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Basal levels and induction of hepatic aryl hydrocarbon hydroxylase activity
during the embryonic period of development in brook trout
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[t is well established that fish have hepatic evtochrome P-
450 dependent monooxygenases that are similar in many
respects to the more extensively studicd mammalian svs-
tems [1-6]. These enzymes metabolize a variety of lipophilic
xenobiotics and can be induced in fish by experimental
exposure to common environmental contaminants. such as
commercial polychlorinated biphenyl (PCB) mixtures and
petroleum hvdrocarbons [3.7-9]. Much work in mammals
has shown that cyvtochrome P-4350 dependent monooxy-
genases play important roles both in the detoxification of
xenobiotics and in pathways leading to the activation of
certain compounds to cytotoxic. mutagenic and carcino-
genic metabolites [10-12]. In fish. the xenobiotic monooxy-
genases are likely to be involved in determining the dis-
position and effects of many lipophilic pollutants [13].

Generally the early developmental stages of fish have
been found to be more sensitive to pollutant toxicity than
adults {14-16]. and the rapidly proliferating tissues of
embryos may be particularly sensitive to damage from
activated metabolites {17]. However. very little is known
about the capacity of these stages 10 metabolize foreign
compounds [18]. We report here on the levels of aryl
hydrocarbon (benzola]pyrene) hvdroxylase (AHH activity
in liver homogenates from brook trout embryos and eleu-
theroembrvos™. and the induction of this activity in embry-
onic tiver by the commercial PCB mixture. Aroclor 1254,
We believe this to be the first report of the presence and
induction of hepatic monooxygenase activity in fish during
development prior to hatching.

Protosol. [“Cltolucne and a “C-labeled PCB isomeric
mixture (96 gCymg and approximately 54% chlorine by
weight) were purchased from the New England Nuclear
Corp.. Boston. MA. All other chemicals were as previously
described [18].

Brook trout (Salvelinus fontnalis) embrvos were
obtained by standard techniques at the Sandwich Fish
Hatchery. Massachusetts Division of Fisheries and Game.
during the natural spawning scason in November. 1979,
The embryos were from two different pools of eggs. Pool
I was a very large pool of eggs stripped {rom about thirty
females and fertilized with milt from about ten males: most
of these were used to replenish the hatchery stock. Pool
II. obtained 2 weeks later, was stripped from four females
and fertilized with milt from four males. Embryvos were
maintained at the hatchery in flowing spring water at [0°
for various periods and then brought back to the laboratory

* The terminology of fish development of Balon [19] will
be used here. The embryonic period is considered to extend
from fertilization until the yolk is almost completely
absorbed and feeding begins. The embryonic period is
divided into three phases: cleavage. embryonic and eleu-
theroembryonic. The embrvonic phase extends from the
end of cleavage until hatching. and the cleutheroembry-
onic phase extends from hatching until the developing fish
is no longer dependent on the volk for nutrition. The term
“embryo” will be used here to specifically refer to pre-
hatching developmental stages: the term “eleutheroem-
brvo™ will refer to posthatching embrvaonic stages. Some
workers call eleutheroembrvos “prolarvac™. “volk sac lar-
vae” or Usac v’

and incubated in the sume water in glass dishes at 107, In
the laboratory, water was changed dailv, and anv dead
embryos were removed at frequent intervals. Embryos
were not treated with any of the antimicrobial agents nor-
mally used at the hatchery. The approximate mean hatching
times for pool I and pool IF ecmbrvos were 44 and 49 days
from fertilization respectively.

Yearlings {1-ycar-old fish}. which had been raised at the
hatchery from pool I eggs, were obtained in March 1981,
Liver whole homogenates from these fish were used for
comparison with embryo and eleuthcroembryo prep-
arations. Conditions of fish maintenance at the hatchery
have been described previously [5].

