
It is \sell estnhlishcd that fish have hepatic cyt<xktrmc P- 
450 dependent monoouygrnaws that :nc similar in man! 
respect‘; to the more cstensively studied mammalian \\s- 
terns [l-6]. Thcsc enzymes metabolize a \ariet! of lipoph;lic 
senobiotica and can he induced in fish b! rxpcrimental 
eqxxurc to common rnvironment;~l contaminant\. buch a\ 
commercial polychlorinatrd hiphenyl (PC%) mixtures and 
petroleum h!&ocarhuns [3. i-91, hluch xork in mamm;~ls 
has shown that cytochrome P-450 dependent ,n~~n~~~~~~ - 
yenases play important roles both in the de!oslfication 01 
xencrbiotics and in p;lthvvay\ lending to the actiwtion ot 
certain compounds to cytotosic. mutagenic and carcino- 
genic mctabolite\ [ lli- II.?], In fish. the yenohiotic monoox~- 
genascs are likelv to be involved in determining the dls- 
position and eff&t\ of man! lipophilic pollutanta [Ii]. 

Generally the earl!- de~ei~l~rnent~ll \t;tges oC lish have 
been found to he more seniitiw to pollutant toxicit!, than 
adult\ [l-l-liij. and the rapidly proliferating tissurs of 
embryos may br pnrticulariy sensitive to damngc from 
activated metabolitc\ [ 171. Ho\ve\-er. wr! littlc ib known 
about the capacit! of thex stagea to metaholi7e lorcign 
compound\ [IS] \Ve report here on the levels of ar!I 
hydrocnrhun (hrnzo[~~]p~renc) h\dros~lass (AHH) activit! 
in liver hom#gcl~~~tc~ Erl,m brook trout embr\:os and eleu- 
theraemhr!-os-. and the induction of this xtwty in anby- 
onic liver bv the commercial PCB mistur?. Aroclor 1254. 
%‘e believe-thi\ to tx the first report of the prchcncc and 
induction of hepatic monoos~genaae activity in fihh during 
development prior to hatching. 

Protocol. [“Cjtolucnc and it “C‘-latxlcd PCR iwmt‘ric 
mtxture (96 $‘img and approwmatcly Tici chlorme b\ 
\xeight) ww purchescd from the New Englund ‘iuclcar 
Carp.. Boston. MA. All other chernxxis ucre as prc\ iou\l! 
described [ 181. 

Brook trout (Sdr~eliilu fotzrir~dic) embryo\ \vcre 
obtained by standard technique\ at the San&ich Fi\h 
Hatchery. Massachusetts Division of Fi\hcrics and Game. 
during the natural spa\%nin, 0 wason in November. 1979. 
The embrlw \vcrc from two different pools of egg\. Pool 
I ~vas a \ery laree pool ~>f eggs stripped from ahour thirty 
femalei; and lert;lizcd with milt from about ten males; rno\t 
of thr\r were used to rcplcni\h the hatchery stock. Pool 
II. obtained 2 weel\\ later. kvab stripped lrom four lemalcs 
and fertilized 1~1th milt Irom four males. Embryo\ new 
msintaincd at the hatchery in Rowing spring water ;It IO’ 
for various period\ and then brought bath to the Iahoratory 

The terminotog! of li\h development oi Ralon [ 191 will 
hc used here. The cmhryonic period k considered to cstend 
from iertilization until the !olk is almost complctel! 
absorbed and feeding begins. .I he embrynic period i\ 
divided into three ph;tSc\: cleavage. embryonic and eleu- 
thcroemhryonic. ‘l’hc cmhryic phase extend\ from the 
end of clcavagc until hatchlnz. and the ~l~uthcrocln~~l-~- 
c)mc phase extend< from hatchmg until the det-clopin~ ti\h 
i\ no lony dependent on the yolk for nutrition. .I’hc tc‘rm 
“em bry wll bc uvcd here to specifically rcler to prc- 
hatching, developmental stages; the term “elcuthcroem- 
bryo” ~11 refer to po\thatchin, 0 embrvclnic \tagc\ Some 
wxkers call eteutherormhryo~ “prolarvac”. “yolk UC liar- 
i.;ic” or “wc fr!” 

