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Abstract- Immune function and hepatic MFO activitY were c)(amined in 11dult and nestling otarlhlg$ administered a synthetic PAH, 7,12·dimethylb~nz[a]anthracene (OMBA). Methods used to examine the starling Immune system included immunopa­thology, macrophage phagocytosis, lymphocyte blastogenesi$ to concanavalin A, 11.nd hem.!lgglutination of sheep erythrocytes (SRBC). Concomitant inve$ligations of MFO activity were conducted in starlings eKposed to OM.BA. Ethoxymorufin 0-dealkylase (BROP) llnd pentoxyresorufil\ O·depentylaa<= (PROP) were used,.; indicators of hepatic MFO activity. Changes in MFO ac­tivity were complirod to chemically altered immune responses following DMBA exposute. Subcutaneous ~posure of adult star­lings to 125 mo/ka DMl'lA resulted in suppres~ion of lymphocyte bla6togertcsis and antibody production to SR,BC. EROD and PROD activity were increased 2.8- and 3.4-fold, respectively. Lymphocyte blastogencsi~ was impaired in adult starlings orally exposed to 125 mg/kg DMBA. The immune system of nestling starlings exposed orally ~o 100 mg/l<:g DMBA was altered, as evidenced by decreased phagocytic ability of macrophagcs and inhibition of lymphocyte blastogenesis. Oral exposure to DMllA did not induce MFO activity in starlingS of either age class. Eff~ts of DMBA on immune function and MFO activity in star­lings varied with the age of birds and route and length of chemical exposure. 

:Ke)·words-European starling 7, 12·Dime!bylbenz!a)anthtacene Immunology MFO 

INTRODUCHON 

The European starling (Sturnus vulgaris) shows promise 
as an indicator species of chemically induced immune dys­
function ln wild bird6, due to the relative ease with which 
11tudies can be ~;:onducted in controlled lab situation' as well 
as under more natural environmental conditions. Although 
wild birds may be susceptible to immunological injury caused 
by chemical contaminants relea$~d into the environment, im­
tnune function measurements of birds in their natural habi­
tat has not been reponed. The starling may be a useful model 
for screening large numbers of phylogenetically related birds 
in 5itu. For exploratory research and methods development, 
starlings can b~ c<~ptured in l:trge, baited funnel traps and 
kept in captivity. Moreover, research can be conducted on 
starlings in nesting colot:tles easily establishcl at l~Jcafued sites 
using artificial nest boxes. Birds from these nest·box colo­
nies provide a unique opportunity to study both adult and 
n<::stling immune systems. Evidence suggests that young star­
lings are more vulnerable than adults to many chemicals, in­
cluding famphur, dic.rotophos, and diaz.inon [1-3). These 
studtes examined a variety of end points, including mortal· 
ity and cholinesterase activities, and in all cases young birds 
were more sensitive to chemical toxicity than older starliogs, 
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Nestlings may be at greater risk of chemical exposure than 
adu!l~ due to their feecling habit~;. Adult starlings arc omniv­
orous birds, whereas nestling diets consist primaritv of soil 
invertebrates. These invertebrates are in direct cont~ct with 
any contaminant present in the soil. Starlings forage close to 
their nests, and ingestion of contaminated invertebrates could 
result in chronic chemical exposure [3], Expo~u:re to contam­
inants via the food chain could cause immune dysfunction 
in starlings, which could b\: det(:Cted by measuring nestling 
immtme re~ponses. The long-term effects of chemically al­
tered immune responses of nestling starlings is unknown. 
However, impairment of the immune system of young birds 
could result in fledglings or adults tb11t lack the vigor of non· 
compromised aulma.Js, lcadil18 to increased susceptibility of 
these birds to pathogens. 

In this study, the impacts of an immunotoxic chemical on 
the immune systems of captive, adult starlings and nestlings 
from a nest·box colony were ~:xplored. J3irds were adminis· 
tered a synthetic PAH, 7,12-dimet.hylbenz{a]anthracene 
(DMBA). This compound was chosen because of its compre­
hensive h:nmuoosuppressive effects in mammals and because 
it is in the same chemical class as more environmentally per· 
vasive PAHs, such as benzo[a)pyrene, Surveying the starling 
irnmun<= sYstem is a novel idea, and supporting literature on 
the effects of PAHs on the immune system of passerine spe· 
cies is sparse. Therefore, in choosing a chemical that could 
pos~lbly impair starlil)g immune function, it was prudent to 
study a compound that deleteriously affects the immune SYS­
tem of other animal>. Extensive research with mammalian 
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species has provided a comprehensive literature base for 
DMBA. 

In addition to measuring immune responses of starlings 
exposed to DMBA, the effects ofihis compound on hepatic 
MFO activity wete investigated. In most mammalian and 
many avian species, metabolism of xc:nobiotics, including 
PAHs, occurs via the cytochwme P450, MFO enzyme sys· 
tern [4,5]. Although induction of these enzymes can be de· 
tec:tc:d with convc:ntional methods, th" effects of OMBA on 
MFO activity in stattings has not b.:en reported. Therefore, 
coiJcomitant investigations of MFO activity were conducted 
in statlings exposed to DMBA. 

MAl'ElUALS ANlJ MEHI00!5 

Animals 

Adult starlings were obtained from the U.S. Department 
of Agriculture: in Washington State. Starlings were housed 
together in an indoor flight cage (2 x 2 x 3.5 rn) at the Wild· 
life Research Facility, U.S. Environmental Protection Agency 
(EPA), Environmental Research Laboratory, Corvallis, Or­
egon. The cage was transected by 2-cm dowel perches, 
and deionized, reverse-osmosis water was provided from a 
continuously flowing 5-mm hose ir~to a 5-cm·deep, rectan· 
gular, plastic floor pan. Birds were fed ad libitum during their 
entire captivity from a perch feeder attached to the side of 
the cage and also from a 10-L ground feeder. The diet con­
sisted of both a game bird maintenance chow (Ralston· 
Purina, St. Louls, MO) and a protein supplement (Ani max®, 
Ralston-Purina) mixed in a two·to·on~ r<J.tio. Approximately 
I kg of fresh apples supplemented the diet once a week. Birds 
resided in the:: flight cage for at least ooe month before the 
experiments. 

