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The polychlorobiphenyls, their occurrence
and significance: a review

by R. Edwards
H. J. Heinz Co. Lid, Wayes Park, Hayes, Middlesex

. [ [

Pollution of the plobal environment by man is rightly
feceiving considerable atiention because of the increasing
realisation of possible lo;flg term effects on both the physical
covironment and living -organisms. Clearly it is necessary
to distinguish hetween fh:orl term toxic eflects and long term
ones (.. reproductive sijd carcinogenic effects), these fatter
being more difficult to hsbess. The chlorinated hydrocurbons
used as biocides are well documented in their short term
toxic cflects, and with knowledge of their facile accumulation
in the caviscnment dug to their considerable chemical
stability, more work is being donc on the long term cfiee(s
coupled with tighter cjor}lro! of theis use, With the latter
the main points of extry into the terrestrial environment
are through crop spraying and sced dressings with conse-
quent wccumulation in ih; soil. From this point they can also
reach the aerial :n\'irbn‘mcm sccondarily by evaporation
or ‘co-distillation’ and carriage in fine particulate matter.
They are slso systemic in plants to varying degrees. Aqueous
ron-ofl carries them through the drainage system together
with industrial eflluent saurces 10 reach the marine environ-
ment above the continental shelves. 1t is thus possible for
these compounds 1o rcbgh the Jower members of the many
foodchains, Man’sdoniesticandindustrial use of biocides for
hygicnic purposcs leads (o entry 4t various other points in
the food chains. The very large concentration factor (10%)
possible in these foud ¢hding is well known and in the final
members (e.g. marine mammals, predatory bieds, man)
the concentrations vin reach alarming proportions. 1ipid
solubility means that g large pereentage of these residues
will be stored in the T d{cpo\s of the body.

The polychlorobiphenyls (PCBs), with a very widely
dispersed use throughout industry, have very similar pro-
perlics to the chlnrinatc& hydrocurbon pesticides. but are
cven more thermally apd chesnically stable, An important
diffesence, however, liek in the routes through which they
contaminate the enviroprient. Emphasis here is on indust.
rial efluents reaching the marine medivm, and possibly the
butning of industriad waste contributes refatively more to the
acrial Jistribution.  Ajthough recommended for use in
conjunction with pcs(icitics. there is no documented example
of this known fo the ulithor, so that distribution through
crop spraying should ndt be a coniributory fuctor. This fits
the known pattern of distribution of PCBs in the environ-
ment, the highest conceptrations coming from the beads of
fresh water food chaing, maring organisms amd sea birds.,

High levels are also known in terrestrial avian predators, but’

unly recently has it been shown! that in‘one region they can
be found at levels cumr‘:ut&ablc to thase for orgunachlorine
pesticides. While relativdly little (oxicological work has been

[

donc on PCBs and some of the results are superficially con-
flicting, this can be explained and there can be no doubt that
they have very similar effects on mammalian and avian
metabolic processes to those of chlorinated pesticides. and
indced that synergistic effects can occur between the two
classes.? If any control over the use of PCBs is ultimately
attempted this will be much more difficult than with pesti-
cides because of the very large number of uses to which they
are pul,

There exists considerable difiiculty in the analyticul field
because these compounds cannot be separated casily from
pesticide residucs, and this has probably resulied in quite a
few reports in'the past giving falsely high results for some
pesticide residues.? Unknown peaks in gas chromatography
analyses wlre carly recognised ¢ but it was pot untit Jen-
sen? applied mass sficctrometry to the problem that some
of them were identified as PCBs.

Properties and uses

The PCBs received early notice back in 18818 and were in -

widespread industrial use by 1930.9 The biphenyls, terph-
enyls, naphthalencs, and mixtures of these are chlorinated

in virying degrees according to the use to which they are

put,' and are marketed under trade names sueh as *Aroch-
lor*, ‘Phenochlor’, and ‘Clophen’. The products are complex
mixtures of the various compounds and isomers. Fhey range
from mobile liquids to crystalline materials or hard resins,
and while the lower members are readily soluble in.non-
polar solvents they beeome progressively less so with incrdus-
ing extent of chlorination. They are cabremely stable com-
pounds, not hydrolysed by walcr, acid or alkali, and with
n thermal stability such that they are used §n fite-proofings

They find use in clastomers, adhesives, paifly. varishes,

printing inks, putty and us peneral fillers. The excellent
diclectric properties Iead to widespread use fof clectric
insulators and as coolant’insulators in lrnnsfnr‘crs. T his
stability and their low vapour pressures make the® joleal as
lubricams, hydraulic fluids, liguid seals, cuu!n{ﬁ :{k And
vacium diffusion pump oils. Employment in prgdaring
maierials has led to the contamination of foodM! Theie
are a host of other uses, but finally it may be mentioned thet
both the Monsanto Company and the USDH have reported

‘that they act as cffective vapour supprcssants in insecticide

formulations and thus prolong the active fife of i applica-
tion. However, it has not been ucknowledged that PCBs
have actually been used for this purpose commcrciaily.
As an dncillary fact, a patent for the production of PCRB,
from findane residucs has been pranted. Yhis multiphicity
of usage has repercussions in the analytical arca because
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many  rolvents, some adsorbents and  other inalytical
matetials, and even the atmosphere of a laboratory can be
contaminnted by PCBs.