Yzariings (l-y_xr-old fish). kshich had hcen raised at rhc 
hatchery from pool I cgp. wre obtained m March 1981. 
Liver xvholc homogenates from these fish Mere used for 
comparison with embr\o and eleuthcroembryo prcp- 
arations. Conditions of fish maintenance at the hatcher! 
have been descrihcd prcvioualy [i]. 

A portion of the pool II cmhryos was espo~rd to Aroclor 
I34. which was spiked with the “C-lahetcd PCR lawneric 
texture to a specific activity of 0.3 ~K~mg. For exh treat- 
mrnt sixty-five cmitryos xvcre incubated in IO cm glass petri 
di\hcs in 30 ml of spring Fvater. PCBs wcrc added in IS crl 
of dimethyl sulfoxidc (DMSO) to a level of (1.75 or 7.5 ppm 
(Jqyml). while DMSC) alone KI\ added to control cmtxktrs. 
The exposure was initiated 3 days after lertilization and 
a as continued f’or 2 I davs. Water ma\ changed and adds- 
tioxil inducer addcti 8.JS-hr intcrxtfs I;)r it total 01 ten 
additions. To ~lu~~ntit~lt~ PCH level\ resulting from the 
csposurc. cmhr!-os ~..c‘rc kiashed tn-ice with water. dechor- 
ionatcd. weighed. ;rnd then solubilizsd in il.3 ml of Protwol 
m glass scintillation \aial5. Scintillation mixture (IO ml) and 
0.6 N HC‘I (0.3 ml) wrc added to each vial, and radloac- 
tivity \\as mensuroti h! liquid scintillation counting. Count- 
ing cf’ficienq wa\ determined h\ intsrnal i;t;lndardiratlon 
tvith j”C’]tolucne. 

\I:ith the use of ~~~~cro~ur~ic~il instr~lment~. livers w2fe 
disscctcd from embryo\ and clcutheroemhryts and carc- 
I’ully separated from gall bladder\. Homogenates were prc- 
parcd from pools of two to twenty livers in 0.05 M Tris- 
HCI, pH 7.2. (I.“5 M 5ucrow (about l--3 mg protcln/ml) 
using a I-mt Potter-Elwhjcm tisauc grinder. Homogenates 
Marc similarI\ prepared trom livers of individual yearlmgs 
(4 ml hutler;~ liver) 2nd microsomc\ u’crc sedimented as 
lhef’orc [-!I. Emhryrt and ~lcutt~cr~~crnbr~~~ livers wcrc not 
weigh4 Gnce their cxtrcmelv small six ma& huch 
mca\urement\ impractical: bawd on protein content, it 1, 
c\tim;lted thal the II\cr\ of cmhryo\ near hatching welched 
lcis than 50 /y. 



units unirr units 

(-5) 

(+Y) 
(+33) 
(+470) 

’ The numbers in parentheses indicate th c approximate da!< Irom hatching. The ernhrys 
\+ere in stapcs 22 and 23 dehcrihed bk Ballard [Zl]. 

+ AHH units: pmoles benzo[cl]pyrenc mctabolite$min. .&\a!+ \\c‘rc performed on li\cr u hole 
homoeenatc\ as described in the text. The embrvo and eleutheroemtlr-~0 data arc the mean of 
detcr&ation\ on t\w pools of from two t0 twinty li\crs i range. Data for !carhng\ are the 
mean i S.E. of determinations on four individuals. For embryo\ and eleuthcrocmhr!o\. hod\ 
weight refers to the wevght of the carcass dissected lree of yolk. O\er the interval ofdc~clopment 
examined. this parameter rang4 tram 0.004 to O.U36 f. Total \\clght relers to the weight 01 
intact eleuthcroemhryos and embqos (removed from chorion\). This parameter varied rclativcl! 
little Lvith development: the overall mean value for the two pool\ of emhrlos esamincd NW 
0.011; ? 0.006~ (C r,mge). The mean weight of !earlinps var IOU = 4 g (2 S.E.). The mean 
ratio of total li\er protcin to body nelght for the cmbrbos and eleutheroemhrvos \\a\ I, 16 t 
0.0’1 me protein e body weight. Lvhilr: the mean value 01 thl\ parameter to; !carllng$ was 
1.67 ei).i)7 (5 S:E.). - 

the final stopped reaction mixture. Protein was measured 
by the method of Levy 01 rrl. [20] using bovine serum 
albumin as a standard. 

