o Occurrence 0° Pu.monary Lesions i Raxr Resiging w»n
Norma: S0 Omy

Puimorpary Lesions®

No.
Male

Dominant

Fexmsle Lesion*

Shermag Strain
5. D.

:D

Y i

L E.
Wuatar «tran

-t
-$

P-1
Pl-2

Mural tufibtrations
Ladimtug Probiforetion,

of Supal ¢

Fuocal Metaplusin

{Al
Qrstudumnta

Novplasniata

= Abrcess

= Broacniectasts
= E1udation 10t alvenil

= Pneumonitis (13eerstitial)
-

-

Ezxpianaccons of Abbrevistiuns:

S.D. §
M.F. =)
3. L. = Saraaac Labors!

5. tory
- n the coiumn under Dominant Lesion refer to the number of animals exhihiting each dominaat lesion, and the figures
[ J::"c:l'.l’;& Tutm:r F‘Iulmomry Lesions refer to the total sumber of iesions seen (n all amimals killed.

{oam-ceil clusters were present. Such iso-
lated zones of mural infiltration occurred
oftenest in peribronchial or periductal
alveoli (Plate IC). No stromal elements
could be identified. the mural thickening
be':rz due to ceilular elements. Generally,
ton. the innltration produced no gross dis-
tortion of the peribronchiolar alveolar
spaces. but occasionally some atelectasis with
resultant focal consolidation supervened
{ Plate ID). As may be inferred from Table
3. this phenomenon was as vet infrequently
observed in the animals killed at the end
of the six months’ period of exposure. In
the control rats of approximatelv equal age
ctatparable foct of mural cellular innltra-
tion were rarelv seen. :

Epithetialization of Peribronchici Alve-
0ii —Next in exzent, but probably 1o less

significant in importance, was the multifocal
epithelialization of peribronchial alveolar
spaces. In most instances this epithelial re-
action commenced unilateraily in relation to
an alveolar duct (Plate II4), but in other
areas it surrounded the bronchioles (Plate
IIB). The epithelium covering the surfaces
of these alveoli tended to assume a low
cuboidal character. The nuclei were closelv
crowded and tended to be relatively pvknotic.
Sometimes the affected alveoii appeared to
be somewkhat atelectatic; at other times they
seemed to be distended. Foam ceils and
macrophages were often seen within such
alveolar spaces, but in other instances the
alveoli were empty. There was no tendency
at this stage for these alveolar epithelial
cells to be shed. An indisputable connection
Setween the aiveolar ductal epithelium and

9
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Plate [[.—A, alveolar spaces lined by highly cellular cuboidal epithelium undergoing dis-
tortion and distenuon (note foamy macrophages): Rat 42, exposed to beryvilium suliate
azrosol for six months, then in normal air six months, then killed; X 350. B, parabronchiai
evaginauon of bronchial epithelium: Rat 198, exposed to beryllium suliate aerosol for six
months. then killed: x 173. C, lobular proliferauon of alveolar wall sepal cells: Rat 14+
exposed to bervilium sulfate aerosol for six months, then killed; X 65. D, cytological detast nt

part C: Rat 143, exposed to beryilium suifate aerosol for six months, then kiled: x 300
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.he new epithehium could be demon.strated
,‘n some areas: :n otner ZHSK?I.HCES the wo
votems did not appear to De conunuous
;m'n each other. aithougn serai sectioning
wul have o be resorted to beforF such a
-onnection can pe ruled out. \\.rherg the
cpuncilaixzat:on ended, .‘.t generau)..' did so
apruptly. 50 that an aiveoius cgr..nd some-
qmes be seen to be partiy lined with 4cuoc~>|dal
cells and partly devoud of any epithelium.
One to three such foct could be dgmoqstrated
per midcoronai whole-lung section in each
of the rats kiiled at the end ot -Slx months
of exposure to the bervllium sulfate aerosol.

No epithelializations of alveoiar w:%lls
couid be demonstrated in rats of comparable
age from the control series. [t shoul.d be
noted that in man and other animals
epithelium sometimes forms in lung areas
which have been isolated by a process of
fibrosis. Tvpical examples of this type of
epithelialization have aiso been observed in
animals exposed at the Saranac Laboratory
to oil smoke. In the present series of ani-
mals there was no indication that the
epithelialization of the alveolar wails was
due to isolation of the affected areas.

Lobular Proliferations of Septal Cells.—
A fourth distinctive type of lesion was dis-
covered at the end of the six months’ period
of exposure to bervilium sulfate. It man-
ifested itseli as discrete lobular prolifera-
tions of alveolar wall surtace cells. Under
low power these foci were readily discerni-
ble by virtue of the relative prominence ot
the chromatin and the close crowding of the
muitiplving ceils lining the alveolar walls
{Pate 1IC). At the edge of each focus
of proliferation there was an abrupt zone
of transition to the normal pulmonary
parenchvma. It was noted that the alveolar
spaces were not significantly occupied by
cells. though an occasional macrophage oc-
curred here. and some of the proliferating
cells could be seen in the process of being
shed into the lumen (Plate IID). In some
cases several of these centers of proliferation
cou'd be demonstrated per midcoronal whole-
lung section. while almost every rat pos-
sessed at least one such area.

