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INTRODUCTION

Oil shale depcsits located in the western United States provide an

unexploited source of dcmestic crude oil. Development of this resource has been

limited by econurrics;however, recent reduction of recovery costs coupled with

the Wssibility of liquid fue~ shortages encourage continued development of

Improved recovery technologies. Along with technology development, a parallel

effort to define the ptential occupational and environmental hazards associated

with extraction of oil from oil shale is ongoing at the I,if/Sciences Division

of the Los Alamos National Laboratory. The present status of thir industry and

the prospect that it could expand to full oapacity present a :;ingular

opportunity to define h~zards which will facilitat~ Industrial hygierlcand

environmental controls as part of the development, growth and expansion of t})r

industry, This study presents one facet of our efforts to define the huzurds

aridto understand the mechanisms that may result from inhal~tlon of t’leseverul

dusts Inherent in the processing of oil shale,

In this study we investigate: 1) the progression of biological response

following shale- ond quurtz-dust inhalation; i!)recovery following cessutiollof’

exposure and j) the put.entialfor permanent injury. ~’\Jo endpoints Wv,rcof

prjmary importance: fibrosis and turnorigenesis,which can occur separately or in
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parallel. tir study concentrated on the events resulting in pulmonary fibrosis.

In addition to collecting data at 1, 3, 6 and 12 ❑onths of exposure, we included

sufficient animals to harvest samples at several intervals after the exposure

endeo. Each sacrifice point has three sample elements: 1) those taken

hmdiat~ly after termination,of exposure: 2) those taken 7 days after

terminationof ex~sure; and 3) those taken 30 days after termination of

expslll’e.

MATERIALS AND METHODS

Female Fischer-344 rats were exposed to well characterized aerosols of rpw

oil shale nr quartz (Minusil, Pittsburgh Sand and Glass ti.). Groups of rats

were exposed to the aerosols in a nose-only configuration (l). The exposures

were oonducted for 6 hours on each of 4 days/week for periods of 1, 3, 6 and 12
.

months. The rn~s~concentration of shale dl~staerosol was 10 mg/m’. Zqual

numbers of animals were exposed as positive controls for fibrogenesis to an

aerosol of quartz for the same 1-, 3-, 6- and 12-montl]periods. The quartz

concentration was estebli~hed at 1 mg/m3, because raw oil shale contains about

101 quartz, therefore, exposing all groups to approximately equivalent quartz

levels. lhe quartz aerosol had a mass median aerodynamic diameter (tlHAD)of

approximately one micron (S.D.cl.&l).The WAD for shale dust WHS approximately

two miorons (S.D.=1,8), as determined

ths study a group of age-matohod cage

animal rooms.

by cascade impactor sampling, To complete

oontrol:lwere maintained in the same

Animals were randunly selected for sacrifice with four a,limalsfrom each of

the two expcmure groups and the uon~rol group euuhanized by intraperit.oneal

injectionof pentabarbitol sod~urn(2!Img). lhe lungs were surgically exposed

and the left lung isolated by lighting the left bronchus. The lohe~ of the
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right lmg were lavaged four times with 5 ❑L of normal snline and subsequently

fixed in 10$ fonnalin for histological evaluation. The left lung was frozen for

collagen analy9is. The oollagen assay has been described (2). Briefly, it

involves acid hydrolysis and purification of hydroxy-proline, a building block

of collagen, followed by calorimetric quantitation. The lavage fluids were

separated into fluid and cellular components. The fluid portion was frozetl

(4°C) and later thawed and assayed for elastase by the Enzyme Labelled Substrate

Assay (ELSA) method (3). Total and differential CC:l coul)tswere determined for

the cellular fracticns. tlicroscopicexamination of the right l~bes was

performed on &ll lungs.

RESULTS

We proposed that presence of increased elastase levels in the lavage

fluids could be a measure of evolving lung tissue injury. Decreased elastase

levels were observed in the quartz-exposed animals when compared to controls at

the 3- and fi+nonthexpsure points (Fig. 1), l’hesh~le-exwsed eriimalahad

lavage fluid elastase levels higher than those from the quartz-exposed and

comparable to control values at both these pints. At 12 months, the

shale-treated animals exhibited values significantly higher tk,tincontrols, while

the values of the quertz-expsed animals compared to controls were not

significantlydifferent.

