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Thc animals wcre placed i n  soft-drink bot. 

I. ~Icta t )ol ism a n d  Early Etfects 

Sovcrnl group of mala nnd fatnalo 
rat5 and hamstea were oxpared by Inha- 
latior, to an nerosol of De0  particle^ cal- 
cined at 1000 C. Initial alveolar dspori- 
tlons ranged from 12,119 to l6Opg Bo. f h a  
alveolar retention half4ifa for Ed) war a p  
proxlmatdy SIX months. Only the pulmo- 
nary lymph M accumulatod detect- 
able amounts of translocatsd Reo. Early 
alterallon, were 3- In the alveolar 
macrophagus, which were subaequen\ly 
converted to hlitlocytlc colls Ihat 
accumutalecl In subpleura\ and ped- 
bronchiolar granulomatous loslonr within 
eight month, attw tho erporurs. The nl- 
veolar clearance of a tc$t aerosol, radlo- 
active p.donlurn dioxide (:I*PuO:). war 
decreased to 65% 01 the normal rate when 
the radioactive matarlal was glven at 1, 
30, or 60 day3 attar oxposura to DeO. 
These results demonitmte the Important 
funcllon ol the alveolar macrophngo in 
Beinduced granulomatous dlseaso, as 
well a5 tho rJpld 1mpaIrrn.nt of olvsolar 
macrophage tunctlon by phagocytltbd 
DeO. 

(Arch Environ Hoallh 30546-551, 1975) 

The dcvelqment of pulmonnry dis 1 case i n  humans h35 becn as~oci-  
a t d  with csposure to compounds con- 
taining !jcr?.!liurn during its mining, 
p rw t' 3 5 i r! :: , m B L u f ac t u ri n 6, a n d uti I i - 
t d t i c m  S::I!:C~. Nan is esposed to the 
mc:d in  the common chc.mical fwrn 
of tt.r?.!lium midc.' Recent studies 
denons:rcltisg the a~~ro.;oliz:ltion of 
Elc. from ncwly igniwd lantern mnn- 
tic.: uoulcl int!icntc that csposure to 
I 

Be extends beyond the groups of em- 
ployees working in industries that 
utilize the metal.' 

Due to its greater in vivo solubility, 
low-finid Be0 is considered more 
toxic in the lung than high-fired 
BeO." Studies with inhaled B e 0  in 
rodents hnve shown progressive d e  
velopmen t of granulomas, intersti tin1 
fibrosis, epithelial metaplasia, and 
neoplasia in tho The more sol- 
uble bcryllium hydroxide' or sulfate' 
compounds exhibit earlier and more 
profound carcinopnic effects in tlie 
lung than EeO. Reports indisatc dif- 
ferences among rodent species in the 
toxic action of inhaled beryl orc dust, 
with the ra t  cshibiting a high inci- 
dence of l u n g  tumor, whilc nane is ob- 
served in the hamstcr: I t  has also 
been observed that clearance from 
the lung and translocation of Be to 
pulmonary lymph nodes differ with 
the sex of the rodent.Ie 

This study describes the deposition, 
retention, and tri~nslocation of in- 
haled, high-fired Re0 in male antl fc- 
male rats and hamsters, and also dis- 
cusses the important function of thc 
alvcolar macrophage in early pulmo- 
nary Fathologic findings. 

M €THO D S 

3ldc and fcmalc IVistiir, specific patho- 
Kcn-frcw albino rats and Srrinn golden 
hamsters wcrc placed in  isolation rmnis 
for thrcr w e k s  bcforc exposure. All ani- 
mals \v('crc 7Ok 5 days of age a t  time of ex- 
pmurc. Rcr).liium oxitlc was calcined at n p  
proximntcly 1WJ C. 

