TABLE 3

The raw water source [or the city of Talent is a
river water. The river receives treated wastewater
(activated sludge process and chlorinated) 8 km (5
mi} upstream and can be affected by runoff from
adjacent agricultural land.2! The outbreak coincided
witlt drought conditions that limited the dilution of
the wastewater by natural stream Low and with a
smali rainfall that could have contribuicd contami-
nated runoff.

The Talent water treatment system consisted of
an infiltratien-gallery intake buried under the stream
bed. polymer coagulant addition, rapid mix unit, floc-
culation, tube settlers, dual-media filters, granular
activated carbon filters, and postchlorination. Review

Characteristics of surface water treatmant systems*

Filtration Charactorstlcs

of the plant during the outbreak revealed an inoper-
ative rapid mix unit, inoperative filter-rate control
valves. deficient filter operation, and poor effluent
water quatity (turbidity > | nw). Water from the
treatment plant was tested for Cryptosporidium, but
the sample could not be lully examined because ot
interferences from excessive algal organisins, limprove-
metits 10 the treatment plant included equipment
repairs, use of alum as the primary coagulant, prechlo-
rination to prevent the growth of algae in the filters,
and improved filter operation. Correction of the defi-
ciencies resulted in substantial improvement in treated
water quality, and these improvements coincided
with the end of the Jackson County outbreak perioed.?!

o
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TABLE 4

County, Stata
{City)

Systems using groundwater
Bexar Texas

treatment systam.

Berhks, Pa.

Corrective actions for systems treating groundwater and surface water*

Corrective Action

Qlgt wall decommizsionsd: watar supplied is a chloringted groundwater from the San Antonio

Gid well decommissionsd: water now supplied from a sew wetl drilled m a focation fanher away

fron suspectad sources of contamination

Jacksan, Ore. {Medford)
shartly after the autbreak

Nane, excegt that the distribution systam was flushed with a chikonnated and filtered river water

plied feom 8 new wall and uemau using UV technology

isting well-

Yakima, Wash. Ol well d ed; water
and a two-stage I'!Ir,er
Walla Walla, Wash. Mfected well i
Systema using sinface watar
. Carroft, Gaa - -

as a coagulamt aid, ﬁnpmvoﬂd\ernlmldoshg.w
Emlpmemrﬂpdr! usa of sium as the pmary .
: hflmam aﬂdimn'umdﬂﬂeroperlﬂm : Wﬂ_

_ ._u_;_cum, Ore (Talant) -

Milwaukee County, Wis. The largest waterborne
outbreak in US history occurred during spring 1993
in Milwaukee ¢ Considerable epidemniologic and envi-
ronmental evidence indicates that the outbreak was
caused by a large amount of Cryptosporidium passing
through one of the drinking water treatment facilities
of the Milwaukee Water Works.22 Water frozen for
commercial ice production during the outbreak tested
positive for Crypiosporidium.

At the time of the out-
break, Milwaukee Water
Works served a population
of 840,000. within the
greater Milwaukee area
{population 1.6 million}).
approximately 403,000 peo-
ple became 111,22 and 4,400
people were hospitalized.®
A mortality study performed by the Wisconsin Divi-
sion of Health found that the outbreak was respon-
sible for the premature deaths of at least 69 individ-
uals, most of whom were HIV-positive.23

During the outbreak, Milwaukee Water Works
had two treatment plants in operation. The plant
located in the northern part of the city had a capac-
ity of 12 m3/s (275 mgd); the plant iocated in the
southern area had a capacity of 4.4 m3/s {100 mgd).
These plants supply water at opposite ends of a com-
mon distribution system. The southern plant was
implicated as the source of the outbreak because of
unprecedented increases in effluent turbidity (max-
imum level = 1.7 ntu) and the high attack rates {(>50
percemt) within areas it served.

-

meamm(mmmmnmmmmw
added at the raw water inief 1o sssure a posithe pressue .
-_|mmwwmmmwrﬁrwm

mnb} SRR

Supply

Both plants draw water from Lake Michigan and
utilize alum coagulation. flocculation, sedimenta-
tion, rapid sand filtration, and chlorination treat-
ment processes. ACCessory treatment processes at
the southern plant included chlorine and perman-
ganate addition at the raw water intake {15 m {50 {1]
deep) for taste and odor control and to prevent pipe
fouling, carbon addition in the rapid mix unit for

case emphasizes the importance of raw
r protection and maintenance of optimal
water treatment at all times.

taste and odor control, fluoride addition. prechlaori-
nation using chlorine gas, and residual chlerination
via chloramines. Why the southem plant failed to
maintain low turbidity levels is unclear; improper
coagulant dosage and the recycling of filter back-
wash water, however, are suspected to have con-
tributed 10 the increase in turbidity.??

The precise source of contamination in the Mil-
waukee outbreak was not identified; possibie sources
of Cryptosporidium included carttle wastes, slaughter-
house wastes, and human sewage. It is speculated
that rivers transported the ococysts from these sources
to Lake Michigan during a period of high flow that
resulted from the combined effects of spring rains
and snowmelt runoff. Once within Lake Michigan, the
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oocysts could then enter the intakes of Milwaukee
Water Works treatment plants.?2

At the time of the outbreak, Milwaukee Water
Works was complying with federal and local stan-
dards. Since the outbreak, Milwaukee Water Works
has developed much stricter standards and opera-
tional practices, including sticter monitoring of coag-
ulant dosing and fiiter operation. Proposed long-term
improvements to the water treatment processes
include filter renovation, extension of the raw water
intake away from suspected sources of contamina-
tion, and addition of ozone disinfection facilities. 24

Yakima County, Wash. In April 1993, 10 peo-
ple were exposed to untreated well water in Yakima
County.2’ Seven contracted diarrheal symptoms, and
three were confirmed cases of cryptosporidiosis. Cryp-
tesporidium oocysts and other indicators of surface

of the outbreak.

water contamination were found in the well water.
Well water could have been affected by melting snow
and spring rains contaminated by cattle, sheep, or
elk feces. 2326 Since the outbreak, the old well has
been decommissioned, and water is pumped from a
new well. Disinfection is now effected using ultravi-
olet technology and a two-stage flter (20 and 5 pm).?6

Cook County, Minn. In August 1993, 27 of 58
guests at a lake resort in Cook County became ill.
An epidemiclogic analysis found that consumption of
drinking water was associated with the illness. The
majority of stool samples tested were positive for
Cryptosperidium and negative for other pathogens.

Drinking water was drawn from a lake at a depth
of 8 m (25 ft}. The lake water is pressure-filtered,
chlorinated, and temporarily stored prior to distribu-
tion. Raw lake water tested positive for Cryptosporiditam,
but no oocysts were found in the treated water. The
outbreak coindided with an episode of low water pres-
sure within the distribution system. Backflow from a
toilet facility and effluent from the resort’s septic tank
system were suspected sources of contamination.??
Another possibility for contarination included leak-
age of septic tank effluent inte a raw water intake
line that flowed under negative pressure. Since the
outbreak, a bag filter (5-pm effective pore size) has
been added to the wreaiment scheme, the raw water
intake line has been replaced, and a submersible pump
has been added at the raw water intlet to assure a pos-
itive pressure on the supply line.28

Clark County, Nev. Epidemiologic evidence indi-
cates that drinking tap water was the major risk fac-

82 OURNAL AWWA

pite operational deficiencies,
e treatment plant was complying
with federal regulations at the time

tor for cryptosporidiosis during the Las Vegas out-
break in 1994,29-3¢ and the outbreak did not cein-
cide with changes in water plant operations or mal-
functions within the distribution system. During the
outbreak, all water samples taken at the plant and
within the distribution sysiem were negative for Cryp-
tosportdium. Expert reviews of the epidemiologic study
support that tap water was a major risk factor; nev-
ertheless, the study has been criticized. 3!

The total number of laboratory-confirmed cases
associated with the outbreak was 103. Seventy-eight
of these occurred during the epidemiologic study
period. Of the 78 cases, 63 were HIV- or AIDS-infected
patients {61 adulis and 2 children), 11 were non-
HIV- or AIDS-infected children, and the remaining 4
were non-HIV- or AIDS-infected adults. Two of the
non-HIV adults were undergoing immunosuppres-
sive treatmnents at the time
of the outbreak.2®

Of the 78 cases, 41 had
died by May 1995, and at
least 20 {all HIV-infected)
had cryptosporidiosis listed
as the causc of death on
their death centificates. The
degree of immunosuppres-
sion, or CD4 cell count,
was an important factor in
the development of disease
in the HIV-infected population. Although the major-
ity of laboratory-confirmed cases occurred among
the HIV-infected population, evidence suggests that
the outbreak may have extended into the general
community.$-3¢

Influent water is drawn from Lake Mead at a depth
of 40 m {131 ft). Lake Mead is a major reservoir on
the Colorado River and was formed when Hoover
Dam was constructed. The quality of the influent
water into the treatment plant is considered pristine.
The average turbidity of the raw water from January
1993 to June 1995 was 0.14 ntu with a high of 0.3
ntu,32 and the plant consistently produces effluent
turbidities of < 0.1 ntu 3! The plant serves a popula-
tion of 800,000 and treats 17.5 m?/s {400 mgd) of
water by direct filtration with ferric chleride as the pri-
mary coagulant, followed by radial-flow flocculators
and dual-media filters. Disinfection is effected through
pre- and postchlorination.3233 The water treatment
facility is a state-of-the-an fadility that is fully auto-
mated and computerized.2?