JNESLID BERYILIUM SULFATE

In the control seres no comparabie iesions
¢ouid be demonsirated

Feocal Metapiasia or dveoiar Wails.—In
one or the rats kiilled at the end of six
months of exposure 0 the bervilium suifate
aerosol. three areas were found 1n a whoie-
lung section taken through the midcoronal
plane in which alveoiar walis had become
the seat of focal metaplasia. The ceils were
of an unusual type, and nothing comparable
was seen in the control series.

Granulomata.—Three small granuiomata
were found in one of the animals killed at
the end of six months of exposure to the
aerosol. They were near the pleura and
were composed of macrophages and plasma
cells with interposed crvstal clefts. Such
granulomata were observed in an occasional
control animal but never in rats less than
18 months of age (Table 4).

Veoplasia —At least one indisputable

adenoma and several other probable ade-

nomata were demonstrated in the rats killed
after six months of exposure to the
beryilium sulfate aerosol. In one instance
focal epithelial proliferation had exceeded
a benign cytological condition to such an ex-
tent that the lesion simulated an early
papillary adenocarcinoma. The cells cover-
ing the distorted alveolar spaces showed
many mitotic figures, and those surface cells
which were observed within the., spaces re-
sembled neither macrophages nor foam cells.
and probably represented desquamating neo-
plastic elements. The tumor tissue invaded
the surrounding parenchyma. there being no
capsule. No neoplasia was observed in the
control series of rats.

Postexposure Sequelae

Contrary to expectation, the pulmonary
reaction, which had developed toward the
end of the six-month period of exposure to
the bervilium sulfate. did not subside when
this nocuous stimulus was withdrawn. Not
only was there a progressive increase i the
frequency of the changes observed in ani-
mals killed when the exposure phase was
terminated. but additional features made
their appearance.
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It is of :terest to note that sigmincant
signs of puimonary infection disappeared
soon after the animals were placed in nor-
mal air (Table 2).

The macroscoptcaily detectable foct of re-
action were observed in increasing numbers
and later were seen in all animals. Each
focus tended to become somewhat larger,
and conduence of distinct units came to be
a universal feature until about 14 months
after the amimals had been transferred to
normal air. Thereafter individual foci be-
came smaller and were inclined to be dis-
crete.

The most outstanding development con-
¢erns the appearance of visible and palpable
tumors of increasing size. During the first
four months of the postexposure period
isolated tumors were detected in the hilar
lymph nodes. Thereafter, and until the end
of the 18-month period of survival in nor-
mal air, pulmonary tumors were found in
increasing numbers in the animals which
were serially autopsied. Not all the rats de-
veloped macroscopically detectable tumors.
Some. on the other hand, showed several
discrete growths of different size in one or
more lobes of the lungs. Though it re-
mained for histological examination to prove
the neoplastic nature of these nodular
lesions. the majority had the gross features
ot new growths.

On histological examination of the lungs
of these animals (Table 3) the further de-
velopment of the lesions which were present
at the end of the six months of exposure
to the beryllium sulfate could be followed.

Hyperemia had disappeared. At Ilater
stages there was even a tendency to relative
ischemia. Emphysema of the atrophic
vesicular variety made its appearance in in-
creasing numbers of animals but did not
affect all the rats. Bronchitis was found
sporadically throughout the period, and foci
of metapiasia of the bronchial epithelium
were found in a few of the rats after the
mnth month of residence in normal air.
At various points. but particularly in alve-
olar spaces immediately beneath the pieura.
spindle-shaped crystals were detected. The
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nature of these crystais couid not de derer-
muned. but their optical properties suggested
that they were composed of choiesteroi. in
some instances these crvstals were empedded
in alveolar wails, and at other times :they
were found within some of the granulomata.
Sirmilar crystals have occasionaily been ob-
served in rats never previousiv exposed to
bervllium sulfate.

Foam-Cell Clusters.—Increasing numbers
of puimonary lobules became occupted by
foam cells, the incidence per rat lung of
these units reaching a peak toward the
seventh month in normal air. At this siage
a distinct change set in, and in animais killed
in subsequent months progressively fewer
foam-cell clusters were discovered /Fig. 1),
and each unit became smaller.

During the phase of increasing prevalence
of the foam-cell areas the individual cells
grew in size and increased in number until
each alveolar space became virtually choked
with these cells. At the same time the cvto-
plasmic vacuoles expanded. These units
were found in greater number also in re-
lation to bronchioies and alveolar ducts. al-
though the tendency to form subpleural foci
persisted. It is in the latter locations par-
ticularly that conduence of cells and in-
filtration of alveolar walls first became a
conspicuous associated phenomenon. With
the breakdown of the cell boundaries. nu-
clear and cytoplasmic debris collected within
the alveolar spaces, and sharp crvstals could
be seen with fair regularity.