Occorrence In the environment

It is now well estahlished thal I?C‘lls can be found in wild-
Ife i many areas of the cnyirlomncnl."'?' 26 The highest
Ievels ure generally associated with the industrial arcas and
the adjacent freshwiter and marine food chains. The
distribution is inevitably not gufie so simple as this because
of the migratory habits of soipe of the species involved 924
and the fact of widespread acki;‘il distribution,?® Cohen and
Pinkerton?? reviewed the latter in respect of pesticides,
mainly over the North Amenican continent, and found
higher levels in dust than grainfull. Riscbrough er ol 25
studicd the carriage of pcsﬁci,dc;s in the trade winds coming
from Furope and Africa by collecting dust from the air
over the Barbados Islands, énd detected from 1-64 pp.b,
organochlorine residucs. Dust collected over the Californian
coast contained some thousahd times greater copcentration
of organochlorines. but none g‘o] Id be found in dust collected
from over the Central Pacific, although traces were infersed
from the nature of the purlig:u}alc matter. While no PCBs
were detected in any of these samples, it was concluded that
they were probably present in fxmcc amounts, Tarrant and
Tatton, 2 however, who found orpanachlorine pesticides in
rainwater samples taken frony all over the British lsles
showed that levels were highest in the sunmmer months
{c/- Riscbrough er ¢l.2%) and ity populous areas, also found
PCBC in all of them although they did not estimate the
concenfrations. The importaree of acrial distribution of
pesticides retative 1o the hyd)'o}xpl\cric distribution has been
stivased by Rischrough ef al., fand it is inferred that PCBs
have & similar pattern of disyjibution. However, it would
seom that with PCBs morg emphasis should be placed
on the hydrospheric medjupn. because an  important
part in the transfor to the anjiosphere, via dusts used as
carriers in apricultural apphc:}tiom. can be considercd as
tow in this case, If the vapour pressures of DDT and YCBs
are taken as being of the game order, it would then be
expected that atinospheric Jeyels of PCBs would be low
refative to DDT. The relative concentration of pesticides
and PCBs in the hydrosphere and atmosphere hive yet to be
conmvineingly demonstrated.

The outstanding feature of the distribution is the occur-
rence in matine orpinisms on the continental shelves round
North West Furope and North America, and also the
extraordinarily high levels fpund in some freshwater avian
predators, all associated  with efflaent from industrial
HCHiViny S8 04.160720.2020 Afone the west coast of the USA
PCBs have been detected ip estuarine and coastal waters
in San Francisco Buv, San Dicgo Bay and Pupet Sound
(Washington). In areas temole fvom industrial activity
round the Bay of California a"xd purts of the Pinama cqast
for cxample, birds' cpes coptained 20-20ug PCB cach. but
near the above mentioned industrial locations the egpes con-
tined up to several hundied and sometimes over it thousand
1o PCB epe. The cast coast nf:l the UISA has viclded simjlar
evidence for contamination by PCBs. Holden and Marsdent?
detected PCHs in seals from the Gulf OF St Liwreace ih shal-
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low walers (Mugdalen Islands) and in the deeper walers of
the Cabot Straits. They have also heen gualitatively detected
in fish and shellfish from Texas and Georgia, and in the
south, in the Gulf of Mexico, in cstuarine waters at Charle-
ston, 8. Carolina. levels of less than 0-1 p.p.m. were found in
fish and blue crabs.”® Duke er al. also monitored the results
of an industriul feakage into the Iscambia River which was
carricd through several inner bays through to the Gulf of
Mexico off Flarida. Maximum fevels at source ranged from
456 p.p.nuin sediment to 20 p.pan. in fish, crustacea and
sediment in the outer bays. The best indicators of contamin-
ant Jevels were static organisms like oysters (up to 3 p.p.m.).

Round the coasts of North West Europe the situation is
similarly documented. Jensen ef of.17 investipated Jevels in
marine ccosystems in Swedish waters. The closed nature of
the Buliic arga perhaps leads to somewhat higher con-
centrations than those generally found on Atluntic and
Amcrican coasts. Levels tended {o be lower in waters off
West Sweden and 1o the north of the Baltic proper, in the
Gulf of Bothniu, and higher going south from the Stockholm
Archipelago to the South Baltic. The levels ranped from
0-002 10 1-0 p.p.m. in mussels and fish up ta 150-240 p.p.mi.
in white tailed cagles. The concentrations were equivalent
1o the total DD levels found. Koeman er a/.16 qualitatively
identified PCRBs along the Netherlands ceast from the
Wadden Sea southwards to, and up, the Rhinc, in mussels,
fish and birds and their eggs. The uniformity of GC patterns
sugeested that they all originated from pollution of the
Rhine. Holmes, Simmons and Tatton!? seported the pre-
scnce of PCBs in marine birds and their egps collccted
from round the British lsles, ond Holden and Marsden??
showed them 1o be presenl in seals and porpoiscs round the
coasts of Scotland, being highest in those from the east coast
(sce below). Bonner,?t investigating the deaths of seal pups
on the Cornish coast, found PCBs here (160 p.p.m. in
blubber) higher than in comparable northern samples
(3448 p.p.m.). but less than in Eost Anglian specimens
(350-520 p.pm.). Presst, Jefleries and Moore. surveying
PCB levels in British wildlife, reported an average of
4 (1-25) p.p.m. in the cges of marine birds, and comparing
the cast and west coasts of Scatland in respect of two scts of
twenty five cppes somewhat higher levels (7 as apainst
36 p.pm) in the western samples. No PCBs were detected
i whales analysed by Waolman and Wilson,2® sind (his is
compatible with a distribution pattern confincd 1o the
continental shelves. However, this may be a rather naive
tse of the cvidence because the water solubility of PCBs,
eapecially the higher chlorinated ones, is extremely fow and
the bulk of the PCRB is more likely to be associated with
sediment on the battom and entering into the food chains
mainly via bottom living organisms. Most whales feed on
plankion, and thus might in any case be expected to show
low levels. A further point of perspective is also piven by
the fact that loss of lower PCBs from aqucous suspen-
sions when acrated has been observed. 49

Holden®e has traced aqueous polfution back (o one type
of source. The work on seals in Scotland having shown that
levels were highest in the Firth of Forth region, water
samples from the surface and at depth from the estuary
and river up 1o Glasgow showed no detectable amounts

-
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and only trace quanligie} in trunk sewer. efffuents, The
z00plankton containcd less than 0-03 p.p.m., and fish up
to 2-6 p.p.m. However, industrial efffuents are usuvally
passed to the sewape works together with domestic scwage,
and so the sludge, which is dumped oilshore, was examined.
The filicen samploes ar)ai,yscd ranged from 1-185 p.p.m.
PCB on dry weight, with two sewage plants giving con-
sistently high levels (50-160 p.p.m.). Sludge from Manchester
exhibited somewhat loer levels, and that from London
less again, but taking iinto account the varying outputs,
each area was cstimated to conibute roughly 1 ton/
year PCB contamiuation to the marine environment from
sewage sludge. In the ¢ase of inland arcas sludge can be
disposed of by spreading over the land surface, and so offer
a roule to terrestrial fodd chains. The question of why it is
that rclatively Jow Jevels of PCB are found in man and his
domesticated animals, pbsed in 19670 perhaps now has some
ANSWCT, v