Passible sources of contamination inciuded a
treated wastewater discharge to the lake located 10 km
(6 mi) from the raw water intake, sewage from boats
moored at a nearby marina, and a nearby bathing
beach.?? Furthermore, the outbreak roughly coin-
cided with the annual wraover of the lake caused
by the weakening of the lake’s thermocline.3! Post-
contamination of treated water was considered; stor-
age reservoirs are covered and secured. however, and
nio major system disruptions occurred during the out-
break period.3! Possible treatment deficiencies
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FIGURE 1 Comparison of surface water versus groundwater for progortion

of outbreaks and affected individuals

. Surface water MR Groundwater . L.

MR Groundwater .

A—proportion of outbreaks

included the passage of oocysts through filter units,
especially during the ripening stage, and the recy-
cling of backwash water to the head of the plant.

Since the outbreaks, the following procedural
changes have been implemented: a total count of 10
particles/mL, (2.5-150-pm size range) is the acceptable
lirnit, a polymer is added to filter backwash to enhance
its treatment prior to recycle, and the frequency of
monitoring for Cryptosporidiunt is increased. From July
1994 to February 1996, the average number of pre-
sumptive3* Cryplosporidium oocysts detected in the
raw, backwash. and finished water were 11/100 L,
597100 L, and < 1/100 L, respectively. As of February
1996, one confirmed?® Cryptosporidium oocyst was
detected in the backwash water.32

Walla Walia County, Wash. In 1994, a cryp-
tosporidiosis outbreak in Walla Walla County resulted
in 86 confirmed cases. Consistent with a waterborne
outbreak, the confirmed cases
corresponded to people of ali
ages living throughout a par-
ticular distribution system
{Hydro ¢ District) serving a
population of 227. Results of
an epidemiologic and envi-
ronmental investigatton indi-
cated that contaminated well
water was the source of the
outbreak 2% Epidemiologic
evidence also pointad to a greater tisk of contracting the
illness with consumption of greater quantities of
unboiled well water.

The water supply consisted of two artesian wells:
well 1 was 150 m {500 ft} deep, and well 2 was 180
m {600 ft) deep. The water supply was generally
untreated; immediately prior to the outbreak, however,
the water was chlorinated because fecal coliform had
been detected. The wells are near cattle-grazing areas
and were adjacent to an irrigation system that dis-
tributes treated wastewater. The wastewater undergoes
secondary treatment, sand filtration, and chlorina-
tion.3% Upon inspection, treated wastewater from the

B atfetted individuals

damaged irrigation systern was
observed Lo seep into well 1.
Cryposperidium was found in
well | warter and in the treated
wastewalter.

After the outbreak, the ir-
rigation system was repaired.
and well | owas decommis-
sioned. The well water for the
COMMUILYy NOwW COMmes €n-
tirely from well 2,25

Alachua County, Fla.. In
July 1995, at a camp in Ala-
chua County, Fla., 72 people
out of a group of 104 becarne
ill. All sympromatic individu-
als tested positive for Cryp-
tosporidium, 3% The source of
contarmination was presumed
to have been inadequate backflow prevention at the
point of distribution. It is suspected that contaminated
water from a garbage-can washer badkflowed into the
camp’s kitchen plumbing system. A hose antached 1o
the water supply on the garbage-can washer could
have come in contact with wastewater and under
negative pressure coutd have drawn wastewater into
the distribution system. Wastewater within the
garbage-can washer tested positive for Cryptosporid-
fuem oocysts. Since the outbreak, a backflow preven-
tion device has been added 1o the system, and access
to the garbage-can washer area has been restricted.

Discussion

Outbreaks of cryptosporidiosis have occurred in
both smnall and large communities. Outbreaks were
noted in small rural communities served by small
water supply systems {c.g., Walla Walla and Yakima

the people affected by outbreaks of
rbome disease weore served by
surface water supplies.

counties) and in heavily urbanized cities with water
supply systems serving populations of several hundred
thousand {e.g., Milwaukee and Clark counties}. Raw
water sources included both surface water {rivers and
lakes) and groundwater {springs and pumped sources).
Of the total number of outbreaks, roughly half occurred
with groundwater sources. However, the majority of
individuals affected (98 percent in all outbreaks, 67
percent without the Milwaukee outbreak)* were

*B the MUwaul break overwhelms individual count val-
ues computations are done both with and without its indusion. Even
with the excdusion of the Milwaukee data. however, the majoricy of affeced
individuals were served by surface water supplies.
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served by surface water sup-
plies (Figure 1).

Wastewater was implicated
as a source of raw water con-
tamination in four of the 11
vutbreaks (Bexar, Carroll,
Jackson {Taient], and Walla

FIGURE 2 Wator treatment processes used during outbroaks and numbsr
of affected individuals by treatment process category
CINcne  @E Chiorination only B R
m Chiorination and flltration oty =¥ Chiorination; Mitration, and caegutart additio

A-treatment process used

B—-nﬁ-md hﬁwuab.;y
during autbreaks AT

Walla counties). In two out-
breaks, inadeguate backflow
prevention was suspected as a
cause of contamination {Cook
and Alachua counties). Thus,
situations leading to roughly
half of the outbreaks empha-
size the importance of pro-
tecting drinking water from
wastewater contamination at
the raw water source and
within the distribution system.

For outbreaks in which no
strong evidence of a waste-
water connection existed, en-
vironmental factors were im-
plicated as potential contibutors to contamination. For
Milwaukee, Clark, Carroll, and Bernalillo counties,
which were all assodiated with surface water sources,
nearby agricultural land uses and livestodk grazing areas
were implicated as possible sources of Cryptosporidium,
and transport of oocysts from these areas could have
been fadilitated by snowmelt, runoff from rainfall, and
lake turnover. For Berks, Jackson (Medford}), and
Yakima counties, al! of which drew from groundwater
sources, evidence implied that the groundwater could
have been affected by surface water infiltration. The
effect of environmental factors and nonpoint petlution
can be partly controlled through watershed manage-
ment practices designed to protect raw water supplies.
Contamination of groundwater sources by surface water
further emphasizes the need to indude infilration areas
within watershed management plans.

Groundwater supplies were either untreated or
chlorinated. To date, no reported outbreaks have oc-
curred lor systems in which groundwater was treated
by softening or filtration processes. Treatment of sur-
face water ranged from no treatment (Bernalillo
County) to full conventional coaguiation, filtration,
and chlorination processes (Carroll. Jackson [Takernt],
and Milwaukee counties). Roughiy haif of the out-
breaks occurred for systems in which treatment was
nonexistent or limited to chlorination only; however,
the majority of affected individuals (98 percent in all
outbreaks, 67 percent without the inclusion of the
Milwaukee outbreak) were served by large treatmernt
sysiems empioying coagulant addition, chlorination,
and filtration (Figure 2). The large fraction of esti-
mated cases of iilness in people served by plants uti-
lizing chlorination, coagulant addition, and filiration
is consistent with Figure 1 because the raw water
sources for these plants is surface water.

Distnfection for all treated waters was achieved
by chlorination (i.e., chlorine gas, liquid hypochlorite,

chlorine diexide, or chloramines). During all out-
breaks, the chlorination systems appeared to have
been operating satisfactorily and were providing a
measurable residual. Apparently, conventional chlo-
rination processes alone are incapable of providing an
adequate level of public health protection against
Cryptosporidium, espediaily when the raw water sup-
ply is of poor quality. These observations are consis-
tent with recent investigations that have found that
the chlorine concentrations (either free chlorine or
chloramine) needed for a measurable amount of Cryp-
tosporidium inactivation3? are well above concentra-
tions used during conventional treatment plant oper-
ations and would result in unacceptably high chlorine
residuals.

Five of the outbreaks—Carroil, Jackson {Talent),
Milwaukee, Cook, and Clark counties—were associ-
ated with filtered drinking waters. Because effluent
wurbidities are not available for the Cook plant, this dis-
cussion of filtered drinking water is limited to four
rreatment systems. Of the remaining four treatment
systems, three—Carroll, Jackson (Talent), and Mil-
waukee—~-were experiencing operational defidencies,
high effluent turbidities, or both, at the time of the
outbreaks. All three plants utilized a full coagulation
process that includes, in addition to rapid mix and
flocculation, a sedimentation basin prior to the filter
unit. Whether correction of deficiencies could have
avoided an outhreak is unknown, but it is certain
that these outbreaks occurred when treatment was
suboptimal. Until the effectiveness of reatment
processes in removing Crypiosporidium has been
proved, plants should be operated at optimum levels
10 maximize the protection afforded by each existing
process. Nonoperational or malfunctioning units and
sudden increases in turbidities (which can be associ-
ated with poor coagutation and filtration processes)
should be cause for alarm.
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The system associated with the remaining out-
break (Clark) employed a direct filtration scheme.
Direct {iltration is stimilar w a full coagulation process
excent that treated water is not subject o a sedi-
meniation process prior to filtration. Backwash water
at the Clark County plant, however. is settled before
being returned ta the head of the plant.