The greater prevalence of mural infltra-
tion at these sites suggests a causal reiatinn-
ship or a common etiology. [t is possible
that products of degeneration of these foam
cells became incorporated into the alveoiar
walls. Soon crystals also appeared :n the
walls, and cellular granulomata forme! in
relation to them. The latter phenomena were
most marked during the phase of decreasing
prevalence of the foam-cell units. Tt is likelv
that the clusters ultimately disappeared. both
because no new lesions were created and
also on account of the progressive break-

of the resultant detritus.
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DELAYED EFFECTS OF INHALED BERYLLIUM SULFATE

ON THE

DATA FOR 84 RATS EXPQSED
TO BeSQq UP TO 6 MONTHS
AND FOR S2 RATS EXPOSED
FOR 6 MONTHS AND THEN
TRANSFERRED TO NORMAL
AIR

RELATIVE

PREVALENCE RATE OF
(0} GRANULOMATA
(b}IFOAM CELL CLUSTERS
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LUNG OF THE RAT

GRANULOMATA

Fig. |.—-Graph showing
tlie evolution and subse-
quent regression of toam-
cell clusters, focal mural
innltration. and granulo-
mara in rats exposed con-
tunuaily to a bervilium
suifate aerosol for 6
months and thereaiter re-
siding in normal air for
penods up to 18 months.
The curves are based on
the comparauve preva-
lences ot the lesions in a
singie midcoronal histo-
logical section of the
lung.

INFILTRATIONS

6 8
EXPOSURE BeSO,

10

PERIOD IN NORMAL AIR

months months

A total of 11 small foam-cell clusters
were found in the lungs of the 139 rats ot
the control series. It is of interest to note.
ton. that these cells were most prevalent
bi.ccen the 7th and the 18th month of the
Jdfe of the normal rats.

Focal Mural Infltrations.—Focal mural
nn1rations increased and later decreased in
fumbers 1n a manner roughly parailel o
the course followed by the foam cells. As

shown in Figure 1, mural infiltration con-
tnued to lag behind foam-cell production
as a temporal phenomenon. This relation-
ship may have an etiological significance in-
sofar that foam ceils became progressively
associated with these regions of mural in-
fitration. As the infltrated areas mostly
occurred peniductaily, they lay on the route
along which foam ceils may hnave been
evacuated from the lung parenchyma. The
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sitight degree of ductal stenosis associated
with the focal murai infitrations may nave
retarded the egress of the iarge foam cells
so that thev accumuiated temporartiy in the
pulmonary iobules.

Focal interstitiai celiular inditrauion aiso
occurred without undue participation of
foam cells. In some instances a small
amount of coilagen could be demonstrated
among the infiltrating ceils, but generally
the aiveolar walls remained cellular. This
fact largely accounts for the subsequent dis-
appearance of lesions.

There is. of course, no proof that in the
animals killed after, sav, the 10th month
in normal air there had previously been
greater numbers of foam-cell units and
mural infltrations than were found at later
stages. Such a point can be settled com-
pletely only by means of serial biopsies in
the same animals, obviously a technically
difficult procedure. The curves of in-
crementation and regression at least suggest
that we are dealing here with evanescent
lesions which reflect retarded pulmonary
responses to the preceding six months of
irritation by the bervllium sulfate aerosol
or which may represent a rebound histo-
pathological change caused by the with-
drawal of the pathogenic agent.

Peribronchial Epithelialization of Alve-
oli.—The fate of the epithelializations of
the periductal alveoli and the sequelae of
the lobular alveolar wall septal-cell prolifera-
tions may now be traced. As is shown in
Figure 2, the epithelialized type of lesion
rapidly became more prevalent with the
passage of time and reached a peak pro-
duction toward the end of eight months
after the rats were removed from the beryl-
lium sulfate environment. Thereaiter epi-
thelialization diminished as a histological
sign with the same rapidity, so that uiti-
mately it was but rarely encountered. Like-
wise, the extent of the lesion first increased
and thereafter decreased. At the stage of
maximum productivity the epithelialized
alveolar spaces frequently surrounded the
bronchioles almost completely. Two types
of reaction appeared in some rats. In the

+H

M A ARCHIUES OF [WIOUSTRIAL AHZALTR

one tvpe oif epithelium the nuciel wers
pvknouc, and the cyvtopiasm scantv
other :ype the epitheiiai cells possessed a
more abundant acidophiiic cytoplasm. [t is
possible that infection may have been a fac-
tor in bringing about these differences. as
neutrophile poivmorphonuclear leucocvtes
were commoner in the lesions of the latter
type of reaction.