During the dosing experiments, adult starlings were con­
fined to separate but adjoining individual isolation cages 
(25 x 25 x 60 em). Dowel perches «nd ad libitum food and 
water were provided throughou: e~>ch study. Birds were ac­
climated to these: cages for one week before ~xperiments. 

Sample collection 

Three separate experiments are discussed in this paper. 
The methods used for each study were mostly identical; there­
fore, general protocols are outlined before Individual exper­
iment discussions. Any anomalous procedures are reported 
in the context of the specific experimc:nt in which thc:Y oc­
curred. If no note is made in the indlvldual study section, it 
can be assumed that all end points described in this section 
were measured. 

Prcdosc body mass was me11sUred 2 d before each exper­
iment and on each dosing day. Final body mass was recorded 
on the day of necropsy. Spleens were excised, weighed, and 
placed into RPM! 1640 tissue culture medium (Gibco BRL, 
Life Technologies, Inc., Orand Island, NY) wit.h penicillin/ 
streptomycin (100 U/lOO mg/ml) (RPMI 1640 + pen/strep) 
(Gibco), pH 7 .2. Spleen mass was reported as ratios of spleen 
mass to body mass in all experiments. Spleens were kept on 
ice approximately 2 h Ulltil t.or.al viable spleen cellularity could 
be detennin~d. Sple~ns were proc~ssed using t)Ie method~ of 
Fairbrother and Fowles [6]. Sin,gle·cell suspcn~iom were 

mad~: by fol'cing individual spleens t.hrough clean nylon mesh 
with a plastic syringe plunger into RPMI 1640 + pen/strep, 
pH 7 .2. Total viable spleen cell numbers were determined by 
trypan blue exclusion using a hemocytometer. 

In the experiments that included histopathology, liver and 
spleen slices were removed after the organs were weighed and 
were pla~;ed into phosphate-buffered formalin. Bursas from 
15"d-old nestlings were weighed at the time of necropsy and 
Immediately pl!lced in phosph<~.te-buffered formalin. Thymus 
lobes were not weighed (too incorlsistent). F'orrnalin"fixed til· 
sue sections were prepared and mounted onto slides for his· 
topathological c:xamination. 

The remaining section of liver was wrapped in aluminum 
foil and placed into liqt.:id nitrogen for approximately three 
weeks. Microsomes were then prepared for cytOchwme P450 
nssays. 

Blood sampl~s were collected via jugular venipunctur~. 
Up to 2 ml blood was taken from each bird, which was im­
mediately euthanized with carbon dioxide following blood 
collection. One mmiliter of blood was placed into 4.5 ml 
polypropyleno snap-cap tubes (Falconi!!, Becton-Dickinson. 
Lincoln Park, NJ) containing l ml RPMI 1640 tissue culture 
medium + !007o heat inactivated fetal bovine serum (FBS) 
(Hyclone Laboratories, Logan, UT) + pen/strep + 10 mM 
HEPES (Gi.oco), pH 7.2. This sample was kept at approxi­
mately 25"C for about I h until it could be processed for 
macrophage phagocytosis. The remaining blood (approxi­
mately 0.05-1.0 ml) was transferred into 2-ml evacuated glass 
tubes (VacutaitJer<!>, Becton-Dickinson) containing sodium 
heparin and kept at approximately 25 oc until processing (ap­
proximately 1.5 11). From this sample the following end 
points were measured: packed cell volume, hemoglobin co!l­
centration, total peripheral white blood cdl (WBC) count, 
and lymphocyte blastogenesis. Thin film blood smears were 
made far leukocyte differentiation. After the blood was po(­
tioned according to each assay, the remainder was centri­
fuged for lO min at 1,500 g and plasma wa.s removed. Plasma 
samples were placed into 1.0-ml serum vials and stored at 
-zo•c far a least one week. from these sample~. total plasma 
protein, plasma alanine aminotransferase (ALT), plasma as­
partate aminotransferase (AST), and antibody titers to ~heep 
erythrocytes (SRBC) were measured. 

Packed cell volumes were determined using standard 
methods, as reviewed by Dein [7]. Hemoglobin concentration 
(grams per decilit.c:r) was determined spectrophotornetrkally 
using a commercial hemolysis kit (Cambridge Instruments, 
Inc., Buffalo, NY) and a hemoglobinometer (Reichert Sci­
entific Instruments, Buffalo, NY) [7]. 

Total peripheral WBC counts were determined using 
Natt-Herrick's staining solution [7 ,8] and a Neubauer hemo­
cytometer. Leukocyte differentiation was performed on 
blood smears stained with Diff-QuicJ<® (Baxter Healthcare 
Corp., Miami, FL) and classified according to Dein (7) and 
Campbell \8]. One hundred cells per slide were counted and 
the percentage of each cell type recorded. 

Total plasma protein, ALT. and AST concentrations wc:re 
detemrined with a Gilford (SBA-300) automated spectropho­
tometer (Ciba-Corning Diagnostics, Oberlin, OH), using pro­
ccdur~s a:nd reagents supplied by the manufacturer. Methods 
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for these assays are described in Fairbrother et al. _(9J .. Kin~t­
i's assays (ALT and AST) were rc::ad over a 3-mm ttme In­
terval to verify linearity, and the a.bsorbance was recorded 
1 a time when the change in ab60rbance was constant. The 

:otal protein assay employed the biuret reaction, and absor­
bance was read at a single time point. Plasma samples w~re 
diluted twofold and assayed in duplicate. If the precision be­
tween th~ replicates differed by more than 1 Qltfo, the sample 
was reanalyzed. Reference normal and abnormal sera, sup­
plied by Ciba-Corning Diagnostics, were incl~ded with each 
run as a quality control measure for evaluatmg accuracy. 