The Clark County outbreak was the only outbreak
associated with a filered drinking water for which
no trearment deficiencies were noted. The epidemi-
ologic investigation conducted in response to this
outbreak documented an association between the
development of disease and the degree of immuno-
suppression among the HIV population. Therefore.
this outbreak suggests that even at optimum treatmert
levels, certain subpopulations, espedially the severely
immunocompromised, may be at risk for contraci-
ing cryprosporidiosis from a public water suppiy.

In respense to these outbreaks, regulations and
current treatment processes
are being reevaluated to
assure that public health is
protected. The Centers for
Disease Control and Pre-
vention, in conjunction
with the US Environmentat
Protection Agency (USEPA),
has issued a press advisory
recommending that im-
munocompromised popula-
tions take extra precautions
to reduce the risk of infec-
tion from Cryptosperidium in
drinking water.3¥ In May 1996, USEPA promulgated
the Information Collection Rule,34 which is intended
to collect needed information for propeosing and
enforcing future regulations that will target treat-
ment for Cryptosporidium. The Enhanced Surface Water
Treatment Rule,?? scheduled to be promulgated in
2000, proposes reduction criteria based on the num-
bers of Cryptesporidium oocysts in raw water supplies.
The promulgated requirements would apply to all
public water systems that use surface water or ground-
water under the direct influence of a surface water
and that serve 10,000 people or more. A provision for
sanitary surveys is incduded for public systems that
serve fewer than 10,000 people.

In addition, research is ongoing to determine inac-
tivation and removal of Cryptosporidium by various
treatment methods. Ozone3?? represents a promising
alternative for disinfection. Dissolved-air flotation, 40
membrane filtration, and ultrafiltration! have been
shown to physically remove considerable numbers
of cocysts from water. Direct filtration has also been
shown to effect significant removais after a filter-
ripening period.42

Summary and conclusion

Recent outbreaks of cryptosporidiosis emphasize
the importance of protecting drinking water from
the effects of wastewater and nonpoint sources of

contamination. For raw waters of poor quality, chio-
rination processes alone appear incapable of pro-
viding an adequate level of public health protection
against Cryptosporidium. It is not clear how much pro-
tection is provided Ly conventional sand filtration
processes. Until an adequate level of performance is
idemified, filradon sysiems should be operated at
uaptinuen levels exceeding existing regulatory require-
ments. Existing regulations and water supply sys-
tems should be reevaluated for protection against
cryptosporidiosis. Further research is needed on
proper watershed management practices and on
effective treatment methods and operational practices.
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‘ PROTECTING PUBLIC HEALTH

Waterborne disease
survellance

Because current reporting systems have drawbacks,
drinking water professionals should collaborate with the
public health community to enhance approaches

to waterborne disease surveillance.

Floyd J. Frost,
~ Gunther F, Craun, and
. Rebecca L. Calderon

s N ublic health surveillance has
played a key role in controlling the spread of com-
municable disease and identifying the need for mod-
ern public heaith practices such as the filtration and
chlorination of drinking water supplics. Recent out-
breaks of waterborne dis-
case, however, have mised
questions about the effi-
cacy of current water
treatment practices in
preventing transmission
of some entetic patho-
gens.1= Outbreaks have
{23 Systen OLAtOry=%RE been reported in areas

based disease repo but opportunities for enhanced disease . that receive filtered, dis-
. surveillance may-also emerge from-these reforms. Inadditiony:.: - - -« infected water that meets
¥, rveillanceof .. ... drinking water stan-

dards, ™7 and an epidemi-
ological study found that
consuming drinking wa-
ter derived from surface
water sources, even if it
meels water quality stan-
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rezulatory agendies, and the indus-
trv are best served. Drinking water
professionals need o undersiand
the strengths and weaknesses of
current surveillance and outbreak
detecrion programs. because they
miay e requived 1w participate in
tand, perhaps, contribute funding
) these programs.

Current reporting systems

could use improvement
Additional information is
needed about the occurrence and
causes of waterborne disease, both
epidernic and endemic. The Cen-
ters for Disease Control and Pre-
vention (CDC) has funded path-
ogen surveillance projects in

selected states partly to improve
surveillance for several potentially
important waterborne agents.!Z In
New York City, the Depantment of
Environmental Protection {DEP),
which is responsible for drinking
water treatment and delivery, re-
cently convened a panel of public
health experts to evaluate current
health department discase surveil-
lance programs.t? This panel rec-
ommended specific waterbome dis-
ease surveillance activities and
cpidemiological studies to deter-
mine endemic waterborne disease
risks that may be associated with
use of unfiltered surface water
sources (sec the sidebar on page
68). Efforts to improve New York’s
waterborne disease surveillance
system are being funded by the
DEP—the first time, to the authors’
knowledge. that this has occurred
for a drinking water utility.

Most current state and local

Sequence of events
before an individual infection
can be reported
w Individual is infected.
i
l Did illness occur? ro
I w0
iz
| Did the ill person seek medical care? !m
' no
R no
5 Did tha patient comply?
’ [}
i F=4 ig o YY
: .3 Was the laboratory proficient? ————*
T T, @
2. 2
Was the clinical test positive?—"=a
%, 1
W Was the test result reported o
n to the heaith agency? —— ™
H
as Was the report timely? —I2—=
X it
nd What did the health agency
at- do with the report?
is-
od
ii-
er dards, may significantly increase the risk of enteric ill-
in ness in the absence of an outbreak.? Of all enteric
on disease in the United States, a significant fraction
‘- may be caused by drinking water.®
ve ‘As the need increases for better information about
:as waterborne disease, it has been suggested that the
is- US disease surveillance systern is in a state of crisis and
ets may possibly collapse.!? State health departments
n- often cannot dedicate any staff to enteric or water-
ni- borne disease surveillance.1t This artidle discusses the
1at key issues rclating to discase surveillance and out-
va- break investigations. With limited public health
ce resources available, it is important to carefully consider
fit the goals of waterborne disease surveillance and to
n- ensure that the information needs of the public, the

health department surveillance
programs are based on disease
reporting by health care providers and clinical labo-
ratories. However, several limitations of the system
have been identified. The symptoms of most enteric
waterbome diseases are similar (diarrhea and vom-
iting), and cases are only reported if the individual
consults a physician and an etiologic agent is identi-
fied. Reporting is not required for all enteric diseases.
Even when it is required, it is often incomplete. Newly
recognized pathogens such as Cryptosparidium are
often difficult to detect and diagnose. With current
surveillance programs, even an outbreak resuling in
many medically attended illnesses in a large dity could
be unrecognized. For example, if many health care
providers over a large geographic area treated the
patients, it is possible that no one provider would
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Panel Recommendations
for Waterborne isease
Surweillance

[ by R

. .« Designate-an individual who is
- specifically responsible for coordinating

) ___iqajcerpgme disease surveillance.

... » Monitor visits to hospitat emergency
-+ rooms for.enteric disease. .

e Monitor salés ‘of prescription and
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. recognize an increased occurrence of illness. In addi-
tion, the existence of an outbreak in a small but
extremely susceptible subpopulation {e.g., paticnts
with achlorhydria or reduced levels of gastric acid as
2 result of stomach surgery) probably would not be
detected because of the
small number of peopie at
risk.

In the future, other fac-
tors may significantly re-
duce the effectiveness of
traditional disease surveil-
lance programs. Changes in
health care access and
delivery may reduce the
number of patients seeking care and the chances
that medically attended diseases are confirmed by
laboratory tests. However, other changes in health
care may present ftew opportunities for disease sur-
veillance. Computerization of patient records, health
care and laboratory workloads, prescription and non-
prescription pharmaceutical sales, and <alls to nurse
hotlines are new tools that may bring about more
effective and less costly disease surveillance. Tech-
nological advancements in the detection of antigen
ar antibodies specific to a pathogen in sera, stools, and

other clinical specimens (e.g., saliva) may improve
detection and identification of etiological agents.
These diagnostic methods also allow the detection
of infection in the absence of symptomatic disease.

What are the limitations of current
disease surveillance systems?

Detection of waterbome disease outbreaks depends
partly on a state-federal system of notifiable or
reportable diseases. State or local laws require the
reporting of certain diseases, and primary responsi-
bility for disease surveillance rests with state or local
public health authorities. Most state surveillance sys-
tems are passive, in that disease reporting is primar-
ily the responsibility of health care providers and
diagnostic laboratories. Health care providers and
Jaboratories usually receive little encouragement from
the health deparment to report illnesses, and enforce-
ment of reporting requirements is minimal. In an
active surveillance system, some or all health care
providers or laboratories are contacted routinely and
asked for information about disease reports.i* More
cases are identified by active surveillance (see the
sidebar on page 70).

Disease reporting is incomplete in both passive
and active disease surveillance programs. Underre-
porting varies for each disease, among states, and
among areas or populations within a state.!3 For
example, reporting is likely to be mere compiete for
severe diseases such as hemolytic E. coli than for
milder infections such as Norwalk virus gastreen-
teritis. Because many enteric infections have the same
sympioms, diagnosis cannot be made on the basis of
symptoms alone; laboratory analysis of clinical spec-
imens is required. Clinical laboratories tend to be
much better at reporting their findings than are physi-
dans, !4 and there can be great variations in reporting
depending on the dedication of clinical laboratories
and diagnosing physicians and the patient popula-
tion they serve.1%

1 enteric disease in the United States,
gnificant fraction may he caused
by drinking water.