Distribution in terrestrial and freshwater ecosystems has
fargely been assayed in ferms of the avifauna because of the
eNects of organochloripe pesticides and almost certainly’
PCBs on some bird poPdla(ions. The DDT,PCB ratio has
been used by Risebrough ef ai. as an environmental
index,14:2425 but when data is compared consideration
must be made of the various biological factors, such as
tissue distribution, spécies metabolism, migration, dict,
health and age, which all aflect residue concentrations,
These authors have sho,'wtn that the DDT,PCB ratio is low,
below 2, ncar industrinl areas, and increascs with the
distance away to hecomne greater than 10 in remote regions.
The geographicat distribgtion in terrestrial and freshwater
wildlife will be reviewed within the frumework of these
factors. Risebrough ef @l.'4 examined peregrine falcons
and their prey, centring round the Bay of California.
Falcons freshly migrated from the Arctic had low levels
which increased with residence time in California; the
levels in the Californian birds increased with ape; and the
indipenous adults showpd the highest levels. The maximum
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valucs in Table I can be used to show the differences in
tissuc distribution.

The same authors?4 determined chlorinated hydrocarbon
residues in breeding pelicans and cormorants in Jakes to the
north-west of the Great Lakes (Table 11). As the birds
uscd the same food sources the clear differences in results
demonstrated a specics difference probably duc to variation
in residue levels in the migration arcas, but possibly mcta-
bolic differcnces in terms of rates of excretion of vrgano-
chlorines into the cggs may be involved. Birds have also

Table H

Chlwvinated kydrocartyn residucs In pelicans amd cormorant s -
pp'DDE PCB DOLLIPCS

Lges p.p.m. p.p.at. ratio

Cormorant 104 8 (R

Pclican 17 06 29

Fish (whole) 008 0-$ 016

been studied in Britain'219 and the cxtensive survey (599
samples) by Presst, Jefleries and Moore!? illustrates some of
the factors involved; firstly habitat and migration (Table 111),
Secondly; the eges from marine birds from twe colonies
widely separated from one another demonstrales very
convincingly (Table 1V) specific differences related to
migration habits. The guillemot spends the longest time in

Table IV
Specific diferences reluted to migration hahits
. DDTIPCB rutlo
S 81 Abbs Head Galluway
Guitlemot 0:23) 0250
Razorbill 0-500 0455
Shayg 0625 0721
0:666 0875

Kittiwake

coastal waters, the Kittiwake the shortest time there, for
breeding purposes only, and the Shag is essentinlly seden.
tary., The effect of health on relative and absolute levels is
scea in the report by Bonner?! on seal pup deaths. (Quble V).

Table 1
Tissue distribution of DDT wanid PCB in percgrines and their prey Table V
Voml DLy Acp ! boTirCB Epect of chlorinated hydrocarbon levels on seal pup healih
p.pam. p.p.n. ratio Foral DDT FCB DoTIrcy
Peregtines: unhatched cpg 102 102 100 e B e el
muscle JO0 98 10 Liver:  Cornish 24 46 005
liver T 57 13 Northern (well fed) 06 4 015
body fat 50 32 156 Northern (starving) 20 6 033
Picy g8 151 45 33 Blubber: Cornish 11N 160 0-07
wholc bady 59 98 55 Northern (well fed) 98 34 020
muscle 264 0098 2w Northern (Marving) i8-1 48 (U1
o e e i e e & e | e e e e e —— e — n e e s ot et e b i iy v s
Table 11
Habit and migrotion fuctns qﬂ?rllu chlorinated hydrocarbon reshlies
‘ \ Liver Lag
Bird clusy ; No samples Mean p.p.n, No samplcs Mean p.p.n,
(a) Terresitial predatons:
static 15 45 115 17
partial migtants o ' v 49 43 6 29
migrants : 9 10 5 10
(b} Freshwater (mostly statke pnd mostly herons) 57 345 124 47
(¢} Marinc ; 4 25 96 40
\ \
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One of the most striking feafures of freshwater species is
. the extraordinarily high levéls in herons at the head of a
food chain where up to 900 p.p.m. have been found!® in
British material. As the Brit,isx heron is sedenlary, occurs
neatly afl over the country, and there are few migrants
from the continent, this spécies might be expected to be
a pood geographical index of PCH distribution. Unfortun-
atcly nearly all the samples obtained in the survey of
Presst ¢f @l came from (h¢ Midlands and South East
so that no clear pattern cm¢r§cd. However, the ape factor
is well iHustrated by this spécies as the average liver levels
for nestlings was found to bp} p.p.m., while that for adults
was 98 p.p.m. Diet is of coufs¢ an important consideration,

and mcans ‘that diﬂ'crcnt'sr-cglies from the same arca can,

exhibit very different PCB cc}nfcn(mlions. Thus, whilc birds
fecding on insects have shown 0-1 p.p.m. (liver), raplors
fecding on mammals yiclded 0-50 p.p.m. It is necessary
then, when comparing or fn erpreting data, to take into
consideration all these factors. Tervustrial restriction of
PCBs to near industrial areps would scem to be reinforced
by the failure of Holden? o find them in freshwater fish
jn Scotland, and by Davis*!, who failed to find them in
bectles, earthworms, slugs iand grasshoppers of one agri-
cultural arca in Enpland,

To what exient are PCBs found in human beings and
foodstufls? Jensen in 1966 first reported? the prescnce of
PCBs in human hair, and Jlater reportsi223 indicated that
Jevels in man and his foodstuffs were Jower than those found
in birds, and below 1 p.p.m. One exceptional case has been
recorded,?? however, Recehtly a very extensive survey of
foodstuffs in Sweden sampled betwecn 1967 and 1969,
and analysed for organochlofine pesticides und PCl's, has
been published.! '

In a wide range of foods gnd food materials, PCRB levels
were found to be below O-1 p.pan. (90 per cent of 1400
samples) and compurable jo' DDT Jevels. The higher con-
centsations came from freshwater and marine fish, espgeially
those with a high fut contept, Anather case where relatively
hiph levels were found was with milk. Cows pxcrgle little
DDT in their mill; and hefe ‘all eleven samples were helow
003 p.p.m. DDT and 0-1 pip.m. PCB on whole migk. i
human milk relatively moré DT is excreted and the average
over 22 samples was 0:107 p.p.am. DDT and 0:16 p.p.m.
PCB. Other relatisely hig"h‘sumplos arc eggs and butter.