Exfoliative cells from the lung have long been used to evaluote responses

to inhaled materials in an effort to predict dysfunction or djsease (4).

Pulmonary alveolar macrophages (PAM) oomprise tt~emajority of the sells in

lavage !’luids. Other constituents are polymorphonuclearcells (F?lN),

lymphocytes, and ●pithelial cells. Two imprtant criterj,afor assessing ci]~nge

or response are total oell yield and the relatlve numbers of ench cell type,
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The average cell yield from control animals was about two ❑illion cells at

each time point over the course of the experiment (Table I). The total cell

yield for the shale-treated animals was not aignifioantly different from the

age+uatohed oontrols at any of the sacrifice dates. For the quartz-+xpQsed

animals, the harvests at 6 and 12 months were significantly differeht, being

elevated to 2.7-2.9 million cells (P<.05). The volumes ~etrieved in all cases

were comparable, between 16 and 19 mL. The number of ?MN steadily increased

with time for both shale- and quartz-t:eated animals with the latter showing the

greaLest increases. Table 1 shows the increasing cell Yleids from quartz-

exposed animals, a decreasing number of PAMand increasing numbers of lympho-

cytes and PtiN. Numbers of PAM are not significantlydifferent from controls for

either shale- or quartz-exposed animals except for the 3-month exposures, at

which time PAM are significantly depressed from shale-exposed and controls. Al1

of these observations are for the samples taken from the animals sacrificed

im~tidi~telyafter cessation of’exposure.

Levels of hydroxy-prolinc, a constituent of collagen, showed a small but

steady increase over the course of the experiment in all groups, out there were

no significant differences between the controls and the treated animals

(Fig. 2). The last collagen data taken for the 12-month exposures shol’eda

significant Incrense in the quartz-ex~sed gr~up comparea to controls. Shale-

exposed animals exhibited increased levels that were not statistically

significant,

Uhen the animals were allowed a reoovcry period of “1or 30 days, the

changes in PAM and P?4Nabundance were ●ven more dramatic. Again, at the

earliest sacrifloes (1 and 3 months) there were no ohanges in relative numbers

of PAM or RIN as reflected in the total cell yields (Fig. 3). However, at

six months the total oell yields increased almo~t exclusively as a rssult of an
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increase in PMN (Fig. 4); microphage nunbers for both shale and quartz-trcnted

samples renained near control levels (Table II). By 12 months of exposure, the

total cell yields after 7 days recovery were elevated for both groups compared

to controls and were even ❑ore so at the 30-day recovery pointi. These in~reases

are due to elevated numbers of lymphocytes and PMN after 7 claysrecovery and

after 30 days both shale- and quartz-exposed have significant Inc?eases in PAM,

lymphocytes and PMN. In conjunction wit!lthis, no significant lesions were

noted microscopically in the shale-exposed animals, but ]t 6 months several

quartz-exposed animals had ~eumonia, granulcinasor fibrosis, alone or in

combination (Fig. 5). At 12 months of exposure, all the quartz-exposed animals

had developed grbnulomas, while the shale-exposed animals remained devoid of

significant lesions (Fig. 6).

DISCUSSION

Our goal in this endeavor was to define the temporal response of the lung

to inhaled shale dust and to c~mpare these findings with those in animals

exposed to a known fibrogenic agent. During the course of Lhe experiment,

lavaged cells indicated inflammatory responses to bot,hshale and quartz, but the

respmses to quartz were more pronounced. When the animalu were allowed a

recovery period after treatment, those from the later time pints had p greater

influx of

harvested

Both

WIN for bcth treated groups. The increase in the number of cells

resulted almost exclusively from an increase in FMN and lymphocytes.

macrophages and P?INcontain lysosomal enzymes, including elastase, a

neutral piotease with specific lytic activity far native soluble collagpn and

active at neutral PH. MC assayed the lavage fl~ids for elastase expecting to

find increases at some time during the col]rs?

there were no significant differences between
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this time ltls uclear whether the lack of any specific change was the result of

technique insensitivity or actually reflected biological response. Quantifica-

tion of collagen present i. the left lung failed h indicate any temporal

gradations or differences in effects between groups. It is conceivable that

12 ❑onths of expsure was the ~int at which, under the conditions of this

experiment, excess collagen tic:lldbecane apparent. Analya!s of lungs from

animals exposed 18 and 24 z,onths❑ight reveal differences.