In addition to incomplete reporting of diagnosed
illnesses, only a portion of all infections are medically
diagnosed. Only a fraction of infections will lead to
illness. Many infected persons can be unaware of
their infection (see illustration, page 67). Whether
infection leads to symptomatic iliness depends on
factors including dose and virulence of the organism
and medical condition, age, and immune and nutri-
tional status of the host. In other instarices, the host
experiences none of the classic symptoms. For exam-
pie. sometimes children who have Giardia infections
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fail to thrive but do not experience the dassic symp-
toms of giardiasis. When symptoms occur, they may
be mild or may resolve in a short time; the person
may not seek medical care or may simply buy med-
icine at a pharmacy to alleviate the symptoms. For
example, only half of all people infected with Sal-
monella report illness, and only 20 percent of those
those who become ill consult a doctor.!8 If the per-

son seeks health care, the physician may not cor-

rectly diagnose the infection,
because symptoms are not often
sufficlently specific to- accurately
identify the pathogen. If the infec-
rion is misdiagnosed and resolves
itself, the patient may not seek
additional health care, and no
report of an infection is generated. e
Even when the diagnosis is correct :
and the appropriate medicatdon is
a confirming laboratory
test may not be ordered. If a labo-
ratory test is ordered, however, -
many patients are unwilling to sub-
mit stool specimens for analysis.
Because laboratories are the pri-
mary source of disease reports for
surveillance systems, a report may
never be filed if there is no labo-
ratory-confirmed diagnosis. A stool
or blood sample submitted for lab-
oratory analysis can test negative
because of analytical or specimen
collection error or untimely collec-
tion or because the material sub-
mitted was, by chance, free of the
pathogen.!” Sometimes stool spec-
imens are collected too late and the
infectious agent is no longer being

Thrashold of detection \

i

by

excreted; acute serum speci-
mens may also be collecred
too late, and convalescent
sera may not be collected for
comparison. For those peo-
ple infected with enteric par-
asites, single stools may often
be {ree of the parasite or
have insufficient numbers of
parasites to assure laboratory
detection. In some cases,
even multiple stools may be
pathogen-negative.

If enough reports of the
same disease or pathogen
come in to the health depart-
ment at about the same
time—and if the epidemiolo-
gist is alert to the increase—
then an outbreak may be rec-
ognized. Depending on the
incubation time of the illness
and the time needed to per-
form diagnostic tests and report the results, outbreak
investigations may begin wecks after the water is
contaminated and the onset of the initial cases.

Many outbreaks are detected by an alert dinidan.
For example, in 1976, the son of a physidan in Camas,
Wash., returned from Russia with giardiasis. The
physician later recognized that several of his patients
had similar symptoms, which led to the identifica-
tion of a waterborne giardiasis outbreak.1® In Mil-
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waukee, Wis., a pharmacist who noticed a dramatic
increase in sales of antidiarrheal medication alerted the
health department and television stations 1o the pos-
sible occurrence of an cutbreak of enteric disease.
Diarrheal illnesses reported to Califomia and Arizona
health agencies by 63 campers wha had visited an

could be unrecognized.

Arizona park initiated an investigation that impli-
cated contaminated water as the source of an out-
break affecting 1,850 people.!® The fortuitous cir-
cumstances surrounding the detection of many
outbreaks raise concerns about how many outbreaks
are never detecied. Small outbreaks may seldom be
detected; even large ones may not be detected with-
out active or enhanced disease surveillance programs.

Studies to evaluate the efficacy of active sur-
veillance programs provided mixed results. A three-
state study of various approaches
detected no additional waterborne
disease outbreaks in Washington
and Vermont;2® however, in Col-
orado, a greater than threefold
increase in the number of detected
waterborne outbreaks occurred
when surveillance was improved.2!

Active and enhanced disease sur-
veillance can only increase report-
ing of diagnosed illnesses from
providers and laboratories. All of the
other bariers to disease identifica-
tion and reporting of cases to the
public heaith agency will sill remain
{see tllustration, page 67). If access to
health care declines in the future or
if physicians use fewer laboratory
diagnostic services to reduce health
care costs, the number of diagnosed
reportable illnesses will decline
despite the efforts of health depart-
ments to ensure that most diagnosed
illnesses are reported.

How much surveiilance
is enough?

A waterborne disease outbreak
is 2 newsworthy and politically
important event. Many people may
become ill, and affected populations
may experience severe illness. As
the outbreak is investigated and

rrent surveillance programs, even
outbreak resulting in many medically
attended illnesses in a large city

control measures are implemented, much is often
learned about the cause of major failures in water
treatment or distribution. However, when the wa-
ter system’s deficiencies have been corrected and
the outbreak has been officially declared over, has
the problem been solved? Or is disease continuing
to occur at a reduced level
not detectable by tradi-
tional surveillance activi-
ties? How much of this
background level of dis-
ease can siill be attributed
10 water?

For example, investiga-
tion of a waterborne cryp-
tosporidiosis outbrezk iden-
tified major problems with
the filtration system of a
small community water supply. At the time of its
installation, the system was considered adequate.
However, high turbidity was observed in the filtered
water at the time of the outbreak. Optimization of
the treatment process by consuiting engineers allowed
the plant to dramatically improve turbidity and
pathogen removal, which reduced the number of
new cases of cryptosporidiosis and officially ended
the outbreak. Two years later, though, a serological
survey of the town’s residents suggested that Cryp-

- time required. for-Jaboratory testing and
ol
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tosporidinm  infections
were continuing. These
infections were not ac-
companted by a discase
outbreak, and because an
epidemiological study was
nat conducied. i was 1ol
passibie o determine
whether these cases were
associated with drinking
water consumption.

This raises several
philosophical and tech-
nical issues regarding
waterborne disease sur-
veillance. If the serologi-
cal survey had not been conducted, there would
have been no evidence of an increased risk of infec-
tion in this population. Should all outbreaks be fol-
lowed by such a survey to determine continuing
infection and its possible mode of transmission? Is
evidence of continuing infection in the absence of
symptomatic disease sufficient reason for further
intervention? If water treatment has already been
optimized, what intervention options remain? Can
infection and disease be further reduced without
new filtration or disinfection technology? Low lev-
¢ls of enteric disease over many years from exposure
to waterborne microbes can place a much larger
heaith burden on a community than disease asso-
ciated with the detected outbreak, and this risk
should be considered. Improving the sensitivity of a
surveillance system to detect early sigas of an out-
break is important, but detection of endemic water-
borne risks before and after an outbreak is also
important.

Lo by
than physicians.

Failure of a surveillance system to detect low
levels of disease in a community may provide a false
sense of security about waterborne transmission of
disease. For example, why was an outbreak such as
the one that occurred in Milwaukee, Wis., not pre-
ceded by many smaller outbreaks? Is it possible that
in Milwaukee and other cities experiencing a large
waterborme cryptosporidiosis outbreak, undetected
smaller outbreaks had occurred previously? Or did
a low prevalence of waterborne Cryptosperidium
infection occur for years before each reported out-
break—and at the time of the detected outbreak,
did more Cryptosporidium oocysts pass through the
treatment systern, or did a more virulent strain of the
pathogen emerge? If these conditions occutred. rely-

TABLE 1 Case clusters: giardiasis in Washington
state, 1977-78

Consumption of untreated stream water
Consumpticn of untreated water at a work camp
Qne small community water system

Tourists returrdng from a resort in Mexico

One outbreak at a day care center :

Jinical laboratories tend to be much
~hetter at reporting their findings

ing on disease surveil-
lance systems that can
only detect large out-
breaks will not provide
Dascription carly warnings to public
health and water officials
about waierborne discase
risks and emerging new
diseases. Use of disease
surveillance systems that
only detect large out-
breaks is equivalent to
basing the science of me-
teorology only on the
study of hurricanes.

How much endemic disease
can be attributed to drinking water?

Endemic disease is defined by CDC as a persistent
low to moderate background level of disease occur-
rence. A high level of occurrence is called hyperen-
demic; an irregular pattern of occurrence is called
sporadic (Figure 1). The threshold of detection for
outbreaks is determined largely by the type of sur-
veillance and resources devoted to it. Routine sur-
veillance programs typicaily have poor sensitivity to
detect small outbreaks (threshold of detection, in Fig-
ure 1). For most enteric infections, endemic disease
rates during any year {Figurc 1} consist of cases of dis-
ease from the statistical averaging of small, unde-
tected outbreaks or clusters of infections. Endemic
levels of disease probably do oot remain constant
over time or across geographic areas and may repre-
sent an important public health problem.