(Teble VI) : I
Table VI )
Total DDTIPCB (p.p.o.
No  DDT PCH whole matcrinl)
Homanmilk 22 0107 . 0-1€ 0668
Fge. volk 20 02 0o 798
Butier 12 01 - 003

, 333

()

Texlcology

Soon after the bepinnings pf industrial use of the chlorinated
naphthalencs and biphenyls early in this century, human
exposure was scen (o lead to skin cruptions (chloracnc)
and in animal inhalation and feeding experiments (1919), it
was shown that liver damage occurred with the chlorinated
naphthalenes. As s resul} of thice human deaths, investi-

134

gations werc continued in the 1930s, and it was further
demonstrated in work on rabbits that in the naphthalene
serics the higher chlorinated mixtures were the most toxic.
The work was expanded by Bennett ¢f al.32-33 who also used
mixtures including PCBs, and PCBs alone. A PCB con-
taining 65 per cent chlorine was used, and later one con-
taining 55 per cent. The substances were applicd (o rats by
inhatation, subcutancous injection, and oral means, and it
was confirmed that the high chlorinated naphthalenes were
more toxic than the lower ones, but that the PCB was more
toxic still, Here, feeding at a lower rate (0-05g/rat every other
day) produced extensive mortality, and as with the naphthal-
encs resulted in yellowing and enlargement of the livers,
Liver damage causcd by these compounds had not disap-
peared two months after dosing had ceased. This damage
caused the animals to be extremely sensitive to damage by
other compounds, e.g. carbon tetrachloride (used as a solvent
for these mixtures), and much smaller doses than normal
were rapidly fatal. Miller in 19443 experimented with a
PCB containing 42 per cent chlorine and worked on guinea
pigs, rats and rabbits, using feeding, subcutaneous, skin and
corneal applications. He used single doses ranging from
69 to 690mg and courses totalling up to 1380mg (over up to
54d) and found that guinea pigs were the most sensitive,
rabbils less so, and rats least sensitive in respect of liver
damage. Damage was largely confined to thé liver but in
rals there was also hypertrophy of the spleen. The occurrence
of hyaline bodies in the liver was confined to the rat, Yon
Ocltingen in 19553 found that even 0:05g/d fed to rats
cavsed liver damage. Skin lesions were similar {o thosc
found in man,

Man's exposure to these chlorinated hydrocirbons leads
initially to dermatitis, then liver damage with resultant
jaundice, and Greenburg,¥ reviewing the situation in 193,
concluded that there had probably been at least six human
deaths from (his cause. Bennett ef al.32 had measured the
air concentration at thirty industrial plants and suggested
a maximum allowable concentration (MAC) of 0-5mp'm?
for tetrachlorinated and higher chlorinated naphthualencs,
with the observation that these levels bad certainly been
grossly exceeded over the previous twenty years. This work
resulted in increased awareness of the hazards from vapours
of these compounds and efementary improvemcents in
industrial conditions has largely eliminated this source of
danger (but sce Biros??). The American Conference of
Government and Industrial Hygienists in 1952'7 fuid down
an MAC for the Jower chlorinated PCRBsof 1-0mg/mY, andlor
thchigherchlotinated ones (‘Arochlors’ 1254-)0-5mg 'm* . This
appears to presume parallelism with the naphthalencs, and
these figures are perpetualed in handbooks of industrial
toxicology,*® but recent papers?-45 point to the reverse situ-
ation (sce below). These MACs are (o becompared with those
for *Aldrin' and ‘Dieldrin’ (0-2Smp/m?, tentative) and para-
thion (O-Tmg’'m?). The oxidiscd chlorinated biphenyls are
more toxic than the parent compounds.38

McLaughlin in 1963 published the results of toxicolopical
studies on a number of chemicals which might be found in
food® using a sophisticated method based on injection into
fertile hens® epes. 25,000 epps were used over three years and
strict controls sct up. Among the compounds tested was the
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‘Arochlor 1242" injected at 0-025 and 0-fml giving a 0 and
S per cent hatch :n»{ c?wmpnrcd with uver 95 per ¢ent in the
control group. Tergtopenic effects were also noted in some
of the chicks which did hatch. These results may be com-
pared with those fof *Heptachlor', where 0-05 and O 10ml of
8 | per cent solution lin propylenc glycol (non-toxic) gave a
75 and 65 per cent M(ch respectively. . .

Flick er al40 endeijvouring to identify the factor causing
the chick ocdema diskuse. following reports that the fuctor
was highly chlorinated and thut a plasticiser (PCB) used as
a cage wire coating {ad at 0-01 per cent or higher cuused
ocdema in chicks, {nvestiguted the effect of ‘Arochlor
1242°. Groups of twelve chicks were fod on dicts containing
200 or 400 p.p.m. pver a three week period, changes in
weight being noted. Neight gain was lower with the 400
p.p.m. diet and inciec‘d loss took place at the end of the
period. Three chicks pn this diet dicd. Here the hydroperi-
cardium volume was ten times larger than with the 200
p.p.m. level or thcl controls, the pancreas, kidncys and
adrenals affected. ﬂ,hd. hacimoglobin levels were lower, The
PCB produced sin}'ilgr effects to the oedema factor, but
was not so potent, ynd gas chromatography demonstrated
that it was not the game.

Two groups of wprtcrs. Risebrough, Peakall ef al. in the
USHe-2441- Y and Jeferies, Moore, Presst ef al. in Great
Brituin.19-44 have actively pursued the effects of organo-
chlorine pesticides and PCBs on birds. The decline in
certain bird populations, especially raptors, has been
atiributed to the piesence of organchiorine pesticides, but
itis ulso possible tyat PCBs huve played a partin this. not
only because of their intrindic toxicity but because it has
been shown (in insct(s.? and below) that there are syncrgistic
eflects between sopnp PCBs and DDT and ‘Dicldrin’,
Lethal toxicity to the adult bi'd is not the only factor because
it hos been shownt-4l that organochlorine pesticides at the
order of onc p.p.in. are effective in inducing steroid
hydroxylases inaviap liver, thus feyding to lowered ocstrogen
levels and reduced reproductive capacity. Added to this
DDE has an entir¢ly different eflcet on the reproductive
system, that of cuusing epeshell thinning. which causes added
failurcs in reproduclion. Terglogenic effects may also occur
because of the excretionfconcentrution fuctor in the cpps.
M is thus necessary ‘o review the cffects of the organo-
chlorine pesticides an birds in conjunction with those of the
PCBs, .