What happened to the epithelialized areas
after the phase of their peak production de-
serves some inquiry. At earlier stages the
epithelium often appeared to be fuilv differ-
entiated. even possessing cilia { Plate [1IA4).
These cilia were not observed at later stages.
It is quite possible that at least some of the
epithelial cells were later desquamated. In
many animals such areas of denudation
could be found between zones of epitheliali-
zation, and it is conceivable that with the
passage of time all such newly formed epi-
thelium was discharged into the respiratory
passages. At several sites it would seem as
if individual epithelial cells budded off to
become freely roaming spherical alveolar
cells. In yet other instances such epithelial
cells may have participated in the formation
of giant cells after the relevant alveoli had
become completely atelectatic. In vet further
instances the epithelial chlls became in-
corporated within areas of interstitial fibro-
cellular reaction and, through resorption of
trapped aif spaces, became reduced to mul-
tiple circular foci of dark-staining cells
within a dominantly stromal area (Plate
IIIB). These are the regressive changes.
In a small proportion of cases epithelial

in m2

proliferation appeared to have proceeded vir--

tuaily autonomously with the formation of
papillary processes and secondarv acinar
recesses (Plate IIIC). The borderline be-
tween neoplasia and simple hyvperplasia
could be drawn only with difficulty in many
such instances and not at all in others.

Epithelialization of the foregoing tvpe did
not develop in the rats of the control series
during the full period in which thev were
under observation.

Septal-Cell  Proliferation.—The lobular
foct in which alveolar septal ceils under-
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Plate [I1.—d, ciliated cuboidal epithelium lining atrophic peribronchial alveoli: Rat
42, exposed to beryilium suliate aerosol for six months, then in normal air six months, then
killed: x 800. B, remnants of epithelialized alveoli trapped within a fibrocellular focus; metd>
plasia to solid cords: Rat 20. exposed to bervilium sulfate aerosol for six months,
then in normal air 10 months, then killed; x 300. C, metaplasia in foci of epithelialization of
alveolar spaces; transinon from cuboidal to pseudostratined epithelium, incipient papilloma
formation, and stromal invasion: Rat 20, exposed to bervilium suifate aerosol for 6
months, then in normal air 10 months, then killed; X 350. D, circular foci of squamous meta-
olasia and possibly incipient carcinomatosis origmanung around macrophages and foam ceils:
Rat 27. exposed to bervilium suifate aerosol tor 6 months. then in normal air 18 months.

then killed: x 330.
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went proliteration did not change their
character much as ume passed. These
lestonts ~Thtteaséd * Buf - Howly T ovedal
prevalence and reached a climax oniy aiter
about 13 months from the time of cessauon
of the bervilium suifate exposure. In at
least some cases they were the source of
pleomorphic types of alveolar cells. Not
much stroma appeared to have developed in
relation to them. It is suspected that in at
least some instances these focal prolifera-
tions were the source of certain of the
tumors which developed in these animals.

No comparable lesions were observed in
the control series.

Focal Metaplasia.—At isolated foci in the
lungs of the animals autopsied six months
and longer after the exposure to the beryi-
lium sulfate had been discontinued, foci
of metaplasia of the alveolar lining cells
could be demonstrated. In some instances
there was squamous metaplasia (Plate
[IID). At other sites ciliated columnar or
pseudostratified epithelium predominated.
Though these lesions were not numerous,
their significance as precursors to neoplasia
must be recognized. This metaplasia was
entirely different from that often found in
rats with chronic bronchiectasis and sup-
puration (Passey, Leese, and Knox?).
Comparable metaplasia was not observed in
the control series.

Granulomats.—There can be no doubt that
the present study yielded a particulariy
bountiful crop of granulomata in the ex-
posed animals. Viewed as an objective of
the study, this resuit was a very desirable
one, because for the past 12 years it has
been an endeavor of the Saranac Laboratory
to reproduce experimentally in animals the
pulmonary granulomata characteristic of a
chronic disease exhibited by some industrial
workers exposed to beryllium compounds.
The evolution of the granulomata produced
in the rats by the beryllium suifate ex-
posure is outlined in summary form in
Table 3 and Figure 1. Attention should be
drawn to the fact that, with the exception
of the three instances found in animals at

<6

the end of the six-month period of expasure §§

:0 the aerosoi or berviiium suirate. :he M
RESY ! Y

gfanmomat made their appeararce oniy
atter this exposure had been discontinued.
In their ume of onset thev thus lagged
behind the phenomena of both oam-ceil
production and mural infiltration. However,
there is seemingiv close biostatistical cor-
relation among these three phenomena,
which may signifv a common mechanism
of pathogenesis. In fact, it wouid appear
that most of the granulomata had evolved
within alveolar walls when products of the
degeneration of foam cells became con-
centrated among the infiltrated macrophages.
At least some granuiomata appeared aiso to
have arisen in relation to de-aerated alveolar
spaces vithin foam-cell units.

In" essence, each granuloma consisted of
a central core of large macrophages and a
superficial thin zone of plasma cells. In
most instances, too, a layer of cuboidal or
flat cells covered the surfaces of granulomata
which faced alveolar spaces. Although crvs-
tals were not universally present, they could
be found within individual granulomata
even at the end of 18 months irom the
time of cessation of the bervilium sulfate %8
exposure (Plate IV4). A marked tendency B
was nofed in this series of rats for granu-
lomata to become contluent as their numbers
increased. Toward the 10th month of sur-
vival in normal air the majoritv of the
granulomata were relatively large composite
structures (Plate [VB).