Exposure and Aerosol 
Characteriratlon 

Thc cupmure sydcrn was dc+netl to 
provitlc cxposuurc t~ I h O  \ i : r  the n n i c  only. 

tlcs that liad the lottoms and part of the 
ncck removed. The aerosol chamber was 
constructed of clew plmtic, with cxpos~re 
ports arranged i n  scvcn tiers of 11 ports 
each. The chamber, aerosol generating 
equipment, nnd sampling devices were 
containcd within a plnstic glove box. T h o  
Be0  aerosol was generatcvl by a dust feed 
mechanism, employing R metal cup into 
which BcO was packed, end it wns then 
passed through R cyclone elutriator for re- 
moval of nonrcspirnble particles. The aero- 
sol was charactcrired from filter pirper 
mmples (acrosol c n n c e n t r h n  in the 
chamber), elcctrovtatic precipitntor sam- 
ples (siring of pnrticlcs from electron mi- 
crographs, using an electron microscope 
antl 3 particle sizc analyzer), and cascade 
impactor samples (distribution of particles 
into cil!ht nrrodynarnic diameter frac- 
tions). AQ example of the generated ReO 
aerosol is 3t.m in Fig 1. Exposure periods 
rilngcd from 30 to 160 minutes. Conccntra- 
tions in the chamber ranged from l p ~  to 
100p~ Belliter. Thc mass medim ncrody- 
nnmic diametcr for five separate exposures 
was 1.1OpC 0.1711, with a geometric apn- 
dard deviation of 217 f. 0.17 (mcan 2 SD). 

Analy!lc Determinat lon of Be 

Samples containing Be were mufflld a t  
400 C, mixed with nitric acid. and brought 
to dryness. The ash was digested with 6Jf 
HSO,, 1251 hydrofluoric acid, and 6Bf hy- 
drochloric iicid. The salts were diisolvcd in 
acid nntl tlilutetl to 25 ml with distilled "a- 
tcr, so that the final dilution contained op 
prosimatcly 251 11 NO, and 0.251 HCI. The 
solution \vas aspirated into an ntomic ab- 
: vption sprctrophntomrtcr, and nbwrb- 
ancy sva.s rend a t  2,319 anptroms. 11 Be 
hollow c a t h d e  lamp was ujrrl in conjiinc- 
tion with a nitrous ovirlc-acctFlenc flame. 
X cltuterium tnckgmund dcricc WLP tised 
to corrcct for intcrfcrcncc from hiKh ~ d t  
I C V I ~  in $IJlIlC :mnplt:{. An;tl\.tic;tl scn3i- 
tivity \\:IS 0.01 liiini, or O . ? ~ ! I ~  I!t. pt*r 9:i.i-!nl 
snrnplc. Stilntl;irtl air! LY \wrc dctt-rminod 
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:!IJO iiotit%ptt;t+tl control rills, iirc h i t i ] ;  hdil 
for l i f t q i ; i n  i~Ii,~t~rvii~i~iii ,  

I n  j:roiilr :I, 23 fciii:dc r:its \vert! eijmtvl 
to 1 1 ~ 0  n t w m l  with iiri initid nlvcoliir t lcp  
o:iition of :;Oph; Iic. Vivc rirts w r c  k i l l t 4  :it 
60 h y s  iiritl fitc w r c  killed iit 90 dags :if- 

ter cxpowrc for :;tutly of I k  tlistrilwtiim. 
Three ~ r o i i p  or five r:ik each w r e  given 
nn ndtlitioniil irihirlntirm espoww to 
xtmIJuO, (nf count tnu1i . i . t  diarnrtrr 02pin 
niitl 3O-minute exposure tiiiic) at  1 thy, 30 
d n y ~ ,  or GO dnyn nftrr expo:nire to lk4. 
Thrco othcr ~rnups of l ive rats cnch, uiicx- 
posed to lk0, w r c  also espcwed to "'I'uO,, 
Tho r r m l l ~  contents of excrcttr nnd titisum 
wvcw nn:ilj-zzal." The csposurc uystem to 
1'110, for rats has becn previously (IC- 
scribed.': Five m;rlo and fivc fcninle r n b  
and hamstcnr from ~ ~ o u p  1 were plnccd in 
individual mctsb.!hm cage*, immediately 
following exposure. Excrctn were coilccted 
from ZCM to three days af ter  exposure and 
at  weekly intervals up to 63 days after ex- 
posure. The rats e x p o d  to 21*P~'3, aerosol 
in group 3 were a130 placed ir i  individunl 
metabolism G ~ ~ C S .  The excreta werc co!- 
lccted in a similar manner up to 30 dags af- 
ter expo3ure to Pu. 