Following work by Peakull 4t which demonstrated that
pigeons fed with DDT at 10 p.p.m. and/or *Dicldrin’ at
2 p.p.m. for ane wick had higher levels of testosterone or
progesterone metabotiles thun controls. Risebrough. Peakall
er al¥v comparcd tthe ceffect of DDE. DDT and PCB
(Arochor 1262°) in_ijcreasing the levels of polar metabol-
ites in oestradiol metabolism, again using pigeon liver
isolates in vitro. '} héir results arc giveniin TJuble VIL

Table VH
P’ulur metohalites formed (g medes)
Contiod 29 '
DDLU (40mg vy P76
DDT dumyg Lg) ‘93
PCB (20mg kg) 160
— e e = s b '( — — e
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This PCB has about five times the capacity to reduce
ocstradiol fevels than DDT or DD, The effect of o single
dose of PDT may Iast for over two months. 1 his work
was ealended to compare the ellects of two different PO
in Kkestrels, again using liver microsome isolates.4t The
kestrels were fed at 0-5 and 5:0 p.p.m. levels with *Arochlor
1254° and ‘Arochlor 1262°, and the results were as in Table
Viil. ‘

Table VIS
Polar mctabolites (mmoles(g niiceosonal
Jraction)
‘1254 ‘1262

Control 0 0

05 p.pm. 1365 19-05

50 p.p.m. 60-5 47-95

While these figures do not clearly indicate the relative activity
of these PCBs, it has been shown that ‘Dieldrin’ und PCB
arce much more active in reducing ecstropen levels than cither
DDT or DDE 4 That pesticides reduce oestrogen Jevels in
mammals has also been demonstrated.

Presst, Jefferics and Moorett investigated the lethat
effccts of ‘Arochlor 1254° on Bengalese finches. Food
containing higher fevels of PCB (440 p.pan.) was refused by
the bards (100 per cont mortality not occurring) bul it was
still possible to culculate the LDgy as 253-0mgiip/d.
Seven out of the 3R birds died. Enlarged kidneys was the
main feature, with in two cascs incrcased volume of peri-
cardial fluid. While there was a correlation betweendoserates
and liver concentrations, there was also considerable varia-
tion in levels (3-697 p.p.m.). Whether a particular con-
centration will be fatal will depend, as with organochloring
pesticides, on the condition of an animal. Considerable
storage in fat is possible and until this reservoir s saturated,
concepfrations will probably not rise to lethal concentra-
tions in susceptible organs. So danger can arise in times of
stress (e.g. starvation or with the breeding cycle) when the
fut rescrves are mobilised releasing Iarpe quantitics of I'CH
or whatever. The liver by itself in these birds may thas not
be o good index because the liver fial reserves may vary
considerably and will themselves be mobilised ultimately.
‘The authors therefose suggest the brain/liver percentagy os
a useful index, being high in those birds that dicd (837 per
cont and low in the survivors (26:4 per cont). The 1.Dq,
for DDLT is somce thirteen times fower than for this PCB.
but consideration has to be given to the fact that while the
DD mortality curve is steep (no deaths at 1000 und all dead
at 1200mp/kg/d). the PCB curve is shallow, so that at low
levels PCB may be more toxic than DT, The authors con-
clude on the basis of this experimental work and 1eavonobly
assuning that no drastic change in uscage of PCB. is likely
to have taken place over the past two decades, that few
bird deaths have been caused by PCBs. However they state,
without citing evidence. that the PCBs do not vary minkedly
in toxicity and this is at variance with recent work? 4340 (see
below). the PCB uscd here being of relatively low tonicity.
Additionally the authors do not consider the possibitity of
synergistic effects.” It was recognised that the position with
sublcthal cfects may be different.
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Very little work 947 % has been done on the effect of PCBs
(und terphenyls) on aquatic prganisms, despite the fact that
it i known that some mnrrﬁ:é crustacea and fich are very
sensitive o organochloripe’ pesticide  residues. 4! For
esample Crangon vdgaris (byoswn shrimp) has an LCsp/48h/
15 ¢ for DU of 0.002- 01 p.p.m.. and fevels as low as
0-0001 p.p.ai. may be d lr:imcmnl to some species of
mollusc. One difticulty in lﬁc. study of toxicity to aquatic
orpanisms s the extremely low solubility of these com-
pounds in water and the difT:qnll) of obtaining sullicicntly
stable emulsions. 79 The bse of solubiliying apents, of
Jow tonicity, overcomes this, Zitko, 9 using *Corexit 7664" to
solubilise *Arochlor 1221" and ‘Arochlor 1254°, carried out
192 hour tests with these cofnpounds using’ Atlantic salmon
parr. He found thit cnnccntyuiions above 2mg/1 were lethal.
Wildish*® using *Arochlor 1254° in emulsions, or solubilising
with *Corenit 7664°, carried out d0d tests with Gammarus
oceanicus and found lethal threchold values of 0001 to
0-0Img/l (*Corenit’y snd D-DL to OImg/t (cmulsions),
Guthrie ef al*? tested mix{ures containing chlorinated
terphenyls and their oxidatiop products and found lethal
threshold values of about Smg/l and pertinently that low
oxygen Jevels in the water cnhanced the toxicity. Duke
et al.20 who monitored PCB levels in biota and sediment in
the Escambii Bay area of F’prEd:u as a result of an industrial
leakape of PCB into the Escimbia River, conducted both
acule toaicity tests und 20d bjoassays. 48h tests on pinfish
and juvenile shrimps at the 100 p.p.b. level was not toxic
to the fish but caused 100 pcr cent mortality in the shrimps.
Ovsters received o 96h test )m;d the clfect was measured in
tesms of arrest of shell growth. Here 1 op.p.b. resulted in
19 per cent decrease in shell growth and 100 p.p.b. 100
per cent. Resoltant whole bady concentrations for the three
organisms were 17, 39 and 33 p.p.m. respectively. 1t should
be noted that the oysters whep replaced in PUB free water
for three weeks recovered their normal growth rates, In
the 204 assays using i conchntiation of 5 p.p.b., & 72 per
cent mortality occurred in juvenile shrimps and S per cent in
juvenile crabs. JU would ag‘»p{'ur then from all this work
that some crastacen and maltpses are as sensitive 10 PCBs
s they are to organochloring pesticides,