Levels of AHH activit! in liver homogcnatcs of hroob 
trout embryos. eleutheroemhrws and learlings arc shov n 
in Table 1. Hepatic AHH apedtic activity was about .i-fold 
higher in eleutheroemhyros at both Y and 3.3 days from 
hatching than in emhr!o\ 5 days prior to hatching. Thus. 
there was a substantial increase in AHH actlvlty in brook 
trout liver around the time of hatching. which was appar- 
ently followed by little chanyc m activity during later eleu- 
theroembryonic dcvelopmcnt. HoLyever. hcpatic AH11 
activity had declined in year-old fish. It is notewvorthy that 
specific activity Leas essentially the same in liver homosen- 
ates from brook trout embryos and yearlings. 

A similar pattern emer?cd when hepatic AHH actlvit! 
was normalized t0 body weight (Table 1). reflecting the 
fact that the ratio of total II\-er protein to body Lveight 
changed relatively little with development. However. near 
the time of hatching the embryonic body accounted for 
onlv about lGlif; of the total embryo weight. the maiorit! 
of the weight being due to the \olk. If the weight of the 
yolk is included. then emhrlos near hatching hake wh- 
stantiall? lesj hepatic capacity to metaholizc BP per unit 
total werght than yearlings hale per unit hod\- weight. in 
spite of the fact that activitie\ per g body weight nere 
similar in the two groups. As a result of both growth elf 
embryo hotly at the expense of !olk and the increase in 
specific actlvrty after hatching. hepatic AHH activity nor- 
malized to total weight contlnuall! increawd o\cr the 
interval of development cxamincd. 

- 

x Hepatic AElI acti\,itics in nonrpa\%ning adult malts 
(>Gyear-old) and male yearlings obtained In the Spring 
of lY77, were 14 i 2 (K = 3) and 15 + 1 (N = 7) pmole\! 
per miniper mg micro\omal protein (2 S.E.). respectiveI>. 
determined by analysis of fluorescent metabolitcs as prc- 
viously described [5]. These result\ are not directly com- 
parable to those In Tables I and 2. \incc hepatic mlcrosomes 
rather than homo!enate~~erc assa)cd. and thefuorimctrlc 
rather than the radiometric AElI awn! \\a\ uwd. 

Levels of AIIH vcti\it! in homogenate, of liver from 
control cmbrlos and those exposed to Aroclor 12.54 are 
sho\T n in Table 2. The embryos were ashayed approximately 
5 da?s before hatching (data from the control group were 
also Included in Table 1). Animals treated with Arclor 1251 
at both doses had levels of hepatic AHH activity that were 
induced I-fold. The lack of an observed dore dependency 
suggests that the induced level\ of activity represent the 
maximal extent of the response in these trout embryos. 

The data presented here demonstrate that hver hom- 
ogenate\ from brook trout embryos and cleutheroemhryos 
are active in mctaholizinp BP and e,tahli,h that cmtqonic 
liver of trout is competent to respond to Aroclor 1254 as 
an inducer of monoowpenase activit!. Since hepatic AHH 
Lpecitic activity in trout eleuthcrocmbryos was more than 
twice the Ic\el in sesually immature kearlin_ps (Table I). 
and since !ve have found that levels of activity in yearlings 
are at least as high as those m nonspaNning adult,‘. we 
may conclude that the livers of brook trout eleutheroem- 
hryos arc capable of mctaholizin: BP at a considerably 
greater rate than those in nonspawning adults. Thi\ is in 
contrast to the re\ult’r of a previous study [IX]. in which we 
found that eleuthcrocmbr!w of the ehtuarine killlfish. Fern- 
dltl~r.c hrrcroclir~is. had hcpatic AHH fi ith specific actlvit! 
of about half that in adult\. Thus. the ontogcmc patterns 
of hepatic AHH acti\ It! in brook trout and ~wzri~rlu.r appear 
distinct. The two specie5 differ further in that extrahepatic 
tissues of Fwdulu.\ eleutheroemhryos carried out a suh- 
stantial portion of the total BP mctaholism measured in 
c)itro. \vhilc we could nor detect ewtrahepatic activitv in 
brook trout clcuthcrocrnhr~c,s. 