Immune function assays 

Leu~ocytes were s~paratod from whole blood using 
hi~topaque-119 (Sigma) in a density gradient centrifugation. 
c~lls were placed into 24-well tissue culture plates (Corning, 
Inc., Corning, NY) at 4 x 106 cells per well in a final volume 
of 1 ml. Plates were incubated at 41 "C in 5o/o C02 for 48 h, 
at which time nonadnerent cells were removed and phago­
cytosis testing was perform~d using modified methods of 
Ragsdale and Gra5so [10]. Yeast cells (Saccharomyces cere· 
visioe) were conjugated with fluorescein isothiocyanate 
(FJTC) and opsonizc:d for 30 min at 41 °C with f~:tal bovine 
serum, and 50 1~! Hanks balanced salt solution containing 
1 x 107 yeast ~ells was add~d to each wc:II. Plates were incu­
bated 15 min; washed twice to remove noningested yeast 
particles; and examined under an inverted, fluorescent mi­
\.roscope (Nikon Diaphot, Nikon, Inc., Garden City, '!'J). 
Phagocytosis was determinc:d by counting 100 macrophages 
and recording the number of yeast each macrophage itl­
gested. Results were expressed as percentage ofmacrophages 
ingestingO, 1 to 3, or~ 4 yeast [II]. 

Blastog~nesis was performed using a modified whok 
blood method [12-16] optimi~ed. for the starling. Periph~.nd 
whole blood was dihtted one to .\0 with RPMI 1640, and 
100-141 aliquots were dispensed into 96-we1J, U·bottorn micro­
titer plates (Corning) containing either 0 or 5 ,ug per well Con, 
canavalin A (Con A) (Sigma) in 0.1 ml medium. Plates were 
1hen incubated for 24 h in a 5"7o C01 , 41 "C humidified at­
mosphere, followed by a 12-h pulse of 0.05 !J.Ci of [lH] thy­
midine (Arnersham, Arlington Hc:ights, IL) in 25 JLI medium. 
The~lls were harvested onto glass-fiber strips for scintillation 
counting using a 24-w.;Jl cell harvester (Brandel, Biomedical 
Re-search and D~velopment Laboratories, Inc., Gaithersburg, 
MD). Tbe blastogenic response was e;~~pressed e.:! a stimula­
lion inde~ (Sl) derived by dividing the mean disintegrations 
per minute (dpm) for triplicate:, mitogen-stimulated wells by 
the mean dpm for unstimulated wells. 

Starlings were inoculated intt'avenously wlt.h 4 x 10~ 
washed SRSC (Colorado Serum Company, Denver, CO) in 
100 vi oterile 0.85o/o saline. Because titers to SRBC peak 
6 to 7 dafter antigen presentation in adult starlings (data not 
shOivn), birds in all experiments were challenged with SRBC 
6 d before study termination. Hemagglutination (HA) titers 
toSRBC were measured from neat-inactivated plasma (S6°C 
for I h) using adapt~d microtiter techniques [6,17]. Titers 
w~re e~pressed as the inverse of the highest dilution show­
Ing HA. 

Cytochrome P450 (Issays 
Livers were assayed for total protein content, ethoxyreso­

mfin 0-dc::alkylase: (EROD), and pentoxyresorufin 0-depen­
tylase (PROD) activity using the methods of Hofius [18). 
EROD analyses were conducted by a modified method of 
Prough eta!. [19], and PROD analyses us~d the methods of 
Burke eta). [20). Both assays were run on a Perkin Elmer 
LS50 luminescent spectrometel' (Perkin Elmer Cotp,, Nor­
walk, CT). Protein determinations were made using a bicin· 
choninic acid assay [21]. Results were expressed as picomoles 
of substrate hydrolyzed per minute per milligram of protein. 

Preparation and analysis of DMBA dosing solutions 

DMBA (Sigma) dosing solutions were prepared by sus­
pending DMBA powder in warmed corn oil and mixing on 
El vortex mixer until evenly distributed. The concentrations 
of the dosing soh~tions were analyzed by GC (Hewlett Pack· 
ard 5890 Series II GC with flame ionization detector; Hew­
lett Packard Co., Palo Alto, CA) in the lab of 0. Cobb, l'he 
Institute of Wildlife and Environmental Toxicology, Clem­
son University, Clemson, South Carolina. Reference stan­
dards were prepat·ed in the lab h-om the parent compound 
(9507~ purity) and hc::xane. Three samples from each dosing 
concentration were run in duplicate. The reported value for 
each dosin.g solution was the mean of the six measurements. 
Dosi11g solutions were verified to be at least 95% of nomi­
nal concentrations, and no DMBA was detected in the con­
trol solutiort. 

Experimental design 

Experiment 1: Subcutaneous exposure of adult starlings. 
Sixtem adult starlings of either sex wel'e mndomly assigned 
to four treatment subgroups (n = 4 birds per subgroup). Im­
mediately befor~ dosing, birds were weighed and DMBA so­
lutions were prepared to final concen:rations of 0, 1, 10, and 
25 mg/m.l in corn oil and stored in the dark at 2.'5°C. Birds 
were inje<;ted st~bcutaneously (sc), \.!Sing a Z7-ga n~;cdk and 
a tuberculin syringe, every other day for 10 d with 0, 1, 10, 
or 25 mg/kg DMBA (total doses 0, 5, 50, and 125 mg/kg). 
On day 5, all birds were challenged with 4 x 108 washed 
sheep SRBC intravenously (iv), and the study was terminated 
on day 11, 24 h following the final DMBA injection. Spleens 
were not preps.red for histopathology in this experiment. 