CONCLUSIONS

In summary, this experiment indicates that long-term Inhalation of shale

dusts by rats elicits a limited Inflammatory response in the lung less profound

than that observed in animals expsed to equivalent levels of quartz alone.

This observation is significant because, while the concentration of quartz used

was equivalent to the amount found in the shale. sk~le contains organic and

inorganic constituents that may provide a protective effect. Tl,eimplications

for fibrogenic disease are two-fold: 1) inhalation of oil shale dusts appeared

to be less detrimental than the inhalation of quartz alone, and 2) there was no

apparent synergistic action of otiartzand the complex of organic materials

present in shale. Animals exposed to shale dusts failed to develop any

significant lung lesions, while ali of the animals exposed to quartz devel~pcd

granulanas and some frank fibrosis. Apparently, it takes more than three months

but les~ than six monthu of contitluousquartz exposure at 1 mg/m3 to eli{:itan

inflanma~ory response in the lungs, but longer than six months for a similar

respons~ in animals exposed to shale, even though the quartz levels were roughly

equivalent. Additionally, the numbers of recruited PAM and P?lNare persistent

after six months of exposure and even increase \%cn the insult is discontinued.

Thjs inorease in cell numbers after discont r exposure suggests release
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from a ❑icrophage-leukocyte recruitment Inhibition. The release of lytic

enzymes from PAFlsand F74NsInto lung parenchyma is one ❑echanism that could

explain the ~esence of fibrosis. Iiowever,we currently have no information

about the functional capp~ity of these cells. We ir,tendto investigate this

very imprtant aspect of the injury-repair❑echanism in future bmrk. After the

12 ❑onths of inhalation, the fibrogecic action of quartz alone was emphasized by

the observation of silica-positive granulmnas in the quartz-ex~sed animals when

no similar lesions were observed in shale-exposed animals.

Autopsy data acquired by Seaton et al on Scottish shaie miners——’

demonstrates increased incidence of both pneumoconiosis and neoplaaia following

decadea oi occupational exposure to native shale dustz (5). Me also have data

fran lifetime, high-concer,trationinhalation and intratracheal instillation

experiments in which fiblosis and tumor~ were observed in shale-exposed rats

(6). Me are continuing our efforts to understand the progression and specific

nature of the toxicity of shale dusts as veil as the responses ~f specific cell

types involved in disease processes.
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Figure 1. Elastase levels (u&”mL) in lavage fluids from quartz-exposed,

shale-exposed, and control animals. There were no significantly

different values for either of the treated groups compared to the

controls, except for the shale-ex~sed animals at 12 months.
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Figure 2. Hydroxy-proline levels In the left lungs cf all ex~sed and control

animals. Comparisons at 1, 3, 6, and 12 months of exposure show no

significant differences for either of the treated groups versus the

controls .
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Figure 3. lavaged cell yields after 1 ~nd 3 months of ex~sure to quartz ( ❑ )

or shale (~ ) along with age+natched controls ( O ) show no

significant differences. Att= O, treatment 18 discontinued and

subsequent data point~ are plotted after recovery periods of ‘7 and 30

days.
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Figure 4. After a 6-month exposure to quartz ( ❑ ) or shale ( A ), the number

of PMNs havested from the quartz-exposed, t = O, is elevated.

Treatment was discontinued and the number of PMN’s har-iested after 7

and 30 days recovery aontlnued to rise for the quartz-treuted

animals, Controls ( O ) show rIGohanges.
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Figure 5. Photomicrographsof sections of lungs from controls (A), shale-

exposed (B), and quartz-exposed (C) mimals after 6 months of

treatment, A pleural plaque (nidus of inflammatory cells, churacter-

ist~c of 6- to 12-month quartz exposures) can be seen at ttlearea

indicated by the arrow in (C).
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Figure b. Photomicrographof a section of lug from a rat exposed to quartz for

12 months with a mature, well-organized pleural plaque. Multiple

plaques at the pieural surface were observed in both gross ~nd

microscopic specimens.

-i4-





TABLE I. Total cell yields and differentials f>r treated ●nd control animals
●fter 1-, ?-, 6-, ●nd 12-month ●xposures. Total cell yislds increased
for tl,e qua-tz-exposed mimals by 6 and 12 months as a result of
increases in l~phocy:es ●na PRNs.