Giant cells of the polymorphonuclear tvpe
sometimes were present in these smail unit
lesions but were more usually observed in
relation to composite granulomata. Crystals
were often interposed between the macro-
phages within the medulla of the granuioma
and sometimes crowded the latter :0 such
a degree that each cell was reduced tn a fat
disk-like structure. At other times the
crystals had apparently formed within giant
cells; alternatively, preformed crvstals had
been phagocytosed by giant cells. [: :s also
possible that in some cases the gunt cells
engulfing these crystals represented macro-




_ Plate 1V.—4, granuloma with crystals and macrophages: Rat J3. exposed to bervi-
lium sul{ate aerosol for 6 months, then in normai air 18 months: X 3530. 8, composite granuioma
tnote fringe of plasma ceils): Rat 19, exposed to beryllium suifate aerosol for 6 months.
then 1n normal air 10 months: x 173. C. giant-cell formation through conruence of epithelial
eils of atrophic alveoli: Rat 36. exposed to beryllium sulfate aerosol for 6 months, then
n normal air 10 months; x 350. D, epithenalized aiveolar space tilled with spheroidal cells:

Rat 13, exposed to beryllium sulfate aerosol tor 6 months, then in normal air 18 months,
then willed; x 800.
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TABLE 3 —Prevaicnce of Larious Puimonary Lesions wm Rats £xposed to Bervilium

Swifate Aerosos and n Rats Never £xposed to Anv Dust

Pulmonary Lesions

Foam-cell clusters

Murai 100 itrations

Epitheiislizacion of penibroachial siveoil
Lobular proliferations of septal cells
Focal metspiasa (Alveou)

Granuiomara

Neopiasmats

Emenimeatat Group 1138):

Cantrol Groap (139)-
BeS0O.upto s Ma.

Normal Aw Oaly

then Normail A:r up o 2 Maoa.

up o 18 Mo.

- —_
No. L:i00 No L.100
333 2 1 3
k- ) 42 1] 1
n 3 0 0
158 116 0 * [}

kol 0 q 9
24 o 9 b

T8 s 0 0

L /100 refers to oumoper of le3:003 per 100 snimals,

phages which had tfused together to form
the multinucleated giants (Plate IV(C). No
conchoidal bodies could be demonstrated.

In the series of 139 control rats oniv nine
granulomata were found and these were
confined to oniv 3 animals. Virtually all
the rats that had been exposed to the beryl-
lium sulfate aerosol developed granulomara.

It may be pertinent at this stage to re-
view the relative prevalence of the more im-
portant pulmonary lesions observed in the
exposed and in the control series of rats.
The total numbers of lesions found have
been assembled in Table 3. No refined bio-
statistical analysis need be invoked to em-
phasize the fact that the seven criteria listed
predominated absolutely in the group of ex-
perimental animals which had been caused
to inhale the bervilium sulfate aerosol as
compared with a control series which was
not knowingly exposed to any beryllium
compound. The seven types of lesion per-
haps constitute a syndrome specific for
beryllium sulfate. It should be further noted
that the majority of the lesions maniiested
themselves only in those 52 animals which
were allowed to survive in normal air after
their exposure to the bervilium was termi-
nated.

Pulmonary Neoplasia.—The lesions which
are probably of the greatest importance be-
cause of the gravity of their significance
are the new growths. Some discrepancy may
be noted between the number of rtumors
detected macroscopically and the number
identifed on microscopy as neoplastic in
nature. A total of 89 tumors were seen or
palpated at the rime of the autopsv on the

18

animals previously exposed to bervilium
sulfate (Table 2), while only 76 tumors
are listed in Table 3 as histologically neo-
plastic. The explanation is simply that in
construcung Table 3 only the new growths
identified in single midcoronal sections of
both lungs were recorded. While it mav be
apparent that many growths which could not
have been identified on naked-eye examina-
tion are included in the histologically neo-
plastic group, it should be obvious, too, that
many others were not enumerated. because
they were not located in the midcoronal
plane. The important discovery of this study

is that there were such extremeiy large -

numbers of neoplasmata.

The-various types of growth identified
have been summarized ing"l'able 6. It is
highly probable that all three retesarcomata
represented metastases from tumors which
probably originated within the abdominal
lymphatic nodes. While neither lymphatic
system tumors nor primary pulmonary new
growths were present in the control series,
retesarcomata have occurred from time to
time in rats used in other studies.
presence in the present series of bervilium-
TaBLE 6.—Veoplasic in Fiftv-Two Rats Erposed

to Beryvilium Sulfate Aerosol for Stz Months

and Then Living in Normal Aw for
Periods up to Eighteen Months

No.
18

Neoplasm Metastases

-

Adenoms

SquaAmOus CArcINOmS
AGianus adenocarciooma 2¢
Papillary adenccarciocms n
Alveolar-cell sdenocarcinomn
Mucirennsus tumor
Eadothetions

Retearcoma
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BIOLVGICAL ACTION OF INHALED BERYLLIUM SULFATE

expused animals. therefore. is not of too
great signincance.