Experim~nt 2: Oral exposr1re of ad11/t starlings. Twenty 
adult starlings were randomly assigned to four subgroups 
(n = 5 birds per subgroup). Birds were weighed, and DMBA 
5olutions were prepared to final concentrat.lons of 0, 5, 12, 
and 30mg/ml. Birds were gaY!lied with 0, 10, 25, or 60mg/kg 
for five consecutive days (total doses 0, 50, 125, 300 mg/kg). 
On the initial day of dosing, all bird~ were injected iv with 
SRBC, and the experiment was terminated on day 6, 24 h fol" 
lowing the last gavage, It1 this experiment, spleens were ex­
amined for histopatllological chang~s. After the spleen was 
wc:igh~d and a sect ton put into formaEn, the remaining tis· 
sue was reweighed and put into RPMI 1640 + pen/strep un­
til viable cellularity could be determined. Insufficient data 
were:: acquirc:d from the blastogenesis assay due to technical 
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problems with the cell hanester. Therefore, to determine the 

blastogenic response from adult starlings gavaged with 

DMBA, a second experiment was irlitiat.ed. Due to a low cap­

tive bird population (rz == 8), the study consisted of only two 

treatment groups (0 and 125 mg/kg) (n ""4 birds per treat· 

ment). The dosing regime was identical to the original oral 

expo~ure study_ Blastogenesis was the only end point mea­

sured in this second experiment. 
Experiment 3: Oral expos14re of nestling starlings. Since 

1988, 48 starling nest boxes have bc::en erected annually at the 

Willamette Research Station, U.S. Environmental Prote,tion 

Agency, Corvallis, Oregon, according to the gUidelines of 

K<:'ndall et aL [22]. F'or this study, daily monitoring of the 

boxes started in tnid-Aprill992, and nest condition, dutch 

size, and hatch date were recorded. After hatching, nests 
were monitored ever:'! 2 d until experiment initiation. When 

eggs in 24 nest boxes hatched wJthin a day of each other, one 

bird from each box was included in t.he study. Because nine 

boxes hatched on I d (group I) and 15 boxes hatched on the 

s~cond day (group Z), a randomized block design was used. 

Birds were randomly assigned to a treatment of 0, 10, or 

IOD mg/ks DMBA, such that n ""3 birds per treatment from 

group 1 and n == 5 birds per treatment hom group ;1.. When 

nestlings were 9 d old, the dosing trial began, and the birds 
were orally gavaged with 0, 2, and ZO mg/Jcg/d DMBA for 

five consecutive day5 (total dose 0, 10, and 100 mg/kg). On 

the initial dosins day for each group, all birds were chal­

lenged iv with SRBC. The study wa5 concluded on day 6, 
24 h following the last gavage. Birds were 15 d old at the ter­

mination of the study. 

Statistical analyses 

All statistical calculations were performed using the Stat· 

View 512+ statistical program for Apple Macintosh personal 

computers (Brair1Power, Inc., Calabasas, CA). With one ex­

ception, DMBA experiments were a,natyzed by ANOVA. 

When the overall ANOVA F statistic resulted in p ~ 0.05, 
treatment means were separated and compa~ed to that of the 

control group by Dunnett's 1 test. Differences between con­

trol and treatment groups were considered significant in all 

exp~riments when p :5: 0.()5. Only two treatment groups were 

included in the separate experiment conducted to measure the 

blastogenic re~ponse of adult starlings orally exposed to 

DMBA. Therefore, the results were analyzed using an un­
paired Student's t test. 

RESULTS 

Experiment 1: Subcutaneous exposure of adult star/in.gs 

Subcutaneous exposure of adult starlings 10 DMBA did 

rlot affect body mass at any dose. Liver mass, hemoglobin 

concentrations, and packed cell volumes also were not af­

fected by DMBA treatment. 

DMBA elicited histopathological changes to the liver. 

Minimal necrosis was evident ln the livers from the 125· 

mg/kg group. Two nodules seen in this group were: different 

from those seen in other groups. One contained. macrophage­

type cells with oc~;:asional cell necrosis and loss of hepato­

cytes. The second nodule was composed of lymphocytes and 

plasma ,ens. Sections from all tr~atrncnt groups co t . d 
'd d I d - f n ame 

\ympho1 no u es, an ev1dence o extramedullaru h 
. 1 1 . II . ~ erruno. 

po1cs s was preva ent m a us sues. 

Although plasma protein concentrations wen: not si ·r 
· 1 d"ff t h · gm " 1cant y 1 eren among groups, t ey mcreased sli(Thtly · h 
. . DM'BA d . .. Wlt 
mc;easmg oses. Protem concentrations from b' d 

in the higbest treatment group (125 mg/\(g) were elev~~ ~ 
160fo over contt'ol. Increases in plasma ALT al\d AST acti:. 
itic~ were dose dependent (Table 1). However, these diff _ 

ences were not stati~tically significant. The lack of significane~ 
may lutve ?een duet? small s~ple.size (n == 4 birds per dose) 

coupled w1th mcreasmg variability m the higher dose groups. 

Log and square root transformacions of the data did not 

make the variability more uniform among treatments. 

Administration of 5 mg/kg DMBA did not affect any 
physiological or immune function parameter measured. At 

50 mg/kg, an increase in heteraphils (p =s O.OS) caused a sig­

nificantly higher het~ophil/lyt;tphocyte ratio (p ;s; 0.05) tha.n 

controls (Table 2). No other changc:s occurred at thi5 dose. 