During this century, the importance of endemic
infection and disease has become increasingly rec-
ognized. After World War
I, an attempt was made to
estimate the prevalence of
parasitic infections in both
the returning British sol-
diers and the British popu-
lation remaining at home.22
To the surprise of the
researchers, a high preva-
lence of asymptomatic in-
fection was found among people who had never left
Britain. Later, a survey of Wise County, Va., in 1930
found that half of the population carried Entamoeba
histolytica and that 38 percent carried Giardia lam-
blia.2* More recently, a study to determine the inci-
dence of Cryptosperidium infection among Peace Corps
workers before they went overseas showed that
almost 30 percent had increased antibody levels, sug-
gesting they had experienced infection before leaving
the United States.24

Using information from current disease surveil-
lance systems, it is not possible to meaningfuily
compare endemic disease levels between areas or
populations with different water systems. Such a
comparison cannot address whether observed dif-
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ferences in reported disease reflect
differences in the completeness of
reporting or differences in the occur-
rence of disease or infection. Nor can
it address whether the observed dif-
ferences are associated with water
treatment or quality. Epidemiologi-
cal studies must be specifically de-
signed and conducted to address the
association of endemic disease with
water system type or water quality
and must provide a quantitative esti-
mate of disease risk.

Several epidemiclogic studies
have identified waterborne endemic
disease risks in the absence of a re-

Enham:ﬁﬂ' Snrvelllﬂnuﬂ System

pharmacies are involy

ported waterborne outbreak. In New aGt hotltne.‘i SoftWare. is p

Zealand. the incidence of laboratory-
confirmed giardiasis was higher in a
population receiving chlorinated, un-
filtered surface water than in a pop-
unlation receiving surface water
treated by coagulation, flocculation,
granular filtration, and chlorina-
tion.2* In Vermont, a higher inci-
dence of endemic giardiasis was
found in municipalities using unfil-
tered surface water or wells than in
municipalities with filtered surface
water.26 A recent study attempted to
estimate how much endemic enteric illness was
attributable to drinking water.? The fraction of ili-
ness atiributable to drinking water was estimated by
comparing self-reported ~highly credible gastroin-
testinal illnesses™ among people drinking treated
municipal tap water and those drinking water from
reverse osmosis filtration units. Although it can-
not be completely ruled out that different rates of

utbreak investigations may begin weeks
after the water is contaminated and the

onset of the Initial cases.

illness resulted from reporting biases, this study
suggests that drinking treated municipal water may
significantly contribute to endemic disease in at
least one community.

Can outbreak investigations he used
to estimate risks?

Epidemic disease is the increased occurrence or
clustering of a spedific illness, and data about epi-
demic waterborne disease are available from reported
outbreaks. Between 1971 and 1994, 737 waterborne
disease outbreaks were documented in the United
States.®7.27 Almost half of these were caused by

unknown eticlogical agents that cause acute gas-
trointestinal illness. In the remaining cutbreaks, eti-
ologic agents {viruses, bacteria, protozoa, or chemi-
cals} were identified. Identification of an etiologic
agent largely reflects the ability to diagnose these
infections and the general interest in collecting and
analyzing clinical specimens for a spedfic agent. How-
ever, outbreaks do provide some indication of the
relative importance of dif-
ferent agenits for consider-
ation by water offidals. Qut-
breaks also provide
informatien about attack
rates for people exposed to
contaminated drinking
" water and the severity (eg.,
death or hospitalization) of
waterborne disease. How-
ever, it can be misleading to compare the frequency
of waterborne outbreaks and number of associated
cases of illness with other outbreaks {e.g.. day care
center outbreaks) to estimate the relative importance
of the two modes of transmission.

Only if outbreaks account for the majority of
illnesses is the ouibreak of primary interest—and for
most waterborne pathogens, cutbreaks account for
only a small fraction of all illnesses, For example, in
18 months during the late 1970s in Washington,
1,347 laboratory-confirmed cases of giardiasis were
reported to the state health depantment.28 Extensive
fallowup (Table 1) showed that custers or possi-
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ble small outhreaks accounted for only 16 percent
of all cases ol giardiasis reported during this time.
The remaining cases were endemic, suggesting that
“endemic giardiasis” was much more important
than “epidemic giardiasis” in Washingten. The
importance of waterborne transmission both in the
clusters aud endemic cases remains unknown,
hecause epidemiological
studies were not con-
ducted o assess this.
Information frem in-
vestigations of waterbome

However, the proportion of asymptomatic carriers
for many infections has only recently been appre-
ciated. The parasite prevalence surveys in Britain2?
and Virginia?} found more asymplomatic infected
individuals than «xpecred. Even as late as 1952, in
New Hope. Tenn., 10.6 percent of the general pop-
wlarion was inlecied witl Giardfa famhiia 29 Fal-

p the water system’s deficiencies have

outbreaks cannot reliably " joen corrected and the outbreak has

be used to estimate the
burden of both epidemic
and endemic waterborne
disease. It is not known
with any certainty to what
extent waterborne outbreaks are underreported, and,
as was noted previously, spedific epidemiological stud-
ies are required to estimate the endemic risk anrib-
utable to drinking water. Potential problems of extrap-
olating the characteristics of disease reported in
waterborne cutbreaks to all waterborne disease
include the following:

« If there is variation in the virulence of a path-
ogen, detected outbreaks may be predominantly
caused by the more virulent strains of the pathogen.
This may gverestimate severe morbidity or mortality
assodated with the pathogen.

« If only reported outbreaks are examined. the
importance of drinking water as a route of transmis-
sion may be overestimated. Because of the large num-
bers of cases often involved, waterbome outbreaks
may be more easily detected than other cutbreaks.
Even a severe outbreak in a day care center usually
involves only a few cases. Clusters within a family
usually involve only two or three cases.

» Qutbreak detection is often more difficult for
highly endemic diseases than for uncommon dis-
eases, For example, two cases of cholera anywhere in
the United States might be considered an outbreak.
whereas 1,000 cases of cryptosporidiosis widely dis-
persed in a large US ity during a week might easily
be absorbed as background cases of diarrhea and not
recognized as an outbreak.13

= Qutbreaks of short-duration illnesses {e.g., those
caused by some viruses) are more difficult to detect
and study than are outbreaks of illnesses with long
duration (e.g., giardiasis, shigellosis, hepatitis A}).
Therefore, when considering only information from
outbreaks, the impornance of acute, self-limited gas-
trointestinal illness of undetermined etiology and
short duration may be underestimated relative to
parasitic, some bacterial, or viral diseases with symp-
toms that last longer.

Should expanded surveillance programs
monitor infection rather than llinass?

That a carrier of infection ¢an be asymptomatic
has been known for some time {e.g.. Typhoid Mary).

been officially declared over, has the
problem been solved?

lowing a 1966 giardiasis outbreak in Aspen, Colo..
a stool survey found that 5 percent of the popula-
tion was infected with Giardia.?0 A survey in Boul-
der, Colo., also conducted following an outbreak,

" found the same prevalence of 5 percent.3! Most of

those who participated in these surveys were
asymptomatic. A stool survey of one- to three-year-
old children in Washington in 198032 found that 7
percent of the children were infected with Giardia
lamblia. All participating children were reported as
healthy at the time of the survey. During the 1960s
and early 1970s, the monitoring of virus infections
among a sample of people in selected US cities
found that illness was reported in less than half of
all enterovirus infections.??

New serological tools have been developed during
the past 20 years (0o better monitor the prevalence
of infections among the population. Even though
infection may not result in illness, there are several
reasons for considering the surveillance of infection
rather than disease:

» Information about the inddence of infections
can provide an early warning for outbreaks. Wide-
spread, unrecognized transmission of infection may
have devastating consequences for highly susceptible
individuals in the population.

* Seroepidemiological studies of infection can
better estimate the extent of endemic waterborne
transmission for many etiologic agents, because these
studies are statistically more powerful and can detect
low risks. Results can expand understanding of the rel-
ative importance of the various modes of transmission
if information is obtained about water exposures
{drinking and recreational), other risk factors, and
antibody status.

+ Just as the total coliform test is useful to indi-
cate potential water contamination, epidemiological
studies of the waterborne transmission of infec-
tion—even when illness is predominantly asymp-
tomatic—can. provide critical information for eval-
wating water treatment systems and may help
tdentify correctable problems in water source pro-
tection, treatment, or distribution.
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Recommendations

Depending on the spedific goals, several options are
available for emhanced waterborne disease surveil-
lance. The current national system of surveillance,
based on diagnosed illness, has a long-established
record for detecting some outbreaks (see the sidebar
on page 70). Because this systemn is both inexpen-
sive 10 maintain and currently operational, it has

so of disease surveillance systems that

_only detect large outbreaks is equivalent
to basing the science of meteorology
only on the study of hurricanes.

considerable support among public health practi-
tioners. Monitoring for inacased phammaceutical sales
of antidiartheal medications, calls 1o nurse hotlines
about diarrheal illness, or physician visits for gas-
trointestinaj iliness are potential alternatives to tra-
ditional disease surveillance programs (see the side-
bar on page 72). :

1t the goal of the surveillance system is 1o detect
small outbreaks and provide early information
about their occurrence, these alternative ap-
proaches have promise and should be evaluated
for possible implementation as a nationwide system.
No outbreak detection system, however, is likely to
be of value for estimating endemic waterborne dis-
ease risks; specific epidemiological studies must be
conducted.

It is becoming increasingly feasible to estimate the
incidence or prevalence of antibody response to
pathogens and to relate this information to various
modes of transmission. Thirty years ago, the Virus
Watch Program examined gccurrences of viral infec-
tions among volunteers in selected communities.3?
similar approaches using serodiagnostic tools to
monitor the occurrence of Giardia** and Cryp-
tosporidium?®S infections have recently been devel-
oped. As the usefulness of serodiagnostic and other
tests is evaluated in the near future, cost-effective
approaches to the widespread implementation of
alternative surveillance activities will probably be
available. Sercepidemiological studies may also pro-
vide the opportunity to learn why certain popula-
tions have higher endemic levels of disease than
others and to greatly improve understanding of both
drinking warer and nondrinking water routes of
transmission.