Feces, urine, lung. pulmonary lymph 
nntIrs (inclutliny: thymus, trnchcn, nnd 
m ; h  stcni bronchi), piilninnary I:ivnge 
fluid, livcr. skeleton, and rrsitlunl carcass 
were assayed for ne or i"l'u contcnb. 

The lungs from 15 r;its from groiip I and 

Fig 1 .-DcryIliiim oxido ob!ained horn aerosol chamber by cleclroslatic prccipitnlion. 
Grid shadowed wilh chromium at 22.5' angle (homnloxylin-eosin, x 20,000). 
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tlirrc rr1t.i Ironi 1:roiip :< neru iri.dillct1 wit11 
liiiriilwkg flstitivt? fdlowinj: trncli~~id rnn- 
nul:itiiin. Thiy were then nsctl i n  1% o+ 
miurn tctrositlr, cmlictltlctl in 1 ~ i l ~ t h i i c ~ -  

Into, akiincd with rir:\nyl nccltrtc and Irwl 
citriitc, i ind esnriiincd with nn electron mi- 
croscope. 

All the o t l w  rats in $:roup 1 and those 
killed i n  I:roirp 2 untlcrwnt trncheal cnn- 
riulntion, rind tlic I i i n iy  w r u  Invngctl with 
two 10.ml portionsol tlilucnt.Thc combined 
Ixviip? lliiid from cnch lunK wn~dilutotl20:l 
nntl thc whita Ihod wII count W:IY dc- 
tcrmined after thc lysing of rctl Ihot l  cells. 
Cardiac blood was olitaind at nutopsp by 
syrinlto nnd inisetl with othylrnediamine 
trtrancctic mid. Red and whitc blood cell 
counts anti white cell dilrercntids of 
Wright-stained blood m e a m  wcre deter- 
mined. The cardiac lobe of the lung from 
most rats was fixed in 109 neutral buf- 
fered forrnddchyde solution, embedded in 
paraffin, and the sections were stained 
with hematoxylin-eosin for examination 
under the light microscope. Selected paraf- 
fin nections from rats exposed to alrPuO, 
wcre coatcd with nuclcnr emulsion, and ra- 
dioautopnms werc examined af ter  n two- 
week esposurc. 

RESULTS 
Group 1 

Thc body wcixhts of male rats 
ranged from n nican of 406 grn one 
day aftcr espostirc to 532 gm 63 days 
aftcr csposiirc. Feniale rat weights 
ranged from n nican of 310 Rm to 370 
grn, whilc m;tla nnd fcmalc hamsters 
had mean body wcights ranging from 
108 grn to 130 gm. Body weights and 
weights of splccn, liver, kidney, and 
l u n g  of rats esposed to Be0 were not 
noticeably difTwcnt from controls for 
all groups. Thcrc was an approximate 
doubling of adrenal weights of both 
male and female rats and hamstcn in 
Croup 1 bctwecn 21 and 49 days a l te r  
exposure to RrO. Adrcmal weigh ts  re- 
tiirnctl to norm:rl within 63 (lays af te r  
csposure. Rcd nwi white  blood cell 
counts in rats and harnsten were not 
noticcahly di t fcrrnt  from control vnl- 

T h c r c  were fcw g:cncrrrlized piilino- 
nary pathologic findings in either n t s  
or  hamsters up to G3 days after expo- 
swc,  csccpt for  thc alveolar rn:tc- 
rophap. Onlj- n fcw small arcas of 
suhplcural or pcril~ronchiol:ir g r n n u b  
nratous rcactinn \vcr;'scen in rodent 