The decelopmcntal pattern of hepatic monooxygcnasc 
activity in brook trout reported here resemble\ that in 
chicken\. Lc\cls (11 hcpatic microsomal cytochromc P-450 
and various monoouygenaw acti\itie\ in chicken embryos 
near hatching arc Gmilar to those in adult chickcm [22- 
241. Certain acti\itics such as aniline h\droxylase rise to 
more than twice the adult le\cl within .I day of hatching 
and then gradualI> fall off to the adult le\cl during the 
followng -ccl\ I??]. The ontogenlc patterns of monooxy- 
genase activitie\ in both brook trout and chicken\ contrast 
with thaw sec‘n in the common laboratory mammals at 
comparahlc \tase\ 01 clc\clopment I yp~call> during Iatc 
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Kinetics of deamination of 5aza-2’-deoxycytidine and cytosine arabinoside by 
human liver cytidine deaminase and its inhibition by 3-deazauridine, thymidine or 

uracil arabinoside” 

(Received 13 Ju/y 1982; accepted 10 h’ouernbrr 1982) 

S-Aza-2’-deoxycvtidine (5-am-dCyd) was shown to be a 
potent antineoplastic agent against tumor cells it1 vitro [l] 
and against leukemic cells in mice [2.3]. This agent is novv 
undergoing clinical trial at this institution in leukemic 
patients resistant to conventional chemotherapy 141. 
Because of the rapid plasma elimination half-life seen in 
man [J]. we were interested to study the interaction of S- 
aza-dCyd with human liver cy:idine deaminase and to com- 
pare it with S-aza-cytidine (s-aza-Cyd) and cytosine ara- 
hinoside (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 5-aza-dCyd. 5-aza-Cyd 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, 61 and ara-C [7.8]. Ara-U is the 
deaminatcd 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]. 

S-Aza-dCpd 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 deoxycytidine (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 deaminnse was prepared from freshly 
frozen liver which was obtained at autopsy from a normal 
adult. The enzyme purification was done according to 
Wentworth and Wolfenden [ 101. The final purification step 
yielded a specific activity of 8.2 x 10 ‘unitsimg protein. 
Protcin concentrations were determined by the method of 
Lowry er ~1. [ 111. 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 Rccherche en Sante du Quebec. and by LEUCAN. 

amount of enzyme required to deaminate 1 ltmole 
cytidinejmin 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-Cyd 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 
as at 272 nm. A recording Gilford DU-2 spectrophotometer 
was used with a thermally regulated block. Assays were 
conducted at 2.5” in 20mM 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-dCyd. -750. 

The reaction products of the J-aza-dCyd deamination 
were analyzed by TLC and high pressure liquid chroma- 
tography (HPLC). Excess enzyme and substrate w-ere 
incubated at 8” during 8 hr at pH 7.1. TLC separation was 
achieved on Avicel cellulose plates (1000 {trn thick) using 
the solvent system n-butanol-acetic acid-water (100: 10:30) 
[12] at 4O and gave an R, value of 0.24 for S-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 {tl) was injected on a C,, JtBondapak (10 ltm) 
reverse-phase column using a 10 mM potassium phosphate 
buffer (pH 6.8) as the eluent at a flow rate of I .5 mllmin. 
A variable wavelength U.V. detector was used. The rcten- 
tion time for S-aza-dCyd was 5 min. 

The different K,,, and V,,, values for the substrates stud- 
ied are shovvn 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 compared 
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 I/,,,, for all 
the substrates studied. and this would indicate that. once 