At 125 mg/kg, DMBA caused a 4207o decrease in mean 

spleen"to-body mass ratios when compared to controls: The 

mean ratio value from control birds was 1.0 mg/g (;;;0.1 se), 

whereas the value from birds exposed to 125 mg/kg DMBA 

was 0.6 rng/g (±0.07 SE) (p s 0.05). Total number of viable 

spleen cells was 52 (\to lower at thiB highest dose (Table 2). The 

overall AN OVA Fstatistic for this test gave ap value of 0.08, 

and the Dunnett's t test was not significant at 9:5 (tfo. However, 

this lack of statistical significance could be attributed to the 

small sample size. 
Peripheral leukocyte numbers were significantly decre~ed 

in the l25·mg/kg group (p ~ 0.05). Lymphocyt.e numbers 

were significantly lower at tltis dose (p ~ 0.05), which caused 

a subseqnent increase in the heterophil/lymphocyte ratio 

(p s 0.05) (Table 2). 

Macrophage phagocytosis was not significantly affected 

Table 1. Blood chemistry (mean± SE) 

Plasma Plasma 
ALT .1\.ST Plasma 

protein 
Ei<pcrimcnt• (g;/d!) 

(U/L; (U/L; Hemoglobin 

rnmollrnin/L) mmolln1in/L) (g/diJ 

I. Adult, subcutaneous DMBA 
Control 2.7 (0.4) 167 (7) 

5.0 3.0 (0.3) 174 (14] 
so.o 3.\ (0.\) 422(187) 

125.0 3 .I (0.3) 685 (340) 

2, Adult, oral PMBA 
Control 3.3 (O.l) 
50.0 3.4 (0.2) 

lZS.O 3.6 (O.a) 
300.0 3.7 (0.2) 

3. Nestling, DMBA 
Control 3.6 (0.2) 

10.0 4.3 (0.3) 
100.0 3 6 (0.4) 

151 (20) 
135(15) 
3D ()71) 
328 (W3) 

363 (72) 
383 (92) 

1,378 (211}" 

334 ($3) 
308 (22) 

1,460 (59&) 
1,004 (487) 

343 (51) 
276 (18) 
497 (195) 
479 (134) 

NMb 
NM 
NlVI 

"DMBA dosages in milligrams per kilogram. 
bNot measured. 
'SiJr;:ltflcantly different from control (p :$ 0.05). 

l ~ .8 (0.4) 
15.4 (OJ) 
16.0 {0.2) 
I ~.6 (0.4) 

16J (0.5) 
!6.8 (0.5) 
)6.4 (0.6) 
15.5 (0.5) 

)2.3 (0.5) 
11.4 (0.4) 
10.3 (0.3)' 
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Table Z. Spleen cellulari(y, total and differential white blood cell (WBC) counts (mean ± SE) 

Spl~en Total 
~xperlmetll' cdlularityb,e WBC' HeteropllH' 

1_ Adult, subcutaneous DMBA 
Control 17.3 (1.9) 5.0 (1.1) 1.5 (0.~) 

5.0 19.2 (S.6) 4.4 (0.6) 1.4 (0.3) 

50.0 20.0 (.2.4) 6.0 (0.8) 3.4 (0.6}" 

125.0 8.20.4/ ~.4 (0.2)' 1.4 (0.?.) 

l. ,ol.dul!, oral DMBA 
Control 14.1 (4.4) 4.:2. (0.8) 1.3 (0.3) 

50.0 26.7 (4.2)' 5.9(1.9) ).2 (0.2) 

125.0 14.0 (2.1) 4,6 0 .3) Z.l (1.4) 

300.0 )3.5 (5.0) 5.6 (1.1) 2.6 (0.3) 

3. Nestling, DM:SA 
Conttol 48.0 (7.0) 11.1 (2.3) 6.2 (1.4) 

10.0 42.0 (8.0) 9.6 (1.7) 5.1 (1.4) 

HXI.O 21 0 (5.0)" 8.1 (1.3) 4.5 (0.8) 

'PMBA do;ages ill mlltigrams per kilogram. 
'Number of viable leukocytes per spleen. 
'~pressed as (cells x lO-~ /ml). 
dHeterophil/lyrnphocyte ratio>. 
'Sisrtifkantly different from corttrol (JJ ~ 0.05). 
'p = 0.08. 

in any group; however, Figure 1 displays a salient trend. As 
DMBA cor1centrations increased, the percentage of macro­
phages that ingested <4 yeast increased, with a subsequent 
decrease in the percentage of macrophages that inl!ested 24 
yeast. 

Blastogenesis and HA titers were significantly lower in 
birds dosed with 12S mg/kg DMBA. Mean stimulation in­

dexes were 790i'o lower from birds at this dose than controls 
(Fig. 2) (P s: 0.05), and HA titers were decreased 2601o in this 
group. Hemagglutination titers to SRBC we,e expressed ~ 

D >1• 4 lnOII$\Qd yeast 
120 • < 4 lnge$ted yeast 
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~1&· I. Macrophage phagocyto&is after subcutaneous DMBA expo. 
sure of adult stat lings, Percentage of maCI'ophageo ingestill8 ~4 yeast 
decreQse~ '-"ith incrca~ing dosages of DMBA. 

Lympb.ocyte' Monocyte' Eo5inophil" H/L ratiod 

M (O.al 0.24 (0.05) 0.13 (0.07) 0.51 (0.19) 

2.8 (0.,5) 0.20 (0.0:3) 0.07 (0.07) 0.57 (O.!S) 
:u (0.4) 0.15 (0.03) 0.32 (0.16) 1.72 (0.25)0 

o.s co. n• 0.!5 (0.01) 0.06 (0.02) 1.90 (0.23). 