ucs. 
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\SitIiiti i \  nl i>nth nfter e~pct:'iirc, nl- 
vtvt1:tr r : i ; ~ l ~ r ~ ~ i ~ l i ~ ~ ~ ! ~ ~ ~  [isstl1nc!il ii foamy 
:Ip;te;irs:ico. L'ndor the electron mi- 
croxop?.  ~ V P  (JLWITL~ it11 ;ipp;rrcwt ;IC- 
cti!iiu!:!:ifm of eosinophils in alvcolnr 
ci\pillii:i~~, ;is I V ~ I  as I\ rno6eratc in- 
creaw in me.mtranous dcbris in the 
d w h r  iiir .;jnces. Thc most miirked 
r?ltcrn:ilms \rere seen in the alvco- 
1p.r mwophlrge. Bcrylliom oxidc piir- 
t iclc's were secn in  many mncrophupii, 
specifically localized within phal:o- 
somes or later within phngolyso- 
s0me.i. Wi th in  a fcw weeks, macro- 
phages developed nurncroiiv large, 
clear vacuoles in thcir cytoplasm. 
These c t 4 s  htrnmc l:reatly cnlarged, 
tshibiting a highly vacuolated a p  
pearnnce, with cytoplasmic vacuoles 
contaiting lysosomal material, B e 0  
particles, membmnous debris, and 
other products of cell degeneration 
and death (Fig 2). In  the limited num- 
ber of sections esamined, Beo par- 
ticlev were not wen within type 2 epi- 
thelium. The number of pulmonary 
cells removed by pulmonary lavage 
niter rats inhaled Be0 war: not sub- 
s:antiaily different from controls, al- 
though the amount  of Be present in 
lavage samples tended to correlate 
witb tht. number of cells present. 
-1 tO:i!I of XSpg and 918pg Be was 

cscrctcd tby icmnlc and male rats. 
respectively. during the 63-day period 
folio\\-ing esposure; npproximrrtcly 
9.37 of those m o u n t s  was excreted in 
the feces. The mean total respintory 
deposition of Be in  rats was 600511g in 
fcrnali.; and 1.Q11pg in males. Of 
these amounts;. 23.9% and 15.076, or 
13+g anti l3+g Be, werc initially de- 
positcc! in the alvcoli of female and 
males. :i-spectivcly. X total of 33pg 
an(! 37.t:~ Be tvas deposited in the 
l u n g 3  cji femzle and male hamsters, 
reqwc:kely, and of this, 4% to 518 
w 2 5  depojited in the alvcoli (Table 1).  
From 1 5  to 215 of the inhaled ne9  
WG c l x r e d  from the alveoli of rats 
\vi.i:hin 63 (lays after espostire, as 
cocparu! wi th  a clearance rate of 
35'; to 4.57 for hamsters. Male rats or 
h m s t c r i  clcarcd more Be0 from the 
:hl,;f:,?!i than did fcmalcs (Tables 1 
and 2 , .  

In k ~ c h  x*srs. !he amount of f!c 
p:cr;:  ir, p l m i n n p  IFrnph riotlr!.c i n -  
cri.:i+! :'! z;>pm:<imatcly 1.7% of in i -  

' 

Fig P.-Alveolar macrophages oltor inhalation of D o 0  particles. Top, After 21 days. Bot- 
tom. Aftor 49 days. Arrows, Subcollular location of B e 0  particlos in phagosomuc, (uranyl 
acotate-lead citrate. x 10,600). 
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ti:il :tIvivil~ir tlcli~isition \ v i t l i i n  6:1 d:ijs 
:iftcr cuiiosiri*l* ('l'nblc 1). No tlcttvt- 
nblv Ilc w a s  f o u n d  in  liver, skeleton, 
or  urine F C ~ C I I  rhyw :iftcr csposurc, or 
in  tl ic few.; :!1 d:ijs nftcr csposurc. 

Group 2 

Sis ):roup:i of 70 rats cach, c(1uillly 
tlivitlctl hctwccn thc scscs, wcrc cx- 
pow1 to I3cO ncrosols. Five rats pcr 
p o u p  wcrc killed scvcn days nftcr 
esposiire, nnd five fcmrtlc rats wcrc 
killctl npprosiinatcly eight riionths nf- 
tcr csposurc. The Be contents in tlic 
lung at  seven days were 2.03pgL 
O.7pgl 1241gIfi. 11.311g, and 101~1: k 
4'3.3/16 for rnaks, and 0.9~1: Ifi. 0.3/ig, 
!%!/I[: rf: 15.0pgl and 6!!.Opg 3- 17.211g 
for fcmalcs. The m o u n t  of Bu re- 
tained in thc lung of fcmale rats 
eight months af ter  esposure ranged 
from 34% of initial deposition (a 
seven-day value) in  the alveoli for the 
intcrmediatc dose group to 364 of 
deposition for the high-dose group 
(Tnble 2). Eicht months iiftcr expo- 
sure, Be contcnt in the l u n g  of the 
lowcst dose  roup \vas below detec- 
tion limits. Thc hiologic half-time for 
B e 0  in rat l u n g  \vas estimated to 
be approsimntcly six months. The 
nmount  of Be in pulmonary lymph 
nodrs had incrcnsed to 4'2% of initial 
nlvcolnr deposition witliin eight 
months aftcr csposurc. 