Some toricological work has been effected using insccts, 246
Moriarty? dosed fourth insl:\r nymphs of  Chorthippus
brunneus {(grasshopper) lnpk' Hy with "Arochilor 12547 at
12-5, 50 or 200.g fevels, but Eﬂ»und that definite mortality
was only associated with the 200up group plus o possible
sub-lethal etfeet ussociated with moutting (fat mobilisation).
The maximum amounts of PCB in individuals of the latter
group were Tdag (male) add Kup (female). The work of
Lichtenstein, however, is mubh more revealing as !3 the
iclative toxivity of the varjous PCBs_and the synergistic
efiects with DD'T and *Diekirjn’. Groups of S0 Drosophila
melanogaster were placed in contuct with vessels coated
with a layer of the substahee or mixture of substances,
and groups of {8 Afusca dpmiestica weré doxed' topically.
Tests of the indwidua! substances showed that "Dicldrin’
was some 25-30 times morg tovic than DDT, and 1-8000
times more toxic than the fl’t‘ﬂg. ‘The higher chilorinated
biphenyls, aad the terphenyls, pive rise to no mortality in
the 24 or 48h tests, but toaicily increased with decrease in

P
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chlorine content in the lower half of the series. These results
raisc doubts as to the relevance of the many papers which
have used ‘Arochlor 12547, which here has little or no effect
vnder these conditions, The. synergistic eflecis with ‘Diel-
drin’ were positive with some of lower *Arochlors’ and
uniformly positive with pp'DDT up to ‘Arochlor 1254°,
However, with the higher chlorinated PCBs and PC1s a
reduction of toxicity was observed. While it i~ improper to
transpose results from one phylum to another and short
term toxicity may have little beuring on long term cfiects,
nevertheless (his paper is a strong indication that consider-
able care should be taken in plannipg these toxicological
studies. .

Work using mammals is equally sparse. A preliminary
study by Sabotka,*® using ‘Arochlor 1254" and ‘Arochlor
1260" or DDT in single doses of 1-10mg/kg (‘Avochlior's) or
0-25mg/kp (DDT) carried out hehaviour tests on mice over
periods of 4 to 24h after administration. There is a clear
dificrence between the two groups of substances, DDT
probably attenuating and PCBs probably enhancing central
inhibitory systeins. The paper by Bitman and Cecil*s
surveying the oestrogenic activity of DDT nnalogues and
PCHBs in terms of the 18h glycopen response of immature
ral uterus assumes considerable importance in relation to
a lot of the work cited above. The stereochemicul require-
ments are quite strict, and in gencral for diphenyl-methance
and -ethane, and triphenylimethane compounds aclivity is
restricted to those where cither the pp’ positions are vacant
or filled by hydioxy or mcthoxy groups, being inactive
where halogen or alkyl groups are present. So the pp’
compounds perthane, kelthane, DDE, DDD and methoxy-
chlor are inactive. However, pp'DDT is active and the
ap'isomer some sixtecn times more so, while of the others
mentioned only op’DDE gains a response. ‘Arochlor’s
22148 are aboul hall as active at pp'DDT, but the higher
members areinictive. (¢f. Lichtenstein). fn perspective though
these compounds only have something like 10 times the
activity of natural oestrogens, but this fits well with the
observed pattern of steroid hydroxylase induction in birds,
where DDT and PCB are very active but DDU s ess so.
Perhaps another significant point is that the ov” and pp’bi-
phenols bave an equivalent oestrogenic activity, The lower
chlorinated PCBs could be degruded in the atmosphere ashas
been shown by Laboratory experiments where the preatest
diminution in one gas chromatograph peak was found
where PCBs on an agueous surface were subject to UV
vradiation.™ At the same thoe it has been observed 120001
that the lower cldorinated PCBs tend 1o be abrent inwildlife:
samples, particalarly in birds, and it may be specutated
to what degree there may be differential exceretion or in vive
breakdown, and what cfteet this has. A recent study by
Yos ¢of al.f? reveals another important aspect, They discov-
ered that two out of three 60 per cent chlorinated PCRs
contained highly toxic oxygenaled impurilics. These two
commercial preparations (‘Phenochlor DP6E, *Clophen A607)
when injected into hens® cges at the 3-5mp level caused
almaost 100 per cent mortudity whereas the third sample
(" Arochlor 126073 gave a relatively low mortality. A fraction
contiining no PCBs was isolated from one of them by
Florisil' cotumn chromatography and shown jo be toxic.
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Gas chromatography and mass spectra showed this fraction
10 comain tetrachloro apd pentachlore-dibenzofurans which
were, however, masked by hexachloronaphthalene and hep-
tachlorobiphenyl respectively, thus limiting the accuracy of
quantification. The penfachlorodibenrofuran was estimated
to be at about the 5 and 20 p.p.m. level in the two samples.
That PCB cxerted o simhar chect Lo that of the chick oedema
factor (CUF) hud been noted previously,4? and that toxico-
logical studics using PCBs had produced variable results.
1,2,3.7.8.9,-hexachloro dibenzodioxin has now been identi-
fied as one of the ocdema fuclora-‘l‘ and it may be recalled that
the toxic fuctor in the weedkiller 2,3,5-T wus shown to be a
tetrachloro dioxin®3 In ffuct these chlorinated dioxins and
dibenzofurans are very highly foxic groups of compounds.
0-2ug pentachlorodibenizpfuran is needed to cause 100 per
cent mortality in hen pggs as compared to 0-05ug of hexa-
chlorodibenzo-p-dioxin. The occurrence of the dibenzo-
furans in PCBs is ussocfinkcd with the use of sodium hydrox-
ide in the distiMation of erude PCB. Pentachlorophenol
(PCP) and 2.3.4,6- tetriychlorophenol are possible precursors
of CEY and have beeh hmnd 1o be present in toxic oleic
acids.™ :

Itis evident then that pther compounds besides the PCRs
themselves should be spght for in wildlife and that indivi-
dual compounds as wéll as commercial preparations should
be used in tonicological studics Unfortunately the indivi-
dual PCH compounds Iaﬂc not readily available.