The criteria emploved in deciding that a
nevpiasm was malignant rather than benign
were prumaridy cvtological and histologicai.
{n most instances the malignant tumors were
markedly cellular with epithelium-derived
nssue predominating or even exclusively
lpresent. Mitosis was a prominent feature,
and generally at least one mitouc figure
could be seen per oil-immersion field. No
capsules could be demonstrated. the tumors
infltrating and permeating the surrounding
tissue. The individual cells generally were

larger than the ussue cells of the normal
rat. the nuciet being particuiariv large with
prominent nucteoll. Citen the nuciet varied
greativ in size and chromatin content. with
pailid and pyknotic nucie: sometimes lving
adjacent to one another. In most oi these
tumors this pleomorphism and anaplasia
were associated with functional suppression.
However, in one series keratin was pro-
duced., and in another series there was
mucoid secretion. No necrosis, ulceration.
or hemorrhages occurred in these earlier
stages. The tumors remained relatively
avascular. Attention should be drawn also

EXPERIMENTALLY INDUCED
PULMONARY NEOPLASIA

DATA FOR 84 RATS EXPOSED
TO 8eS0q UP TO 6 MONTHS
AND FOR 52 RATS EXPOSED
FOR & MONTHS AND THEN
TRANSFERRED TO NORMAL
AlR

RELATIVE
PREVALENCE RATE OF

{0) CARCINOMATA

{51 LOBULAR PROLIFERATIONS
OF SEPTAL CELLS

(c) PERIBRONCHIAL EPVTHELI~
ALIZATION OF ALVEOLAR
WALLS

AVERAGE NUMBER 7 MID CORONAL PLANE

Fig. 2—Graph showing
the evolution of pen-
bronchial alveolar wall
epithelialization, lobular
septai-cell proliferations,
and pulmoniry carcino-
matosis in rats exposed
continually to a beryllium
suifate aerosol for 6
months and thereaiter re-
siding in normal air for
periods up to 18 months.
Only lesions detected in a
single midcoronal plane
are recorded.

EXPOSURE BeSOq

montns months

PERIOD IN NORMAL AIR
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to the muitfoca: origin of many of these
tumors 1 severai amimais. In some oniv
one lesion couid be found; in others there
were numerous separate foct of neoplasia.
Other features supporung the malignant
character of these tumors were the tendency
to metastasize and the successful trans-
plantation of the growths into the sub-
cutaneous tissues of new host rats. Some
of these secondarv and tertiarv growths
produced metastases.

The first unmistakably malignant growth
was found in one ot the animals killed at
the end of six months of exposure to the
bervilium sulfate aerosol. A second was
detected in one of three animals sampled
at the end of a week aiter the cessation
of the exposure. Thereaiter tumors became
progressivelv more frequent until the 13th
month of residence in normal air had been
reached, whereaiter the prevalence rate de-
clined rapidly (Fig. 2).

The main varieties of tumor found have
been classified in Table 6. Not included in
these series are a number of focal lesions
in which epithelium-lined lacunae were
found flled with spheroidal cells (Plate
IVD). These cell masses may represent the
product of continued multiplication of the
epithelial layer and thus be equivalent to
an alveolar granuloma. On the other hand,
these cell .formations may be examples of
carcinoma in situ.

Squamous carcinomata occurred both with
and without keratin production. The kera-
tin-forming squamous carcinomata appeared
to be slow growing. In several instances
tvpical epithelial pearls could be found. The
stratified epithelium characterizing these tu-
mors was remarkable chiefly for the exces-
sive size of its nuclei. the acidophilia of the
cvtoplasm. and the marked propensity for
forming flat cornified superficial laminae
(Plate VA). The variety without keratin
presented muitiple trabeculae covered with
stratified epithelium on both surfaces and
expibiting a variable amount of stroma
(Plate VB). These epithelioid tumors
tended to be reiatively expansile, and cell
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One of these epitheliomatous growins was
associated with a metastatic deposit tn the
hepatic lvmph node. The umors appear o
have arisen from alveolar wail epitheiium

which had undergone metaplasia. Several]

such foci of stratification could be seen in

relation to foam-cell clusters and at thc}

edges of granulomata. At least one of these
cancers originated around a partly degen-
erated granuloma.

The adenocarcinomata were the most
numerous. They occurred in several varie-
ties, and it seems highlv probabie that these
tumors are the malignant anaiogues of the
epithelial hyperplasias already described.

The acinous type of adenocarcinoma was
most prevalent (Plate VC). Sometimes the
tumor consisted simply. on cross section, of
numerous circular groupings of proliferating
cuboidal cells, and it had expanded mar-
ginally by the multiplication of these hollow
acini. The intervening stroma generally re-
mained scanty, but rarely some collagen was
produced. At the tumor edge there ire-
quently was an abrupt line of transition
from anaplastic to normal tissue. The acini
varied” from relatively small rings of cells.
with scarcelv a lumen. to felatively dilated
spaces. Both appeared to be equally ma-
lignant. and sometimes histological lesions
of both tvpes were found in the same tumor.