Changes in health care delivery may result in
reduced use of diagnostic laboratory services. If so, this
will also reduce the value of laboratory-based dis-
ease surveillance. Unfortunately, state and local health
agencies that manage disease surveillance systems
are often unaware of the opportunities to enhance

T4 JOURNAL AWWA

surveillance. Projects to establish model disease sur-
veillance and reporting systems could help state and
tocal public health agencies develop relationships
with large providers of health care.

To fully exploit these opportunities, a new pub-
lic health partnership will be needed among health
care providers, health maintenance organizations,
and public health agencies. The drinking water
industry should fully par-
ticipaze in this partnership.
Drinking water profession-
als should actively reach
out to the public health
community to initiate, plan,
and evaluate cost-effective
approaches to waterborne
disease surveillance. Low-
cost infection and disease
surveillance systems will
provide an additional mea-
sure of safety to our drinking water systems, warm-
ing of possible problems. This survcillance, together
with water quality monitoring and trearment plant
optimization, can ensure that the risk of waterborne
disease remains very low.
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been -shown to support HIV-1 replication
{24), are among the first virus targets in
primares after aral exposure and play a key
role in subsequent vitus spread.
In sum, celi-free SIV is significantly more
ransmissible chrough the oral route as com-
4 pared with the intrarectal route. The use of
omeprazole, which results in the neutraliza.
tion of gastric acid, was not required for
infection. Because formal oral titrations
were not conducted to establish the minimal
infective dose in neonacal macagues {10},
J we do not know whether the oral exposure
route is significantly more permissive of SIV
entry in neonates as compared with adults.
Cur data, together with the case reports of
HIV-1 seroconversion after oral-genital sex
only {5), have implications for HIV-1 trans-
mission. We conclude that oral exposure to
infectious virus in the absence of mucosal
lesions carries the risk of infection and
AIDS. Thuos, unprotected receptive oral in-
tercourse should be added o the lise of risk
behaviors for HIV-1 transmission.
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Synergistic Activation of Estrogen Receptor with
Combinations of Environmental Chemicals

Steven F. Arnold, Diane M. Klotz, Bridgette M. Collins,
Peter M. Vonier, Louis J. Guillette Jr., John A, McLachlan*

Caertain chemicals in the environment are estrogenic. The low potencias of these com-
pounds, whan studied singly, suggest that they may have little effect on biclegical
systems. The estrogenic potencies of combinations of such chemicals were screened
in a simple yeast estrogen systam (YES) containing human estroagen receptor (hER).
Combinations of two weak environmental estrogens, such as dleldrin, endosulfan, or
toxaphene, were 1000 times as potent in hER-mediated transactivation as any chemical
alone. Hydraxylated polychlorinated biphenyls shown previcusly to synergistically alter
saxual development in turtles also synergized in the YES. The synergistic interaction of
chemical mixtures with the astrogen receptor may have profound environmental impli-
cations, These results may represent a praviously uncharacterized level of regulation of

estrogen-associated responses.

Repon:s of abnormal sexual development
in reptiles (I, 2} or birds (3) as well as
feminized responses in male fish (4-6) have
suggested an asociation with environmen-
tal chemicals functioning as esttogens. Sim-
ilar hypotheses have been advanced in re-
lation to an increased risk for breast cancer
in women {7, 8) and an observed decrease
in human semen quality (9, 10). A model
for the developmental effects of estrogen is
based, to a large extent, on studies with the
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synthetic estrogen diechyistilbestrol (DES)
in animals and humans {11-13). Most es-
trogenic environmental compounds have
potencies 1/50th o 1/10,000th those of
DES or the natural escrogen 17B-estradiol;
for example, the pesticides dieldrin, toxa-
phene, or endosulfan have an affinity for
hER that is ~1/10,000th that of escradiol
(14, 15). The relatively low potencies of
each of these compounds have suggested
that these chemicals zlone are unlikely to
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Table 1. Concentrations of enwvironimerntal chem-
icals required to achigve 50% B-Gal activity (EC)
in YES. p-Galactosidase assays wera done as
described in Fig. 1. The EC,, values were gener-
atexdt by plotting the percant B-Gal activity versus
the concertration of ermvironmental chemical. The

wera mixed at equal molar concantrations. The
data shown are rapresentative of at ieast three
indapendant experiments. Tha EC, values repre-
sent the concentration required to achieve half-
maximal 3-Gal activity for that chemical or combi-
nation of chemicals. The maximal B-Gak activity
induced by the combined environmentat chemi-
cals appearad to ba ~65% that of 17 8-astradiol.
ND, not determined.

; p-Gal
Chemical ECa (M)
17#-Estradiol Q.0001
Endosulfan >33
Digldrin =33
Toxaphons »33
Chiordane ND*
Enciasulfan + diekirin 0.092
Endasulian + toxaphens 0121
Endasulian + chiordane 0.189
Dieldrin + toxaphene 0.210
Oialdrin + chiordane 0.288
Taxaphena + chiordane 0.208
*The EC,, for chiomane wie not measumad because it

it not epdbit B-Gal activity st ary concentration tested.

produce adverss health effects in humans
{16, 17). However, these compounds occur
as mixrures in the environment, and their
combined action has not been well studied.

To investigate che interaction of mix-
tures of chemicals with hER, we compared
the canscriptional activation of hER in
yeast in response to environmental chemi-
cals alone and in combination {18). Diel-
drin, endosulfan, or toxaphene alone weakly
increased B-galactosidase (B-Gal) activity
even at high concentrations (greater than

5. F. Amoid, Department of Evironmental Health Scienc-
s, Tulana University of Public Haalth and Tropicad Madi-
cine, 1501 Conal Street, New Ovleans, LA 70712, USA
and] Tulane-Xerier Carvier for Bicenvironmenta! Ressarch,
1430 Tulare Avenua, New Orkeans, LA 70112, USA,

. M. Kk#tz, B. M. Colins, P. M. Voriee, Program in
Canter, 1430 Tilana Awveros, New Orears, LA TO112
LISA and Tutana-Xavier Canter for Bioanvironmental Re-
uum,uao Tulana Avenue, New Oreans, LA 70112,

L.J Gullette J., Departmant of Zoology, University of
mmmmm&mn USaand
Tulane-Xavier Certtwr for Bicemviconmentsl Research,
1430 Tutene Averos, New Craans, LA 70112, USA.

J. A_ Mclachian, Deperirment of Emironmentsl Health
Sciences, Tulane University o Puttic Health and Tropical
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USA; Department of Pharmacoksgy, Tulana University
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mental Ragaarch, 1430 Tutane Avenud, New Orisars, LA
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lana-Xavier Carter for Bioervironmental Rasesrch, 1430
Tulana Avenue, New Crisans, LA 70112, USA, E-mak:
jmclachiimaihost.tos. tulane.ecy
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Fig. 1. Estrogenic activity of environmentat chemicals in
YES. A single yeast colory was grown ovemight at 30°C
in synthetic media supplemented with Trp and Ura.
then 50 wul was added to 950 pl of frash madia with
vehicla, 17g-estradiol (), endosuifan (), dieldrn (A),
or endosutfan end dislcin {O) and grown avemight at
30°C. Equivalent molar concentrations of endosulfan
and dieldrin wera used for the combinations (for axam-
ple, 5 nM of endosuifan and dieldrin for & total of 10 nhk).
After treatrment, the yeast cells wera collecied Dy can-
trifugation, the A, Measured, and the activity of f-Gat
determinad as described (18). The dats are represen-
tative of at ieast three separate experiments. The in-
creasa in B-(al activity is greater at the lowsr cancen-
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Fig. 2. Inhibiion of [PH)178-estradiol binding to hER by

anvironmental chamicals. Recombinant hER at a concentra-
tion of ~0,4 nM was dissoived in the binding butfer [10mM

wis [pH 7.4}, 1 MM EDTA, 1 mM EGTA, 1 mM Navo,, 10%
ghycersi, v-globuin (10 mg/mi), 0.5 mM PMSF, and 0.2 m

jeupentin}for 1 hour at 25°C with 2.5 MPH] 1 7B-estradiolin |

tha absence or presenca of the ndicated concentrations of

radicinert environmental charnicals or 17f-astradiol, Equiv- '

glent malar concentrations of endosuifan and dieldrin were
usad for tha combination. Free [PH|173-astradicl was re-
moved Dy incubation with Chardex for 10 min at 4°C and

centrifugation for 3 min at 15,000g. The data shown as !

represantative of at least three independent experiments.
Tre decrsase in [*H]17p-estradiol binding Is greater af the
lower concentrations of mixtures of eovironmental cherm-
cals. Symbols asin Fg, 1.