0.02 (0.02) 0.83 (0.43) ;?..6 (O.:S) 0.21 (0.07) 
4.0 (1.6) 0.30 (0.16) 0.36 (0.11)0 0.57 (0.19) 

2.3 (0.1) 0.10 (0.22) 0.09 (0 02) 0.99 (0.69) 

2.6 (0. 7) 0.21 (0.07) 0.14 (0.06) 1.50 (0.61) 

:l.7 (1.0) 0.17 (0.03) 1.14 (0.50) 2.48 (0.87) 

37 (0.3) 0.20 (0.05) 0.62 (0.18) 1.40 (0.37) 

2.9 (0.8) 0.14 (0.02) o.S6 (0.18) 3,67 (J .54) 

the log2 transformation of the data. Therefore, birds receiv­

ing no DMBA had HA titer's of 10.8 (±0.6 sE), and birds re· 
ceiving 125 mg/kg DMBA had titers of 8 (±0.7) (p s; 0.05). 

A dose-dependent increase was seen in the induction of 
both £ROD and PROD activity In starlings exposed sc to 
DMBA with statistically signifkant elevations at the 125-

mg/kg dose (Fig. 3). EROD and PROD activity was in· 
creased 2.8 and 3.4 times, respectiv~:Jy. Neither enzyme was 
induced by oral exposure to DMBA in either adult Ol neil­
ling starling5 (f!g. 3). 
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Fig. 2. Blasto~enic responses of leukocytes to Con A after sub­
cutaneous e~posure of adult starlin£s io DMBA. Ast~risk indicates 
mean vahtes are sigruficant1y different from control (p :s: 0.05); bars 
~re I Sl!. of m~an obscrvatlotls. 
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Experiment 2: Oral exposure of od111t starlings 

Oral exposure to DMBA did not substantially affect star­

ling physiology or immune function. Histopathological t::JC.­

aroinations revealed uttk damage to the livers and no damage 

w the spleens. Bile duct proliferation was the only lesion as­

sociated with increasing dosages of DMBA. No lesions of he­

patocytes were seen in any livers. 

Although not significantly different from controls, a dose­

related increase in the plasma ALT and AST act-ivities was 

obser~ed as DMBA doses were increased (Table 1). This lack 

of statistical significance may be due to small sample size and 

high variability in the data at tlte 125" and 300-mg/kg dose-s. 

An aMmalous firtding occurred in the lowest dose 

(SO :mg/kg) grou~J. SpleeMo-body-mass ratios were increas.ed 

4611fo in this group when compared to controls, with a subse­

quent 470Jo inc{ease in number of viable spleen cells (Table Z) 

(p s 0.05). Eosinophilia was evidenced in this group by a. 
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Fi~. 3. MFO acHvfti~ from starling! exposed to DMa.<\: (A) ER.OD, 

(B) PROD. Astensk mdicate~ sigitiflcatot d!ffet~nces from COJltrol 

values (p < O.O~): bat·& are 1 SJ! of mean ob~ervatlom. 

93tlfo increase in eosinophils over controls (Tab\~ 2) (p !!0 

0.05). 
The only other adverse effect noticed in this experiment 

was a decrease in the blastogenic response at the 125-mg/kg 

dose of DMBA. The mean stimulation index was 88~o lower 

in the treatment group than in controls (Fig. 4A) (p s 0.05). 

Experiment 3: Oral exposure of nestling starlings 

At 10 mg/kg DMBA did not e;Jtct't adverse effects on nest­

ling starlings. However, at 100 mg;/kg many physiological 

and immunological changes occurred in these birds. Body 

mass and bursa mass were significantly decreased In the 100-

mg/)cg dose group. Nestlings gavaged only with corn oil nad 

me11n body weigbts of 62 g (± 1.8 se), whereas birds that re­

ceived 100 mg/kg DMBA had mean weights of 55 g (:!:2.7 SE) 

(p ~ 0.05). The bursa from control starlings weighed 157.8 mg 

(± 13.5 sE), but the mean wcight of bursas from nestlings e;a­

vaged with 100 mg/kg was 98.6 (;±; 12.3 SB). Liver weights 

were not. affected in young starlings exposed to DMBA. 

Livers, spleens, bursas, and thymuses from 15-d-old star. 

lings were examined histopatholo,\lically. DMBA did not 

cause serious lesions in any examined tissue. Hepatocytcs ap­

peared normal in all groups. Bile duct proliferation was 
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P?&ure of starli11gs to OMBA' (A.) adl))ts, (:8) nestlings. Asterisk !n­

dlcat.es mean values are significantly different frorrt control (p ~ 

0.05); bars ate 1 Sl! of mean observations. 
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prominent in five nestlings from the 100-mg/kg group. How· 
~;ver, three of the eight birds showed no pronounced prolif· 
eration. The thymus, bursa, and spleen appeared normal in 
all groups. Lymphoid nodules were not prominent in the 
>pleen, sugge!ting little antigenic stimulation. 

Packed cell volumes and plasma protein concentrations 
were not altered by DMBA exposure. Howc:ver, mean hc:mo· 
g!obin concentrations were decreased I60Jo in the 100-mg/kg 
dose group (Table[) (p ==: 0.05). Mean ph~srna ALT activity 
io the 100-mg/kg group was significantly higher than con· 
trol activity (Table 1) (p :S 0,05). 

A!though spleen-to-body-mass ratios were not affected by 
DMBA treatment, mean number of viable spleen cells was 
significantly lower in the highest DMBA group (Table 2) 

(p :s; 0.05). Dtv1BA did not affect total number of periph­
eral WBC or alter tile distribution of cell typ~ in any group 
(Table 2). 

Lymphocyte proliferation was signific::antly lower in the 
100-mg/kg group (Fig. 4B) (p ~ 0.05), with mean stimula· 
t.ion indexe~ reduced by 900Ja when compared to controls. 
Nestling humoral immunity, as measured by HA titers, was 
not affected by DMBA treatment. 