The papillary adenocarcinomata probabiyv
were simply variants of the foregoing tyvpe.
in which epithelial hyperplasia had pro-
ceeded at such a disproportionate rate that
sessile or villous projections of epithelium,
ecither with or without any stroma. pro-
truded into the acini (Plate VD). In some
instances the acini became virtually occluded
by the papillae. At their margins these
tumors sometimes sent out solid ceflular
projections into surrounding noncarcino-
matous lung tissue. At other times the
acinar processes invaded adjacent areas nrst.

The designation of the alveolar ce!! carci-
nomata as such is based on the observation
that these tumors were almost soild masses
of maiignant cells at the center, their mar-

]
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Plate V.—d. puimonary squamous carcinoma; incipient keratogenic growth with multiple
pearis and proliferating basal layers: Rat 1, exposed to beryllium sulfate aerosol for six months,
then n normal air six months, then killed; X 175. B, pulmonary squamous carcinoma; epithe-
fiod growth showng stratified bilaminated trabeculae which do not produce keraun: Rat 19,
exposed to bervilium sulfate aerosol for 10 months. then in normal air 10 months. then killed;
x 230. C. pulmonary acanous adenocarcinoma; acinous adenocarcinoma with small lacunae and
delicate collagen bundles: Rat 15. exposed to beryliium suliate aerosol for 6 months, then in
normal arr for 18 months, then killed: X 175. D, puimomary papillary adenocarcinoma: stromna-
containing peduncuiated papiila in a papillary adenocarcinoma: Rat J6, exposed to beryllium
sulfate aerosol for 6 months, then in normai air 10 months, then killed; X 730.
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Plate VI.—A, pulmonary alveolar cell carcinoma; neoplastic cells derived from septal-cell
elements beginning to fill an alveolar space: Rat 6, exposed to beryllium sulfate aerosol ior
6 months. then 1n normal air 10 months, then kiiled; X 800. B, pulmonary mucigenous tumor:
contluent mucus-containing  epithelium-lined loculi (note advancing columns and peripneral
round-ceil reaction) : Rat 30, exposed to berviiium sulfate aerosol for 6 months, then n normal
air 10 months. then killed; x 10. C, endothelioma of the pleura: Rat I8, exposed to bervilium
sulfate aerosol for 6 months. then in normal air 12 months: x 330. D. argentophiitc res:cutum
supporuing ceils of retesarcoma: Rat 33, exposed to beryvilium suifate aerosol for 6 maontis,
ken in normal air 10 months; x 330.
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gins showing that the component c¥tologreal
eiements were dertved by universal ana-

plastic proiiferation of alveolar liming cells
into the puimonary aiveoli (Plate VIA).
Slightly more centrally from the tumor
edét. the cells irom ooposite sides of the
alveolt couid sometimes be seen to meet and
thus to obliterate the air spaces. At yet
other points neoplastic cells were shed into
the alveolar lumen. Fundamentally, there-
fore. these were also alveolar-cell carcino-
mata. .

No attempt was made by the alveolar-cell
tumors to evolve either new acim or to be-
come trulv papiilomatous. In some of the
less vigorously developing tumors. the ong-
inai alveolar architectonic pattern was pre-
served. but the air sacs were flled with
neoplastic cells which contrasted sharply
with the intervening nonmalignant stromal
cells. In quite a few instances the asvm-
metrically proliferating alveolar ceils tended
to form central bodies of polyhedral cells
attached to the alveolar wall along one edge
but unattached elsewhere. The provisional
indications appear to be that these tumors
arose out of the lobular alveolar septal-cell
proliferations already described.

A number of mucigenous carcinomata
were discovered. Their malignant nature
was heid in doubt, and they were at first
classified as mucigenous adenomata until at
least one indisputable instance of metastasis
couid be traced to one of these tumors. The
disproportionate amount of mucoid contents
ous nature. The mucoid contents of these
tumors were clearly derived from secretory
cells among those forming the lining of epi-
thelial membranes. Some of these cells re-
sembied goblet cells. In typical fashion
many ot the epithelial cells became separated
from the stromal base and became inbedded
in the mucoid substance, leaving sectors of
the ariginal acinus denuded (Plate VIB).

115 change was generally furthest advanced
toward the centers of the tumors, thus creat-
Mg an illusion of aceilularity here. There
Wl ais0 a iendency for interruption of
alveniar wails 1n the deeper reaches of the

BIOLOGICAL ACTION OF INHALED BERYLLIUM SULFATE

tumor .with sequential conduence of mu-
coid masses. Thus, 3 muitloculated char-
acter was imparted to some of these
tumors. Along the expanding edges of the
tumor the cytological elements were better
preserved. and it could be seen that the
growth invaded surrounding lung paren-
chyma by means of solid cords of cells
which subsequently acquired a lumen in
which secretions collected. Such advancing
trabeculae sometimes insinuated themseives
around obstructing - major blood vessels.
There was also a fairly distinct tendency to
lvmphocytic and plasma-cell reaction to the
presence of these invading columns. a fea-
ture not observed in connection with other
tumors of this series, :

The source of these mucoid tumors was
not readily apparent. There is a strong
suspicion that they arose from the epithe-
lialized alveoli which surrounded certain
bronchi (Plate 11B).