The whitc Llfwd cell count of pul- 
monary lavage samples in the highest 

ospo:iur~: p c ~ u p  \VIIS ~ulist:iii ti:illy 
Iiiglior tli;\n cotin t:i i n  1:iv:il:c snniplcs 
from noiicspciscd r:its, althoul!li tho 
rimonnt of 1Jc Iirescnt iviI!{ nimihr in  
s;implc!s tnltcii within 16 to 63 tlnys 
after c.sposurc. 

Thc devcloprnc.nl o f  pulmonary 
pathologic findings was primarily 
limitctl to rats that w r c  cxposcd to 
tlic Iiighcst lcvcl of nc0. hlodcratcly 
dcvelopctl ppnulonintous lcsionv 
wero s cm in tho lung. T h c  lesions 
consisted of nlvcoli with loosely to 
niodcrately pnckcd, dust-l;idcn macro- 
phnge.s that Riirrounded the pcri- 
bronchiolar regions or  subpleural 
areas of thc l u n g  pnrcnchyma (Fig 3). 
The macrophages exhibited a foamy 
appearance and were larger than nor- 
mal. Lymphocytic infiltration was 
moderate, and was much less cxten- 
sivc than in acute hrylliosis. The 
granulomatous lesions were widely 
spaced in the lobes of the lung, and 
involvcd mly  a small portion of thc 
total l u n g  mass. No grnnulomatoiis 
M o n s  were wen in the nonexpouecl 
control. animals. No pulmonwy tu- 
mors were observed in schcdulcd nu- 
topsied r?.ts, in  ten rats dying spontn- 
neously up to one year aftcr exposure 
to RcO, or in any control rats. 

Group 3 

One group of female t a t s  was ex- 
posed to Be0 aerosol; the amount of 
Be present in  the lung a t  60 nnd 90 

tl:igs nf tw c*r;l)c)surc was 20111: 2 5,91111 
iiitd 12/11: k 3 . 2 / 1 ~ ,  rcspcctivcly. TIIC 
test aerosol 9t '*P i~02  tv:is f;ivcii IJJ~ in- 
1i:il~lion a t  1, 30, or 60 tlilg!; riftcr i n -  
htllitti(lIi of I h O ,  and \vas thcn studicd 
to ddcrminc the influcncc of dcposi- 
tion of 1 k O  011 the alvcolar c1ci:rancc 
of aluIiu, The total l u n g  tlepositiori for 
all groups war; approsimatcly $O(J 
nanocurics 7'hl'i~. The alvcd;ir clcposi- 
tion rnngcd from 20 nnnocuric~ to 38 
rianocuries 3'pPi~ (Talh 3). 

Plutonillni particles wcrc dis- 
tributtt(1 wly throughout the l i i n ~ ,  
as d c t c ~  iiiincd by radioautograms 
taken a t  one or 30 days d t c r  expo- 
sure to PuO,. No apparent diffcrenccs 
in distribution of PuO, i n  thc lung 
werc seen as a consequence of expo- 
sure to EeO, except for an increased 
number of alpha stars (particlcs) sp 
pearing on the radioautograms of 
lung from rats that were previously 
exposed to BcO, ns compared to those 
exposcd only to PuO,. 