_ Holden and Marsden®s have already noted the presence
of unidentificd polar fompounds in wildlifc extracts. It is
to be hoped that the current FDA programmet$ on the
toxicology of PCBs takes into account all these factors.

Analysls

PCBs arc extracted togcther with chlorinated hydrocarbon
pesticides in routine tﬁiduc analyses, 7 and being complex
mixtures of compoundls with GC retention times on non-
polar columns almaost iﬁcnlicn! to a number of pesticides,
notably of the DDT ';r up. present an analytical problem
which is not completely solubie by gas chromatographic
means alone, (‘hcmjic£;l conversion of the pesticides,
feaving the FCBs almpst unchanged, provides a partial but
not complefely satisfyctory solution, but group separation
is fundamentally sountler, this of course providing additional
evidenee of identity. t’mlh thin Jayer chiromatography und
column chromatography have afforded quite good purtiol
separation of PCBs fnfu pesticides and the best schemess
claims to leave only ‘Aldrin® with the PCBs, with which
there is very litile inljcrlh'crcncc by the PCBs. A number of
workers!®21:290:60 have ' confirmed the presence of PCHRs
in fiving tissues by niedns of mass specirometry, but apart
from this mcans the quantification of PCBs presents severe
problems hocnuse of the large number of compounds
invohed and that the {gdividuai compounds are not readily
available, so that medt authors have only been able to
cufeulate approximate hpures,

Gas chrmmuogru;’:h?' retention data for PCBs is now
adequately documenied!?16.15.26.50.61 {qnd ulsol 2 1¥14.20,
M.2030.59) and on noij-polar columns the main region of
interfercace of PCBs und organochlorine pesticide residucs
with vae another may vary from the point of emergence of
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pp’'DDE that of pp'DDT, PCBs may continuc to emerge
with retention times up to four or five times that of DD
It has been noted in this laboratory that response to PCBs
rclative to organochlorine pesticides can be small on some
columns, and from the viewpoint of determining pesticide
residues, can ameliorate the situation. However, using more
polar columns, e.g. 'QF-1" or ‘XE-60,12732.02 Pl
emerge Jargely prior to the DDT group, which allows simple
quantificetion of the latter, but may stilt lcave an unsatis-
factorily complex chromatogram, Improved resolution of
PCB compotuinds has been claimeds? using novel stationary
phases. . :

One alternative has been fo alter the retention time of
pesticides by derivatisation, lcaving the PCBs intact, and of
course aiding the identification of the pesticides. Jensen®?
used a mild nitration technique adapted from Erro ef al.
and originating from the Schechter-Haller method, claimed
that the PCBs remained upaltcred while members of the
DDT group were efiectively removed, although other
organochlorines (e.g. ‘Toxaphene’, heptachlor epovide,
lindane and BHC) are not removed. This scheme (1:}
HNO;/H,S0, for Smin a1 0°¢) was followed by Riscbrough
et al 1450 but Reynoldss! found that DIDT derivative
peaks ultimately emerged on the chromatogram making
for an unprofitably long analysis time, Moreover, some lower
chlorinated PCBs appeared 1o have been affected by the
procedure. Saponification with alcoholic potash!3:14:30 cad<
to the dchydrochlorination of pp'DDT, ppTDE, and
‘Tdxaphenc’, with the derivative peaks appearing earlicr
in the chromatogram, and the PCBs reportedly unaffected,
BHC is destroyed by this procedure. PCBs have also been
differentiated from DDT using carbon-skeleton chromato-
graphy.64

Separation prior to gas chromatography is to be pre-
fersed nol only because simpler chromatoprams can be
obtained but because this will give nearly as much evidence
as {o identity as derivition, Thin layer chromatography,
reverse phase paper chromatography!? and column chroma-
tography afford means of oblaining partial separations of
organochlorine pesticides from PCBs and fractions can
easily be obtiined where only ‘Aldrin’, ‘ileptachior’, and
pp'DDL remain with the PCBs. The formmer two are not
very important in respect of the gas chromatography
separation because there is usually little interference between
them and PCBs, but pp’DDE can emerge with the major
PCB peaks using non-polar columns. Thin laver chronmsto-
graphy has given this sort of separation using silica gel'S and
aluming,"? and in column chromatography Holden aund
Marsden'® 42 claimed good scparation of PCBs using cither
alumina, silica gel, or both in series with long narrow
columns. Reynolds®! documented a separation with *Flori-
sil', while Bevenue and Ogatad? commented on their faiture
to reproduce this work in terms of pesticide separations
only, and noted the differences in activity between ‘regulue’
and ‘PR Florisil’. This reviewer has Tound no difficulty in
oblaining this separation using ‘Florisil'. Armour and
Burke™ in a carefully documented paper showed that it was
possible 1o carry out a scpuration feaving only ‘Aldiin’
with the PCRs. For this they used siticic acid partly deacti-
vated with 3 per cent water mixed with cclite and cluted the
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PCBs (‘Arochlor's 1254 and 1260°) with petroleum ether,
*Arachlor 1254" needed the Jadper volume of eluant and the
scparation was more critical. The cautionary note is added
that any trace of polar solvent in the scomple will make the
separation impossible and p,i'nnr will emesge with the
PCBs. Also, the scp.mmon i$ only possible provided that
the column (201 5g) is not over loaded (i.e. not exceeding
200ep PCB). This then solves Ihe main separation problem
leaving on non-polar gas rhrom.nocmph) columns only
# small PCB pedk which may interfere vith the estimation
of *Aldrin’. These authors hmc ilso documented the scpar.
ution of chlorinated n.mhlhalcncz 68