A portion of the pool IT embryos was exposed to Aroclor
1254, which was spiked with the "C-labeted PCB isomeric
mixture to a specific activity of 0.3 uCi/mg. For each treat-
ment sixty-five embryos were incubated in 10 cm glass petri
dishes in 30 mi of spring water. PCBs were added in 15 ul
of dimethyl sulfoxide (DMSQO) to a level of 0.75 0r 7.5 ppm
{ug/ml). while DMSO alone was added to control embryos.
The exposure was initiated 23 days after fertilization and
was continued for 21 davs. Water was changed and addi-
tional inducer added at 48-hr intervals for a total of ten
additions. To guantitate PCB levels resulting from the
exposure, embryos were washed twice with water. dechor-
ionated. weighed, and then solubilized in 0.3 mi of Protosol
in glass scintilfation vials. Scintillation mixture (10 mi) and
0.6 N HCI (0.3 ml) were added to each vial. and radioac-
tivity was measurcd by liquid scintillation counting. Count-
ing efficiency was determined by internal standardization
with [HClioluene.

With the use of microsurgical instruments, livers were
dissected from embryos and cleutheroembryos and care-
fully separated from gall bladders. Homogenates were pre-
pared from pools of two to twenty livers in 0.05 M Tris~
HCL pH 7.2, 0.75 M sucrose (about [-3 mg protein/ml)
using a I-ml Potter-Elvehjem tissue grinder. Homogenates
were similarly prepared from livers of individual yearlings
{4 ml buffer/g liver) and microsomes were sedimented as
before [4]. Embryo and eleutheroembryo livers were not
weighed since their extremely small size made such
measurements impractical; based on protein content, it is
estimated that the livers of embrvos near hatching weighed
less than 30 ug.

Liver homogenates were assaved immediately for AHH
activity using the micro-radiometric procedure previousty
described [ 18], except that the reaction mixture consisted
of .US M Tris—HCL pH 7.2, 0.40 mM NADPH. 0.060 mM
[*Hibenzofa]pyrene. 0.8 mg/ml bovine serum albumin and
from 2 to 30 wg of liver protein in a final volume of 25 4.
and incubation was for 20 min at 257, Blanks consisted of
the complete reaction mixture without NADPH. The
incubation temperature was determined to be optimal using
yearling hepatic micosomes, and the reaction with yearling
microsomes or liver whole homogenate was lincar with
time for at least 20 min. AHH activity was lincar with liver
protein up to 70 gg per reaction mixture. Activities were
calculated  based on  the  specific activity  of - the
[*H]benzola]pyrenc. which was determined for cach prep-
aration after clean-up by solvent extraction. 'The limit of
detection of this assay procedure with tiver homogenates
i~ about 2 pmoles of benzolalpyrene (BP) metabolites in
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Table 1. Hepatic aryl hydrocarbon hvdroxylase activity in brook trout embryos. cleutheroembryos
and vearlings

Hepatic AHH™

units units units
Stage™ myg protein ¢ body weight o total weight
Embryos (—3) 213 =3 33404
Eleutheroembryos (+9) 63 = 6l = 10 19+5
Eleutheroembrvos (+33) S8 =8 74=1 16 =]
Yearlings (+470) 24+ 1 39=3

“ The numbers in parentheses indicate the approximate days from hatching. The embryos
were in stages 22 and 23 described by Ballard {21].

7 AHH units: pmoles benzo{a|pyrenc metabolites/min. Assays were performed on liver whole
homogenates as described in the text. The embrvo and eleutheroembryo data are the mean of
determinations on two pools of from two to twenty livers + range. Data for vearlings are the
mean = S.E. of determinations on four individuals. For embrvos and eleutheroembryos, body
weight refers to the weight of the carcass dissected lree of volk. Over the interval of development
examined. this parameter ranged from 0.004 to 0.036 ¢. Total weight refers to the weight of
intact eleutheroembryos and embryos (removed tfrom chorions). This parameter varied relatively
little with development: the overall mean value for the two pools of embrvos examined was
0.048 = 0.006 ¢ (= range). The mean weight of vearlings was 100 = 4¢ (= S.E.). The mean
ratio of total liver protein to body weight for the embryos and eleutheroembryos was 1.16 =
0.09 mg protein/g body weight. while the mean value of this parameter for vearlings was

o]

N

1.67 =0.07 (£ S.E.).

the final stopped reaction mixture. Protein was measured
by the method of Lowrv er a/. [20] using bovine serum
albumin as a standard.