The single example of an endothelioma
or mesothelioma encountered in these ani-
mals was located on the pleural surface of
the apex ot a basal lobe. It showed no tend-
ency to invade the subjacent lung but had
spread lateraily and into the pleural fissure.
In structure it consisted of solid cords of
pleomorphic proliferating cells with some
superficial palisading. Delicate vascular or
lymphatic channels were interposed between
the cell masses (Plate VIC). The existence
of independent pleural mesotheliomata has
been repeatediy challenged. and because of
this skepticism it is well to record that in
the rat in which the endothelioma occurred
there were in other parts of the lungs one
incipient squamous carcinoma. one papillary
adenocarcinoma, and one alveolar-cell carci-
noma. This case, therefore, illustrates well
the multipotential character of the neoplastic
process in this series of animals. \While it is
possible that the endothelioma of the present
instance could represent a pleural metastasis
from any of the foregoing three paren-
chymal tumors. its cytological and histologi-
cal features did not closely resemble any of
these three lung tumors. While it must be
granted that this observation does not com-
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pleteiv exciude the metastatic origin of the
iesion, it does at least lend support to the
nossibiitty that the endothetioma was a
fourth independent tumor.

For the sake of completeness, and perhaps
beczuse their existence in this series of ani-
mals may be more than coincidental, refer-
ence has been made to the puimonary meta-
static retesarcomata. [hese tumors did not
differ materially from those which have been
seen from time to time tn our own rat colony
and in animals obtained from other sources.
They were characterized by the exceedingly
cellular nature of the tumor and the large
size of the polvhedral pleomorphic ceils and
of the cell nuclei. A delicate argentophilic
reticulum supported most of these cells
{ Plate VID). Of more particular interest
in the present series of rats is the fact that
the pulmonaryv metastases showed a predilec-
tion for localization in refation to areas of
foam-cell clustering and granulomatosis.
This observation helps to illustrate the point
that the lymphatic pathways to and from
the foam-cell clusters and granulomata were
not obstructed by the pulmonary reaction
to the inhaled beryllium suifate.

Comment

The success with which the features of
human chronic bervilium disease have been
duplicated in this series of rats deserves
comment. For a considerable time the main
diagnostic criterion of human chronic beryl-
liosis has been the granuloma. Skepticism
has gradually come to surround the validity
of the human lesion as a pathognomonic
diagnostic criterion because of failure to
reproduce this lesion in animals and because
of the occurrence of somewhat similar gran-
ulomata in Boeck's sarcoidosis. Since gran-
ulomata can be reproduced abundantly in
the lungs of at least one animal species by
exposures to bervilium sulfate, a feat ac-
complished in the present experiment, the
discovery of similar lesions in personnel of
bervilium-utilizing industries becomes the
more convincingly significant.

The tissue changes which accompanied
and preceded its emergence seem. however,
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t0 be even more important ihan the phe-$

nomenon of granuiomatosis. Simtiar histo-
logical aiterations have previously been
found in lungs of persons who had been
exposed 0 bervilium compounds (Schep-
ers*). It is evident from the present study
that the granuloma phenomenon is but a
subordinate feature of the whole swndromic
response of the rat lung to the inhaled
heryilium suliate. By analogy with this ob-
servation diagnosis of the human disease
may be facilitated by taking greater cogni-
zance of the histopathological accompani-
ments of the granulomata. As the latter
feature is not the oniv component of the
tissue response, it may well be timely to re-
view human cases previously rejected be-
cause of paucity of the granulomara.
Pnenomena such as foam-cell clustering,
periductal and peribronchial alveolar wall
epithelialization, diffuse and focal inter-
stitial or mural infiltration, and lobular sep-
tal-cell proliferation may furnish a clue that
the puimonary disease may be due to inhaled
beryilium.

The exceedingly minute quantities of
beryilium sulfate which effectively induced
pulmonary changes in these rats should be
noted. [t is estimated that at;most each rat
could have inspired about 130y of bervilium
sulfate during the exposure phase. On bio-
chemical analysis beryllium was recovered
from the lung tissue, as shown in Figure 3
Although beryllium sulfate is a soluble com-
pound, it is calculated that about 0.2¢¢ of
the inhaled beryllium evidently was at first
tenaciously retained by the pulmonary pro-
toplasm, and appreciable excretion of the

element occurred only after three to five

months’ residence in normal air. However.
the initial pulmonary tissue response does
not appear to have been a function of the
higher pulmonary concentration of beryl-
lium. Emergence of the biological reaction
coincided better with the phase of reduced
pulmonary retention of the beryilium. It s
possible, therefore, that we are dealing here
with either a delayed response to the prewi-
ous phase of maximal concentration or a
rebound phenomenon brought about by witn-
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