---------------------------- ----------.-- -------------------------------------

Length 01 Treatment Total Humbe”s Of

Exposure Grcup Cell yield PAM lym~hs Pm

(months)

1

1

1

3

3

j

Cor,crol

Shnle

Outirtz

Control

Shkl●

~dart Z

Contrcl

Shal●

Quartz

(x 106)

2130.2

2,7 ~ 0.5

2.2~0.7

1.8 + 0.1

1.7 +0.3

1.3 + 0.1

1.5 +5.j

1.3 + 0.5+

2.7 ~ 0.5~~

l.”i+o. l

2.0 ~ c.?

1.5 +0.1

1.6 + G.1

1.5 +0.3*

0.9 + 0.1?9

1.2 *ij.z

1.0 * 0.0

1.5 * 0.3

(x 106)

0.3:0.1

0.5 z 0.5

0.6 +0.6

q.z ● O.(J2

aml +0.G5

0.3 : 0.1

C.1*0,1

G.1 + C’.u

3.4 ● om3~~

o

O.ou : om~

0.02 : 0.G2

3

0

0.03 : U.G5

G.ol + CJ.L’2

6.16 = G.08~W

0.67 ~ 0.19~~

1: Control 1.5 *0.5 1.2* cim5 O.l:u. u.1 o.Gj : O.G1

12 Snale 1.5 + Omla 1.0 * 0.1 0.2 * @ C!5Q G.20 ~ o.11~,

12 Quartz 2,9 + 1.z*+ 1.2 * @.7 0.7 : L.30++ 0.03 + G.?o*~-.

------------------------ --------------------

‘Value 13 significantly different from quartz value at the %f Cofifldence level by
Student’8 t LeSL.

●Walue 1s slgnlflcantly different from control at the 9%S cfinfl.dence .evel by
student’s t test.



TABLE II. Total oell yieldu and differentials for 6-, and 12-month ●xposures
following 7 or 30 days of recovery. Persistent increases in nmbers
of PUN and lym@ocytes are evident for the quartz-expsed animals
●fter six months, but only at 12 months of exposure for the shale-
treated animals.

—-------------..--— ------------------------ -,--------------- -------------------

Treatient Total Numbers of
Time* G?OUp Cell Yield PAM Lymphs—— Pm

(x 106) (x 106)

6/7 control 1.6~ 0.2 1.4~0.2 0.12 f 0.93 0.03 ~ 0.03

6/7 Shale 1.4 ~ 0.3 1.2 ~ 0.3 0.10 ~ o.04*@ 0.07 + o.03~

6/7 Quartz 2.1 +0.6 0.9 + 0.34** 0.24 : O.lU** 0.86 + o.49~~

6/30

6/30

6/30

12/7

12/7

12/7

Control 2.4 ~ 0.5 3.2 + 0.2 0.23 ~ o.j 0.06 + 0.2—

Shale 2.2 + 0.7 1.7 ~0.6##* 0.10 ~0.02 0.09 + 0.02

Quartz 5.7 ~ 1.4~*~ 2.9 ~ 0.7 1.:7 + 0.5*** 1.47 ~ 0.69~fi

Control 1,6 +0.4 1.3 +0.4 0.15 : 0.03 0.04 + 0.02

Shale 2.4 ~ 2.0 0,81 ~ 0.2 0.15 ~ 0,07 0.1 + 0.07*B

Quartz :.6+0. b 1.6+0.6 0.6’/+ 0.4@@@ 1.11 +o.z~~~

12/jo Control 1,8 ~ 0.5 1.4 + 0.3 0.13 + 0.10 0.06 ~ 0.0S

12/30 Shal● 3.72 1.4 2.8 + 1.2**9 0.38 ~ 0.18:~o 0.32 ~ 0.13::,

12/30 Quartz 5.9 ~ 1,3 2.9 + o.6~** 0.74 + o.3@4~~ 2.1 ~ 0.694*

--------------- -------------- ---s--- -

‘Months of Exposure/Days or Recovery.

‘a Value ~,s significantly different from quartz value at the 951 confidence level by
student’s t test.

‘OsValue is Signif’!aantlydifferent from contr Gl at the 95S confidence level by
student’s t test,
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