Levels of AHH activity in liver homogenates of brook
trout embryos. eleutheroembryos and vearlings are shown
in Table 1. Hepatic AHH specific activity was about 3-fold
higher in eleutheroembyros at both 9 and 33 days trom
hatching than in embrvos 5 days prior to hatching. Thus.
there was a substantial increase in AHH activity in brook
trout liver around the time of hatching. which was appar-
ently followed by little change in activity during later eleu-
theroembryonic development. However, hepatic AHH
activity had declined in yvear-old fish. It is noteworthy that
specific activity was essentially the same in liver homogen-
ates from brook trout embrvos and vearlings.

A similar pattern emerged when hepatic AHH activity
was normalized to body weight (Table 1). reflecting the
fact that the ratio of total liver protein to body weight
changed relatively little with development. However. near
the time of hatching the embrvonic body accounted tor
only about 10-13% of the total embryo weight. the majority
of the weight being due to the volk. If the weight of the
volk is included. then embryos near hatching have sub-
stantially less hepatic capacity to metabolize BP per unit
total weight than vearlings have per unit body weight. in
spite of the fact that activities per g body weight were
similar in the two groups. As a result of both growth of
embryo body at the expense of volk and the increase in
specific activity after hatching, hepatic AHH activity nor-
malized to total weight continually increased over the
interval of development examined.

* Hepatic AHH activitics in nonspawning adult males
(>4-year-old) and male yearlings obtained in the Spring
of 1977, were 14 =2 (N = 3) and 15 = 1 (N = 7) pmoley/
per min/per mg microsomal protein (+ S.E.). respectively.
determined by analysis of fluorescent metabolites as pre-
viously described [S]. These results are not dircctly com-
parable to those in Tables 1 and 2. since hepatic microsomes
rather than homogenates were assayed. and the fluorimetric
rather than the radiometric AHH assay was used.

Levels of AHH activity in homogenates of liver from
control embryos and those exposed to Aroclor 1254 are
shown in Table 2. The embryos were assaved approximately
5 days before hatching (data from the control group were
also included in Table 1). Animals treated with Arclor 1254
at both doses had levels of hepatic AHH activity that were
induced 4-fold. The lack of an observed dose dependency
suggests that the induced levels of activity represent the
maximal extent of the response in these trout embryos.

The data presented here demonstrate that liver hom-
ogenates from brook trout embryos and cleutheroembryos
are active in metabolizing BP and establish that embryonic
liver of trout is competent to respond to Aroclor 1254 as
an inducer of monooxygenase activity. Since hepatic AHH
specific activity in trout eleutheroembryos was more than
twice the level in sexually immature vearlings (Table 1),
and since we have found that levels of activity in vearlings
are at least as high as those in nonspawning adults®. we
may conclude that the livers of brook trout eleutheroem-
bryos are capable of metabolizing BP at a considerably
greater rate than those in nonspawning adults. This is in
contrast to the results of a previous study [18], in which we
found that eleutheroembryos of the estuarine Killifish. Fun-
dulus heteroclings. had hepatic AHH with specitic activity
of about half that in adults. Thus. the ontogenic patterns
of hepatic AHH activity in brook trout and Fundulus appeat
distinct. The two species differ further in that extrahepatic
tissues of Fundulus eleutheroembrvos carried out a sub-
stantial portion of the total BP metabolism measured in
vitro. while we could not detect extrahepatic activity in
brook trout cleutheroembryos.