The amount of 'lrPu clenrcd from 
the nlveoli during the first 30 days af- 
tcr exposure to PuO, ranged from 
46% to 50% in rats exposed only to 
FuO,. Alveolar clcsrance of 2 1 r P ~  was 
deptesscd in rats exposed to Be0 
prior to exposure to PuO,, with alveo- 
lar clearance at  30 days amounting to 
only 26% to 3-15 of initial alveolar 
deposition (Table 3). This amounts to 
a 40% reduction in alveolar clearance 
of "*Pu, irrespectivc of the time at  

Fig 3.-Development of oarly ~ranulomatous losions in lung of lcmalm rat from group 2 (highest dose group) eiqht months after exposure 
lo BcO. Left, Peribronchiolar region. Right, Subpleural regio;r (hem~toxylin-eosin. X 220). 
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Tablo :I.--Rcten!ion of Inhaled Be0 In !he LunQ and Translocation 
to Pulmonary Lymph Nades' 

Inllial Alvoolsr Deporilion. 3: I , 
c A 

c 
Female Male 

Days 
Drposilion. After Lymph' ' Lymph' 

133-155 1 109 :E 19 0 5 :*: 0 3 89 5 35 0.7 2 0.4 
133-156 7 G G - ' ~ I J  oa$:i .o 6922.1  i . i = o ~  

Nodas - r49no-- lnhalatlon Lung Node3 Lung 
-___e-- 

-11____ 

---- I--.---- 
135-155 14 8 2 r l j  1 G r 0 . 9  9 3 2 1 3  0.9208 

--- ~ - .---. ___--_-I -__ -_I.- - 
- 222 23-11 ... ... ... 

233 36-214 4 2 5 2 5  ,.. ... 
1 120 2 4 1  ... 03 = 37 ... 15-17 

16-17 7 GB = za ... 91 :lI 135 ... 
1G-17 21 30=97 ... 52 ?- 20 . .. 
16-17 35 51 = 1 3  ... 4G.t.21 ... 
16-17 49 42 1C ... 53 :+ 19 ... 

- ~ -- - - 
- 

! 2; 
-- - 

Hamsfor - 
- - - 1 15-17 63 62 5 30 ... 55 -". 20 . . .  

* V i . 1 ~ ~ 3  art- cyprcsscd 33 meim :L: SO. 

which ' J " B I ' t ~ O ,  wii!+ irihnlctl nftcr IJc0 
t1qm:tition (1, 30, or GO tliiy!$ 

COMMENT 

Ehrly stitdicu with l lc0 dcmon- 
strated its toxicity in  thc 
Ilcryllitim oxide calcined a t  500 C 
cniiscd sc'vcrc pntholoKic dnmnKe to 
thc luiigs of rats and guinea pigs, 
while IlcO calcined hctween 1100 C 
r ind 1 0 0  C p ~ d u c c d  only mild grariu.. 
I O ~ ~ I ~ O U S  lrsions in tlie h g . '  

l l p  to 63 tlnys rdtcr inhalntion, the 
IJcO cnlcinctl n t  1000 C resulted in no 
ntypical epithelia1 proliferation or 
gritilulomatouis in the l u q p  of thc 
rats rind hamsters studicd, other than 
thc formation of large, foamy macro- 
phages or histiocytt% in the alveoli of 
animals a t  the highest exposure lev- 
els. Consolidation of histiocytes was 
not observed. The structure of the 
alveolar walls w a i  normal. A mild 
granulomatous reaction was seen in 
female rats eight months after  expo- 
sure at thc highest dose. Lesions were 
locatcd primarily in the subpleural 
and pcrihronchiolor regions of the 
lung. nnd were comprised mostly of 
hiutiocytcs, lymphocytes, and occa- 
sional plnsmacytca. Histiocytes con- 
tained pnrtictilatc material, con- 
sistent in  slructurc with that of 
pnrliculntcs found in the Re0 aerosol. 
Other studics have dmonstrated the 
Bc concentration i n  pulmonary gran- 
ulomas nftcr iirhnlation of Be com- 

The lesions found in our 
rats might be clasified as a mild 
form of group I1 Icsions.t' Pulmonnry 
Icsioris attributable to exposure to BC 
were not found in any other group of 
rats. 

All of the fine structunl alterations 

Table J.--Cloar~nce of Inhaled J1'PuOl After Prior Dopozition of UcO' 

Amount of ~ t1?u02.  tl.mocurlts 
_I-_--___---_._--__ h __-_. -, Alveolrr Depo9C 
Excreta. Excreta. Lunn. Total Dodv. Inilia1 Alveolar tion Clrared in 
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