Confirmation of identity ‘hits been achicved by combined
pas chromatopr \ph\ R ES s{»cclmmc.l) 1K.2289.00 byt gener-
ullv quantification is not sm| ple beeanse of the irge number
of compounds involved and because these are not readily
avaitable individually for rc*‘crcnu purposes. 17 it can be
assumed that a fraction xontains only PCBs (ie, in a
column chrom: atography or Igu chromatography effluent)
und that the compaosition m} n gas chromatography trace
conforms 10 that of a commercial mixture, then micro-
coulometric estimation wil %i\c an answer. Jensen ef al. V7
using a combination of mass spectrometry, LCGC and
microcovlometry obtained results which were only accurate
{o about a factor of two. With the same assumptions clectron
capture deteclion cin be ug:c&‘ referring to commercial PCB
mixtures?® cither by cstimgtipg the total peak arcaly:2v.63 or
hasing the culeulition ot jonct+ 1619 or more™® suitable
peaks. pp'DDI- or ‘l)lcldrm may be used as an infernal
standard V620 Qne cmpmcnt approach caleulated one PCB
peak as pp" DDT and multiplicd by a factor of ten 1o obtain
a resufts™ anothert® took |hc total arca:weight ratio to be
cquivalent to that for DD and another 950 avsumed the
response of cach peak to be 'cqui\ alent to DD and applied
i correction factor fmr’n “the wse of microconometric
detection (the authors did Aot have permunen{ Access to &
microconlometric detector). Gregoryt? studying the clectron
cupture coeflicients of mjopo- and dichloro- and methyl-
biphemyls showed that th;r!; is over o tweatyfold variation
between the chloro compounds, Zitko*® determingd the
concentrations of PCB in fresh and salt waler by muuns of
ultraviolet .\pcump(mmnﬁc{:) and fuorescence. \While the
Jower ehlorinated PCBs ¢ap be prepared casthyo® qoud oniy

- simple mintures formed when using the Ullmann regction,

the highet members ar¢ more difficult to ke singly.

2 o

Discusslo '
The decline of cortain bhird pbpnl.u(mnc was associated with
of *Dicldrin® seed t‘]u\smg and has been atributed
W tonie efiects. With increaning awarencss of these
éhc(hr monit }'mé arud M:n:c control, at least in
d(‘\clupc countrigs, It l:l'l toxic effects are progressively
Jess Tikely 1o occur, Rather, the significance of PCBs (and
punchcs) te man and dlhn mr.fﬁr\ms misd now be seen
in the context of sub-fethpl efleets having {ong term influence
on population through the media ufrcpmdm LING Processes
(rcduclmn in fertitity, delays in breeding), teratogenic and
carcinogenic cflects on bplh the parent and hater pencrations,
LD g tests, even over @ !}n‘\g petiod, ure ivrelevant from this
viewpoint. Certainly # gs hh that severe ~nmmmah.|n
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liver damage and dcath can result from high PCB levels but
these are only reached in a few foodchain heads, and the
normal levels found in man arc not of this order. To be set
against this, however, is the finding (in LD« (crms) that
while with DDT there appears to be a definite ‘no effect’
level this is apparently not true for PCB. Precisely what
compounds are respoasible for the toxicity of PCBs is
not yet clear, bul it seems certain that it concerns the lower
chlorinated compounds and probably the oxidation
products in vive or in vitre. 1t also emerges that impuritics in
some commercial mintures are certainty highty toxic, and
if the fact of syncrpistic effects; though demondtrated as
yel in onc arca only. is taken into account then the picture
becomes o very complicated ane. Clearly it is extromely
diflicult to carry out strictly controlied toxicologica! studics
at a feeding level of the order of 1 p.p.m. over 4 fong period,
and in terms of multigeneration tests, The necd for multi-
generation tests may be related to DDT, where, despite
many years study, it has only recently been indicated that,
with only the original parents dosed, carcinogenic effects
may occur in later generations (6th gencration mice).
DDT may again be used to ilfustrate the sort of effect which
may be looked Tor. In California, Oregon and Washington,
genetic changes in the fruit My population have been shown
10 result from heavy spraying progrummes in these areas,
and in the latter two states were tied to two specific forest
spraying progrisnmes. The pattern of these genetic changes
can also be correlated with spread by winds over long dist-
ances. With PCOB. the major dispersal medium is pr oh\bly
waler, but otherwise therg are no essential differences in the
sitnation. The PCls are spread all over the coutinentul
shelves which sire fed by industrial effuents.,

The tonicolopy of the weedbiller 2,457 and of mereury
residues®? his accently come to thie fore and they present
some paratlels with the PCBs. While in contiast to PCUs
there is a delinite, but small, contribution to agricnltural
poltution, by mwrcury from seed dressings, the industrial
contribution must lead to a simili marine distribution to
PCBs, although as yet very little is known about this arcu.
Mercury, in contrast to PCRB. is only cumnlative in living
tssue to a limited extent, and there is a delinite natural
contribution from the sea floor, The massive acrial use of
the weedkiller 2,4,5-T as a defoliant by the Americans
resulted in teratological as well as divect tonic cffects duc
to traces of a chlorinated dibenzodioxin. 1t is as well that
PCBs are nof used in such fushion because it has now been
shown that seme commerciad preparations confain traces of
eMorinated dibenzofurans which are also highly toxic.

Watcer pollttion is  receiving  considerable  attention
within the tradivdonal framework of osypon deficiency,
reduced and oxidised nitrogen, temperature and so on, but
the type of polhution problem presented by PCBs, DDT and
so on is larpely ignored. Tnoa recent oflicial ceport on tonic
chemicals, which.recommends further work (o appraise the
sitvation in fresh, estuarine and coastal waters, there appears
to be a Jarge conceptuat gap. Commenting on the presence
of DDT in raw sewape, this is dismissed as i vignificant
source of riverine pollution hecise DDT is solid attuched
and targely remains in the sewage sludgc but what Iy appens
to the sludpe is blithely ignored. The ironig situation is of

¢
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course that the sludge is. commonly diwmped in estuarics
or cven spread out over {he land so that poliutants such as the
PCBs are recirculated through the food chains.

These are but a few aspects of environmental pollution
which enn ultimately lead to man’s own detriment. In many
cases the uscis of pollumm matzrials, industrial or domestic,
have no concq\uon of thclr own insidious contribution to
pollution. und in the casc of the very useful PCBs it is very
dificult 1o sce how thejr disposal can be controlled to
minimise pollution. Frop the point of view of restrictingtypes
of wse to those feast M\cl\ to result in pollution, one prod-
vcer, Monsanto, has mAdp avery responsubtc move?8 in this
direction, but as PCB manulacture is no longer covered by
patents this may not be clicetive. It is obvious that with
their ubiyuitous presence flhc effects of PCBs and associated
compounds must be imvestipated with great thoroughness.
Jt is not only to preserye bird populations or other wildlife
but to prevent long terp changes in man himse!f that such
scarches are directed.

The nuthor is gratefyl to the H.-J. Hcinz Co. Lid, Tor
permission to publish this paper.
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