The developmental pattern of hepatic monooxygenase
activity in brook trout reported here resembles that in
chickens. Levels of hepatic microsomal cytochrome P-450
and various monooxygenase activities in chicken embryos
near hatching are similar to those in adult chickens [22-
24]. Certain activitics such as aniline hydroxylase rise to
more than twice the adult level within 1 day of hatching
and then gradually fall off to the adult level during the
following week [22]. The ontogenic patterns of monooxy-
genase activities in both brook trout and chickens contrast
with those seen in the common laboratory mammals at
comparable stages of development. Tvpically during late
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Table 2. AHH activity in liver whole homogenates from control and Aroclor 1254 exposed brook trout
embryos

(ppm PCBs* in

Exposure’ whole embryos AHH acuvitv:

group at time of assay) (pmoles benzo[alpyrene metabolites/min/mg prowin) |
Control —

0.75 ppm 64 =4

7.5 ppm 229 =6

fertilization. amp ov\im‘ '.c!'v 5 dd}s .,e!or»‘ h‘:'.c.. in stage 22B dcscr:bcd h).‘ BJHJ ¢ ]
i PCBs were measured as described in the text. D(lld are the means of three replicates = S.D. and

are L\pl’L\SLd on a wet weight basis for embryos removed from chorions.

i For cach group assays were performed on a homogenate of a single pool of

sixteen o twenty

livers. The data are the means of five replicates + S.D.

fetal development in nonprimate mammals. hepatic mono-
oxygenase activitics arc extremely low compared with those
in adults. and increase aflter birth in a pattern dependent
on both the subst wd species [25. 26}

Fish embryos can accumulate lipophilic pollutants as «
result of direct exposure [27-29] and are also likely to be
loaded with o fraction of the body burden of such com-
pounds present in their parents [30. 31]. Guiney ez al. [31]
have shown that residues of 2:.2’: -tetrachlarobiphenyl
in experimentally exposed rainbow trout redistribute during
gametogenesis and arce transterred to ova and sperm. In
fish embrvos the volk serves as a sink for fat soluble xeno-
biotics. and these compounds will be released into the
tissues during yoik absorption {28. 30]. Constitutive and
induced cmbryvonic monooxygenase activitics may serve
the adaptive function of facilitating the climination of such

compounds
compounds.

activity in fish embryos and cleutheroembryos indicates
that these stages are likelv to be susceptible to the del-
cterious effects of a variety of toxins requiring metabolic
activation. Induction of higher levels of monooxygenase
activity could potentiate such effects. Inan in vivo carcino-
genesis study, Wales e al. [32] have shown that rainbow
trout embryonic liver can activate the precarcinogen . afia-
toxin b,. However. these investigators did not examine the

However, the nresence of monooxvgenase

ITOWEY L e presence O mOnoox Yaends

metabolism of aflatoxin by the umhrvonic tissue. Further
work is necessar A to clucidate the role that monoox dse

activities play in determining both the fate and cife ct of
organic pollutants in the carly developmental stages of fish.

In summary. hepatic AHH specific activity in brook trout
embryos near hatching was at about the same level as in
sexually immature vearlings or nonspawning adults. and
the embrvonic liver was competent to respond to Aroclor
1254 as an inducer of AHH activity. Around the time of
h‘mhmg in brook trout. there was about a 3-fold increase
in hepatic AHH specific activity. so the livers of the eleu-
theroembrvos were considerably more active in metab-
olizing BP than those of yearlings. The presence of sub-
stantial monomx‘:c hnase activity during late embryonic

i sh

ay facilitate the elimination of lipo-

philic unobmms present in the volk. but may also con-
tribute to the formation of activated metabolites and toxic
lesions.
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Kinetics of deamination of 5-aza-2'-deoxycytidine and cytosine arabinoside by
human liver cytidine deaminase and its inhibition by 3-deazauridine, thymidine or
uracil arabinoside*

(Received 13 July 1982; accepted 10 November 1982)

5-Aza-2'-deoxycytidine (5-aza-dCyd) was shown to be a
potent antineoplastic agent against tumor cells in vitro [1]
and against leukemic cells in mice [2, 3]. This agent is now
undergoing clinical trial at this institution in leukemic
patients resistant to conventional chemotherapy [4].
Because of the rapid plasma elimination half-life seen in
man [4], we were interested to study the interaction of 5-
aza-dCyd with human liver cvtidine deaminase and to com-
pare it with 5-aza-cytidine (5-aza-Cyd) and cytosine ara-
binoside (ara-C). nucleoside analogs which are used cur-
rently for the clinical treatment of leukemias. Also. we
tested the potential interference of various substances with
the deamination of S-aza-dCyd, 5-aza-Cvd or ara-C. The
potential inhibitors chosen were 3-deazauridine (3-DU).
thymidine (Thd). and uracil arabinoside (ara-U). 3-DU
and Thd have been shown to enhance the antileukemic
action of 5-aza-dCyd [5, 6] and ara-C [7.8]. Ara-U is the
deaminated catabolite of ara-C and may attain higher
plasma concentrations than the parent compound. espe-
cially when high dose ara-C therapy is administered [9].