Fig. 3. A Scatchird analysis of hER binding to [H178-
estradiol in the absence or presence of environmentsl
chemicals. Racombinant hER was dissolvad in binding
buffer for 1 hour at 25°C {see Fig. 1) with 0.5, 1, 2.5, 5 or

g

10 M [¥H]+7B-estradiol and a 300-fold molar excess of -

uniabeled 17 B-estradiol (7). 100 nM endesulfan {C), 100
nh4 diskdrin {A), or 100 M endosulfan and 100 oM dial-
drin {¢). The dala were analyzed by the method of Scat-
chard {37} and are representative of at Jeast three inde-
pendent expanments.

by growth factors, play a role in estrogen
action {19, 20), we studied the binding of
[PH]1 7B-estradiol to hER with the environ-
mental chemicals alone or in combination
as a measure of the direct interaction of

10 uM) (Fig. 1 and Table 1). However, a
combination of any two of these chemicals
produced a synergistic increase in $-Gal ac-
tiviy as compared with the individual com-
pounds. For example, to increase B-Gal ac-
tiviry. to a similar extent, the concentration
of the mixwre of endosulfan and dieldrin
required was 1/160th to 1/160Cth that of
either chemical alone (thar is, the mixture
was 160 to 1600 times more potent than the
individual chemicals). Chlordane, which
had no measurable activicy in the YES, also
significantly enhanced the potency of the
other environmental chemicals (Tzble 1),
Because other signaling pathways, such
as those involving protein kinases activated

SCIENCE +« VOL.2T2 +

7 JUNE 1996

these compounds with hER {21). Consis-
tent with the results in the YES, dieldrin,
endosulfan, or toxaphene alone only weakly
inhibited the binding of [*H]17B-estradiol
to hER (Fig. 2 and Table 2). To inhibit
PPH]17R-¢estradiol binding to the same ex-
tenr, the concencration of the combined
chemicals was at most 1/200ch chat required
for either chemical alone (that is, the mix-
ture was zt least 200 rimes more potent
than the individuai chemicals). Chlordane,
which did not inhibit binding of PH]L78-
estradiol, also enhanced the competitive
binding activity of the other environmental
chemicals.

The synergistic action of combinations
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usessadbyaddnbnofsm-toldmolarnxcessof
radigingrt  178-astediol. Frea [3H)1 7 p-esimdiol
- was removed by incubation with Chardex {contains
50 activated charsoa) and 0.5% dexiran dissoived
hmmmm)ummhm-cw
cantrifugation for 3 min at 15,000g. The bound

thise independent axpariments
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Ishikawa cells grown in @ 35-mm plle warn rans-

factad with 2 g o pERE-G (conipining twa copies

27
28
2.
0,
an.
2.

of the wi i1 astrogen rasponse elermant lnked
to the hciferase gene), 1 g of a control B-Gal plas-
M.wmmdhﬁhamm
vector with 10 pl of lpofaciamine (GIBCO BAL for S
hours. The catls warm treated with vehicie, astradiol,
or 2* 4 B -irichiorg-4-biphenylol o 29 .4 5 talra-

‘s modkhed

{or botty in Dulbecco’s
Engie's macium with 5% fetal bo-
i sarum or 18 hours, All chemicai were cisacived
n DMSC ang added 1o the mectia a0 that the con-
caniration of DMSD dkd not-excsed 1%. The cells
were collectad by incubation with byala butter {Analyl-
ical Lurminascanca, Ann Arbor, MI) for 15 min at 25°C,
Rad protein assay raagent, and the p-Gal activity
measured as describad (78), The amount of extract
usad in the luciferase assay was normalized for pro-
farmed in the Monolight 2010 as recommended by
the manufactiure’ Luminescence)

(Analytical 8
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Regulation of the Inositol 1,4,5-Trisphosphate
Receptor by Tyrosine Phosphorylation

Thottala Jayaraman, Karol Ondrias, Elena Ondriasova,
Andrew R. Marks*

Tyrosine kinases indirectly raise intracellular calcium concentration ({Ca?*)) by acti-
vating phosphollpases that generate inositol 1,4,5-trisphosphate (IP,). IP, activates
the IP, receptor (IP,R), an intraceliular caicium release channel on the endoplaggmic
raticulum. T cell receptor stimulation triggered a physical association between the
nonreceptor proteln tyrosine kinase Fyn and the IP,R, which induced tyrosine phos-
phorylation of the IP,R. Fyn activated an IP,-gated calcium channel in vitro, and
tyrosine phosphorylation of the IP,R during T cell activation was reduced in thyma-
cytes from fyn™- mice. Thus, activation of the IP,R by tyrosine phosphorylation may

play a role in regulating [Ca®*),.

—————

T'he IP,R forms the IP;-gated Ca®* release
channel on the endoplasmic reticulum in
many cell types, including neurons (1) and
T cells {2). The human eype 1 IP;R (IP;R1)
is a 308.kD polypeptide that contains two
potential cyrosine phosphorylacion sites, at
residues 482 (Glu-Asp-Leu-Val-Tyr} and
2617 (Asp-Ser-The-Glu-Tyr) (2). Amino
acid 482 is adjacent co the [F;-binding site
(3), and amino acid 2617 is near the
COOH-terminus {4).

The IP,R is autophosphorylated on
serine and is phosphorylated by protein
kinases A, C, and G and by Ca?*-calmod-
ulin—dependent kinase iI (CaMkII}) in
vitro (5). Members of the Src family of
nonrecepeor protein tyrosine kinases func-
tion in signal cransduction in the brain (6)

Laboratory for Moleculwr Candiokxgy, Department of

Macicine, Mount Sinal Schadl of Mecicine, hew York, NY

10026, USA,
“Ta whom comespondence should be addressed.
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as well as in T cells (7, 8). To deter-
mine whether tyrosine phosphorylation of
the IP,R occumred, we immunoprecipi-
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rated the Cal* release channel with an
IP,R1-specific ancibody (anti-IP,R1) from
both boin and T lymphocytes and sub-
jected it to kinase assays with two nonre-
ceptor protein tyrosine kinases, Src and
Fyn. Both kinases induced tyrosine phos-
phorylation of the brain IP,R (Fig. 1A).
Similar results were obrained with canine,
rabbit, and mturine brain microsomes (9)
and with purified 1P,R (Fig. 1A), which
suggests that the kinase acts on the chan-
net directly, not through an intermediary
molecule. )

Fyn and Src induced tyrosine phospho-
tylation of the IP;R from unstimulated
Jurkat cells (Fig. [B) in vitro. Tyrosine
phosphorylation of the IP;R from unacti-
vated Jurkac cells by Fyn was greater than
that of the IP,R from cells activated by
incubation with monoclonal antibody to
CD3 {CD3 maAb) (Fig. 1B}. This result
indicared that Fyn induces tyrosine phos-
phorylation of the IP;R during T cell re-
<cepror (TCR) stimulation, and therefore
that exogenous Fyn does not induce fur-
ther tyrosine phospharylation of the IP,R
in vitro.

To determine whether tyrosine phos-
phorylation of the IPjR occurred in vivo,
we preparedanti-phosphotyrosine immuno-

_blots of IP;R immunoprecipitated from

unstimulated and from TCRestimulated
Jurkar cells. IP,R was detected in boch
activated and unactivated cells, but ty-
rosine-phosphorylated IP;R was detected
only in TCR-stimulated ceils (Fig. 1C).
This finding indicared that tyrosine phos-
phorylation of the IP;R occurs in intact
cells. _

During T cell acrivation, Fyn physical-
ly associates with the TCR (10} and the
IP,R cocaps with the TCR (I1). To de-
termine whether Fyn physically associated
with the IP;R during T cell activation, we
used anti-IP,R1 or Fyn mAb to immuno-

Fig. 1. Tyrosine of the
~300-kD IP,R in brain and T ympho-

with CD3 mab (B). immunoprecipitated
pmtahsorpuriﬂaleQR(P}wu'eusedh
kinasa assays with or without exoge-
nous Fyn or Sec (27). Preimmune sorum
NRS} or  affinity-prrified ant-IP,R1
{alP,A1) were usad for immunoprecipl-
tations (21). 1G] Womunoprecipitated
IP,A from activated or unactivated Jur-
phosphotyrosine  {aPT)  {4G10) and
then, after stripping, with ant-IF,Rt as
described (2).

Blot
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of envitonmental chemicals suggested che
possibility of additional binding sites on
hER (22-24). Linear slopes observed in
‘Scatchard analyses of binding experiments
with combined environmental chemicals
demonstrated competitive inhibition {Fig.
3), suggesting that the chemicals inceract in
combination with hER at the hormone
binding site (25).