Macrorhage phagocytosis wa~ affected by DMBA in a 
d.ose-depmdent manner (Fig. 5). The percentage of macro· 
phages ingesting ~4 yeast decreased as the do&e of DMBA 
increased. Therefore, at 100 mg/kg, the phagocytic ability 
of macrophages was significantly decreased (p ~ 0.05). 

DISCUSSlON 

Responses of adult starlings to sc, 10-d eJ~:posure of 
125 mg/kg DMBA wefe similar t.o those reported in mice re· 
cdviog \00 mg/kg DMDA sc over a two-week period (23]. 
Lymphocyte proliferation a:nd humoral immune responses 
were impaired in both mice and starlings. Subcutaneous ex· 
posure of 125 rng/kg DMBA may be tbe threshold dose that 
results in immunosuppression without causing overt signs of 
toKicity in starlings. At doses lower than 125 mg/kg (5 and 
50 IlJ.8/kg), starling immune function was not impaired. In 
mice, sc administration of 5 mg/kg resulted in suppression 
of the lymphocyte proliferation response to the T -cell mito· 
gen PHA, but did not affect humoral or nonspecific immune 
functions [24]. However, in mice exposed to 50 mg/kg 
DMBA sc over a two-week period, humoral, cell-mediated, 
Md no-nspecific immune function end points were inhibited 
[25-27]. Therefore, starling and mice immune systr:m~ re· 
spond similarly to sc DMBA treatment, but with diffl;:(ent 
sensitivities. 

Macrophage phagocytosis was not significantly affected 
in starlings exposed sc to DMBA. although an appeftUt trend 
in the data indicates a decrease in phagoc:yto6is of macro­
phages from birds on high doses of DMBA compared to 
control birds. Yamashita and Hamaoka [28] reported a de· 
creast in antigen-presenting ability by splenic macrophages 
from mice exposed to a single sc dose of 500 ~~g DMBA. They 
speculated that DMBA immunosuppression is due directly 
to r.he inhibition of macrophage fuaction. In conttast, Dean 
et al. (24) suggest that DMBA may directly affect B-cells, be· 
cau~e antibody responses to the T-cell-independent, macro· 
phage-ind~pendent antigen trinitrophenol·lipopolysaccharioe 
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Fig. 5. Macrophag11 phagocyt.o~i> after DMBA exposure of ne1tli11g 
starllnss. Aste~i.!ik indicates macropha~s from control birds inge5ted 
significantly more yeast than macrophages from birds administered 
100 mg/kg DMBA. 

(TNP-LPS) was significantly depressed in mice exposed sub­
cutarteously to 5 to 100 mg/kg DMBA. Further resc:arch is 
needed to determine th~ mechanism of DMBA immunotoxidty 
in se-exposed adult starlings. Antibody responsc:s toT-cell­
lndependent and/or mac:rophage-independ.;nt antigen~ were 
not measured, so direct effects of DMBA on starling B-cells 
could not be determined. 

Immunosuppression was minimal in adult starlings ga­
vaged witb DMBA, even at doses almost three times greater 
than concentrations that caused more severe Immunosuppres­
sion when administered subcutaneously. Proliferation of 
lymphocytes to Con A was suppressed, but macrophage 
phagocytosis and the antibody response to SRBC were not 
altered. Route of exposu~e appears to han a pronouuced in­
fluence on DMBA immunotoxicity in starlings. Subcutane· 
ously administered chemicals are usually absorbed at a slower 
rate than those ingested, as the latter enters the circulatory 
system more rapidly (29). DMBA may hav~: bren mo~e toxic 
to sc--exposed birds because of the slower rate of absorption 
combined with a longer exposure time. Gavaged birds may 
have been less affcct.ed by DMBA because Lhe high metabolic 
rate of starlings facilitated rapid gastrointestinal motility and 
excretion of the DMBA-laden corn oil. The dichotomy be· 
tween the effects of sc and oral routes of exposure also may 
be due partially to the length of each dosing study. The birds 
receiving D.M'BA sc w~re exposed every other day for lO d, 
w]Jereas the orally gava~ted b(rds were dos~d for five consec­
utive days. However, sevenll studies have indicated that 
length of exposure is of negligible importance whm com­
pared to total chemical dose [27 ,30]. 

The effects of DMBA administered to young starlings by 
the or!l.l route were di~tlnctly different from those seen in sim· 
ilarly exposed adults. Overt signs of general to,:icity by 
DMBA were manifested by a decrease in body rnass and 
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blood hemoglobin concentration in young birds expo5ed to 

the highest dose (100 mg/kg). Adult starling$ exposed to 

DMBA both subcutaneously and orally did not demonstrate 

any gross signs of toxicity at similar and greater doses, which 

suggests that young starlings arc more sensitive to DMBA 

toxicity than adults. [tnmunosuppression by the carcinogenic 

PAH benzo[a)pyrene is considerably more pron01tnced In 

neonatal than in adult mice [31]. 
The ability of macropnages to ingest fluorescent yeast pM­

ticles was severely impaired in the nestling high-dos& l'\roup, 

as was lymphocyte prolif~ration. Engulfing and destruction 

of foreign. particles by cells, mch Sl$ macropha.ges and gran­

ulocytes, is a first line of defense for most animals. The ability 

of a 15-d-old starting to mount a fully capable immune re­

spor)se is questionable. A lack of secondary follicle develop· 

mcnt is observed in the: spleens of 15-d-old ~tatlings, and the 

cellular components of the spleen <~t this age are primarily 

immature granulocytes and erythrocyte~ (K.A. l'lust, unpub­

lished data). lf tne starling immune response is not fully de­

veloped at 15 d, as indicat!:d by the immaturity of the spleen, 

the phagocytic and killing ability of nonspecific immune cells 

may be more important to these b\rds, and inhibition of this 

parameter of immunity may have severe consequences. 