5-Aza-dCyd was obtained from Chemapol (Prague.
Czechoslovakia): 5-aza-Cyd and ara-C were obtained from
the Drug Development Branch. National Cancer Institute
(Bethesda. MD): cytidine (Cyd), deoxyuridine and uridine
were purchased from P-L Biochemicals (Milwaukee, WI):
and deoxycvtidine (dCyd) and Thd were purchased from
Boehringer Mannheim (West Germany). 3-DU  was
obtained from Ash Stevens Inc. (Detroit, MI}, and uracil
arabinoside was purchased from Calbiochem (San Diego.
CA).

Human cytidine deaminase was prepared from freshly
frozen liver which was obtained at autopsy from a normal
adult. The enzvme purification was done according to
Wentworth and Wolfenden [10]. The final purification step
yielded a specific activity of 8.2 X 10 *units/mg protein.
Protein concentrations were determined by the method of
Lowry er al. [11]. One unit of activity was defined as that

* This work was supported by Grant MA-6356 from the
Medical Research Council of Canada, by the Conseil de
la Recherche en Santé du Québec. and bv LEUCAN.

amount of enzyme required to deaminate [ umole
cytidine/min under the following conditions. The deami-
nation of the substrates was followed by measuring the
decrease in absorbance at 291 nm for Cyd, dCyd and
ara-C, whereas the deamination of 5-aza-Cvd and 5-aza-
dCyd was followed at 272 nm. Kinetic measurements were
also done at 247 nm for 5-aza-dCyd and gave similar results
asat 272 nm. A recording Gilford DU-2 spectrophotometer
was used with a thermally regulated block. Assays were
conducted at 25° in 20 mM potassium phosphate buffer.
pH 7.4, Changes in extinction coefficients corresponding
to complete deamination of substrates were determined
enzymatically from the change in absorbance after pro-
longed incubation with the enzyme for all substrates. In
the case of Cyd. dCyd, and ara-C, a similar molar extinction
coefficient was found enzymatically and with pure sub-
strates and products. For the two S-aza-analogues the
deaminated products did not have any detectable absorb-
ance at 272 nm. The changes in molar extinction coefficients
using a 10 mm light path were: Cyd. —1297; dCyd. —1169:
ara-C, —1350: 5-aza-Cyd. —904; and 5-aza-dCvd. —750.

The reaction products of the 5-aza-dCyd deamination
were analyzed by TLC and high pressure liquid chroma-
tography (HPLC). Excess enzyme and substrate were
incubated at 8° during 8 hr at pH 7.4. TLC separation was
achieved on Avicel cellulose plates (1000 um thick) using
the solvent system n-butanol-acetic acid-water (100:10:30)
[12] at 4° and gave an R, value of 0.24 for 5-aza-dCyd.
HPLC separations were made after a trichloroacetic acid
(TCA) precipitation of a similar reaction mixture followed
by a neutralization with a concentrated phosphate buffer.
An aliquot (20 ul) was injected on a Cys yuBondapak (10 ym)
reverse-phase column using a 10 mM potassium phosphate
buffer (pH 6.8) as the eluent at a flow rate of 1.5 my/min.
A variable wavelength u.v. detector was used. The reten-
tion time for 5-aza-dCyd was 5 min.

The different K,, and V., values for the substrates stud-
ied are shown in Table 1. It can be seen that the two natural
substrates. Cyd and dCyd. showed the lowest K,, for the
enzyme. Ara-C showed an intermediate K,, as comparcd
to the natural substrates and the two 5-aza-analogues. which
had the highest K,, for the human liver cvtidine deaminase.
On the other hand. the enzyme had a similar V,,,, for all
the substrates studied. and this would indicate that. once