DMBA caused minimal changes in the livers of starlings, 
as indicated by histopathological examination. Hepato~llu­

lar damage may cJ\plain the dose-dependent increases in ALT 

and AST activity ln starlings exposed to DMBA by both 

routes. In mammals, elevated plasma A.L-T and AST activ­

ity are indicative of soft tissue damage, including the liver. 

{n birds, these enzymes are distdbuted widely among vari· 

ous tissues, includirlg heart and skeletal muscle, kidneys, and 

lungs and are therefo~·e not liver specific. However, there 

have been r:ports of increased blood ALT values in raptors, 

chickens, and ducks with hepatic insulLs, and AST levels are 

usually greatly increased with liver necrosis, whereas only 

moderate increases of this enzyme occur with other aoft tis­

sue injury [32). In light of the minimal liver damage caused 

by DMBA, as revealed by histopathological examination, it 
i~ :mprobable that the increased AL T and AST activities were 

due solely to hepatic insult and may have been due to dam­

a.g~ of other tissues. DMBA did not dama!!~ lymphoid or· 

gans of adult or nestling starlings. 
Induction of both EROD and PROD activities in adult 

starlings exposed to DMBA sc are similar to findings of 

Hofius [18), in which oral exposure of nestling starlings to 

.8-naphthaOavone (BNF) resulted in induction of both en· 

zymes. The lack of induction in nestlings was surprising in 

light of the fact that Hofius [18] induced P450 activity with 

similar oral do.!ies of BNF in nestlings. Perhap~ th~ most in­

triguing aspect of this project, however, was the vastly dif­

ferent l'esults from each e:xpe:'iment regarding the conelatlon 

between lmmunotoxic effects of DMBA and P450 enzyme 

induction. At the highest dose ( 125 mg/kg), DMBA caused 

immunosuppression and induction of hepatic monooxygen­

ase enzymes in sc-exposed adult starlings. At doses almost 

three tim~s greater (300 m!l/kg), DMBA had minimal immu· 

notoxic effects and no increased P450 activity in orally ex­

posed adults. In adults orally expos~d to 125 mg/kg DMBA, 

nlitogenically induced T-ceU proliferation was decreased. Fir­

teen-day.old nestlings orally t_l(posed to D!VIBA (100 ll:lg/k ) 

wet'e immunosuppressed but had no induction of P450 e~­
zyroes. Subcutaneous exposure of DMBA does not indu 

hepatic monooxygc:nase activity in either Ah-inducible ~e 
noninducibk strains of mice, ~ut both ~yp~s are immunosup~ 
pressed [30,33]. As DMBA 1s a relatively poor ind1.1cer of 

P450 enzymes (34] but a. strong immunosuppres9ant, there. 

lationship between immunosuppression and enzyme indu<.:­

tlon may be quite different for other compounds or other 

species. In starlings, lriduction of hepatic rnonooxygena.se 

activity by DMBA may be coinddental with irnmunotoxic ef­
f~cts of the chemical but not necessary for immunosuppres­

sion. In vitro, the parent compound appears to be responsible 

for the immunotoxic effect~ of DMBA [35]. 

The parent compound may be immunosuppressive in star. 

lings, but greater hepatic MFO activity in nestlin~s may in· 

crcoase the immunotoxic <::ffects of DMBA. Control values of 

EROD activity from the nestling experiment were approxi­

mately three tim~s higher than control values from the adult 

ora. I experimenL Even though MFO activity was not increa..sed 

in nestlings <'xposed to DMBA, constitutively expressed P450 

activity is gre&tc::r in young starlings than in adults. Thc::re­

fore, nestlings could have metabolized more of the parent 

compound to toxic products than the orally exposed adults. 

Alternatively, studies of mice by Twerdok et al. [36} and 

Ladies eta!. [37] have shown that benzo[a]pyrene·diol is con­

verted to the reactive intermediate, 7,8-dihydroxy-9,10· 

epoxy. 7 ,8,9,10-tetrahydrobem:.o[a)pyrene intracellularly by 

neutrophils and ma.crophages, respec:tively. If this is true, 

then the observed differences in toxic responses betw~en 

orally dosed juveniles and sc-dosed adult5 would be related 

to differing doses at the cellular level rather than enzyme ac· 

t.iv!t.y differences in the liver. However, the enzymatic con" 

tent and cytochc::rolcal reactions of avian heterophils differ 

from the mammalian neutrophil analog [38]. The mamma­

lian neutrophil relies on myeloperoxidase-halide interactions 

to facilitate actual killing, whereas the activity of heterophils 

i5 primarily associated with (:ationic proteins and lysolymcs 

within the granules. The ability or avian heterophils to actL­

vate compounds such as DMBA i.s unknown. Therefore, it 

currently is not possible to determine if the greater sensitivity 

of ne~tling starlings to DMBA was due to the higher activity 

of nestling liver cytochromes or to differe=nces in heterophil/ 

macrophage activatiotl as a result or the different exposure 

routes. 
The main obje1=tive of tltis project was t(J explo1·e the st!lr­

lill$ immune system-as a potential indicator of avian exposure 

to envin:mmental contaminants. Starling immune function, 

both adult and ne$tling, can be measured, and chemkal in" 

sults to the system can be detected.. Flightless nestlings make 

ideal test animals because they are easily handled and unable 

to leave the nest box. Although furthef research is n~cessarY 
to develop a more rigorous assay for humoral responses to 

quantify actual effect~ of chemicals on starling B-cells, the 

lmrnnnological battery of tests used in this project can be tn: 

corporated into research examining the effects of chemical• 

on other biochemical and physiological responses of star· 

G 
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l'ngs such as MFO activity. This holistic approach could pro· 
~ide'morc comprehensive information about the eff¢cts of 

10xjcants on avian systems. 
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