Hydtoxlyated polychlorinated biphe-

Table 2. Concentrations of environmental chem-
icals recuired to achisve 50% displacement or
inhibiition (JC,.) of A binding of [*H}17p-estradi-
ol. Compaetitive binding assays were cons as de-
scribed (Fig. 2). Tha ICs, values were calculated
by plotting the percant [PH)17B-estrachol remain-
ing versus tha concentration of erwironmantal
chemical a8 shown in Fig. 2. The values for the
combinations represent the totad concentration of
srvirorsmental chemicals ag they wene mixed at
squal motar concentrations, The data shown are

of at least thres indepsndent ex-
periments, The standard ermor was less than 7.5%

for the compatition binding assays.

hER binding

Chamical Coo (M)

Endiosutfan =50
Dialdrin >50
Toxaphens >80
Chiordane ND*
17B-Estractiol 0.001
Endosutan + dieidrin 0.324
Enciosutfan + toxaphane 0.338
Endosuifan + chlordane 0.363
Dieldrin + toxaphene 0.488
Dieidrinn + chiordane D514
Toxaphene + chiordane 0.533
“The ICy, vaiue was rt determined because chiordane
i Nt 2ppear to demonstrate compatitive binding acth-

ity at ary concantration tested. It nas baen reportad that
te vrlues for endosutfane and toxaphene are 831
and 470 M, reapactively (15),

Table 3. Concentrations of emironmantal chemi-
cals required to achieve 50% B-Gal activity n YES
{18) or huciferase acthity in Ishikawa cells (32). The
PCB compounds included F (2'.4',6'-trichioro-4-
biphemylol and G (2',3',4',5' -tetrachicro-4-biphe-
mykaf. The difference In the EC,, values between
the B-Gad ard luciferase assays is probably due in
part to a higher concentration of hER in Ishikaws
colle compared with tha YES. Tha £C,, values

were generatad by plotting the percent B-Gal or

luciferase activity versus the concentration of envi-
ronmental chermical. The valuaes for the combina-
tions represant the total concentration of environ-
mental chamicalg as they were mbed at equal mo-
lar concentrations, The data shown are represen-
tative of at least two independent experiments. The
stanciand ermor was less than 7.5% for the assays.

. B-Gad Luciferase
Chemical ECss (M) ECao (M)
Estradiol 0.0001 0.0002
F 0.0070 0.0120
G 0.0180 0.0200
F+G 0.0015 0.0025

nyls (PCBs) activated estrogen-dependent
teporter activity in the YES and in Ish-
ikawa cells, an endometrial cancer cell
line transiently transfected with hER, and
an estrogen-sensitive luciferase reporter
(Tabie 3). A mixture of the two PCHs
synergistically activated reporter gene ac-
tivity in the YES and in {shikawa cells. In
virro binding experiments confirmed that
PCBs interacted with the hER and when
mixed displayed 2 synergistic reduction in
[*H]17R-estradiol birding to hER. Com-
pound F demonstrated a median inhibitory
concentration (IC,o) of 55 nM, whereas
compound G had an IC,, of 120 aM: both
compounds added rogether resulted in an
IC;5 of 5 oM. '

Our results provide 2 molecular explana-
tion for studies in vivo that described syn-
ergistic effeces of environmental estrogens.
For example, the addition of weakly estro-
genic PCB congeners to developing turtle
eggs resulted in sex reversal of male-derer-
mined eggs; addition of twe PCBs at sub-
threshold concentrations were effective
{26). Likewise, dieldrin, endosuifan, or tox-
aphene, 2lthough only marginally effective
in stimulating proliferation of human breast
cancer cells in culeure, exhibited greater
than additive effects when administered ro-
gether {15). Apparencly synergistic estro-
gexic effects of environmental chemicals
were ohserved in cultures of fish hepato-
cytes {27). Our data and che above reports
suggest that the estrogenic potency of some
environmental chemicals, when tested sin-
gly, may be underestimated.

In addition te cheir environmental impli-
cations, these findings may also have gen-
eral biological significance, because ovarian
and phytoestrogens act synergistically in the
YES (28). Transciptional activation of hER
through interaction with two chemicals is
consistent with the observation that the ac-
tive site of a cytochrome P,g, has the poten-
tizl to recognize two substrates (29). The
possibility for synergistic action of apparently
inacrive chemicals functioning as hormones
may represent a previously uncharacterized
leve! of recepror-mediated gene regulation.
The intetaction of multiple chemicals with
the sstrogen receptor suggests 2 complex in-
terplay berween environmental signals and
biological systems.
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ENVIRONMENTAL ESTROGENS

New Yeast Study Finds
Strength in Numbers

T'he notion that modem industrial society is
producing hormonelike pollutancs that can in-
terfers wich human reproduction has become a
hot tapic in the media and within Congress in
recenc months. A widely promoted book, Our
Stolen Fusure (see review on p. 1444), with a
preface by Vice President Al Gore, purt the
theory high on the public agenda-—and drew a
strong response from some researchers who
pointed out that the pollutants don't have
nearly the clout of narural estroens in the body
- and, thus, may have no significant impact on
humans. MNow, a paper in this issue (p. 148%;
also see Perspective on p. 1451} is likely o add
fresh fuel o the debate, A team of researchers
from Tulane University in New Orleans, using
2 novel scrsening system based on genetically
engineered yeast cells,
reparts that a mixture
of two weakly estro-
genic chemicals can
be far more potent
than the individual
cormpounds.
The findings are
causing scientists o
- take a fresh look at
the controversy. “It's
a very siking resule,”
says Wade Welshons,
an endocrinalogist at
the University of Mis-
souri. “Icdoesn't forge
adirect connection hetween developmental
estrogen problems and these chemicals, but
it's a very important red flag.” Others caution,
howaever, that mere work must be done to pin
down whether the mechanism faund in yeast
cells has any relevance to humans. “These
are very interesting observations, but they
raise more questions than they answez,” says
Jack Gorski, a biochemical endocrinologist
at the University of Wisconsin,

The Tulane research addresses one of
the hortest controversies in toxicology: Do
escrogenlike campounds in the environment—
for example, pesticides, the plastics ingredi-
ent bisphenol-A, and some pelychlerinated
biphenyls (PCBs)—concribute to such ills as
breast cancer, 3 possible drop in human
sperm counts, and a rise in gesticular cancer
(Science, 15 July 1994, p. 308} Some re-
searchers have linked spills of such chemicals
with reproductive abnormalities in wildlife,
buc the debate centers on whether the low
levels present in the environment are suffi-
cienc o harm humans.

1418

Strong synergy. Tulana's Colling, Klotz,
Mclachlan, and Arnold test combinations.

Two years ago, 1ulane environmental
endocrinologist John McLachlan, then sci-
entific directar of the National Institute of
Environmental Health Sciences, and callabo-
rators came upon a possible clue. The graup
was able o make male turtle embryos de-
velop into females by painting the eggs with
estradiol—the body's main escrogen—or cer-
tain estrogenic PCBs. At moderace doses they
achieved this effect only when they com-
bined twe PCB compounds; the same PCBs
applied individually were ineffective. S0 &
months aga, when McLachlan teamed with
molacular endacrinologist Steve Amold and
University of Florida reproductive physiole-
gist Louis Guillette to set up a yeast system
to screen for environmenral estrogens, they
decided to test vari-
ous mixtures of the
compounds,

The system con-
sists of yeast cells en-
gineered to contain
genes-that code for
the human estrdgen
receptor and & “re-
porter” protein thar
the cell makes when
an escrogeniike com-
pound binds to the
receptor. The culeure
turns blue when 2
chemical binds to
the receptor, and the intensity of the color
reflects how strongly the raceptoris activared.

Tests on four pesticides believed to be
only very weakly estrogenic—the pesticides
dieldrin, endosulfan, toxaphene, and chlor-
dane—vyielded little or no response, as ex-
pected. (Al buc endosulfan have been banned
in the Unired States, but they pemsist in the
environment, sometimes in combination.)
When the chemicals were paired, however,
the accivity shor up by a factor of 160 1a 1600,
“Ir was reaily quire astounding,” McLachlan
says. The group also found a fivefold syn-
ergistic effect in che yeast cells with a PCB
mixrure that had reversed the sex of the turtle
eggs. And they showed that their resules
were not specific 1o the yeast system by get-
ting comparable effects with PCBs in hu-
man endometrial cells. _

Although the varicus combinations of pes-
ricides were only 1/500 to 1/15 as potent as
estradiol itself, McLachlan says his group
wortked with “levels [of environmental estro-
gens| actually achieved in some systems,”

3
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such as the turtle eggs and PCBs in the serum
of a group of women with breast cancer. The
resuits, he says, “ac least provide 2 mecha-
nism where fow levels of weak-acting envi-
ronmental estzogens could have a greater-
than-expected effect.”

Other researchers emphasize that the ce-
sults must be verified in various animal species
to establish whether they are relevanr to wild-
life or people. The yeasc-cell system "is a good
concrolled experimencal system. Buc these are
the first observations from the system,” says
roxicologist Michael Gallo of the Robert
Wood Johnsen Medical School in New Jer-
sey. “[Now researchers] have to move into
different phyta and rarchet down on the me-
lecular explanation.” MclLachlan's team is
now studying the estrogen recepeor’s binding
pockets in search of a malecular mechanism.

Toxicologist Stephen Safe of Texas AS&M
University, a vocal skeptic of the notion
that environmenta! estrogens are linked to
human healch effects, agrees that the find-
ings "are really interesting and may have
environmental significance.” But he says the
data do nothing to underning a major crici-
cism of the hypothesis: thar many synthecic
and natural environmenral escrogens, in-
cluding some in plants, are actually “anti-
estrogenic”—they block or reduce the activity
of estrogen recepram——and could cancel out
even powerful synergistic estrogenic effects.
"We have to lock at the opposice side of the
coin,” Safe says. McLachlan acknowledges this
possibilicy and says his group has begun testing
antiestrogenic chemicals and estrogenic/anti-
escrogenic combinations,

Far now, the findings will stimulate more
studies of chemical cockrailsw—an area largely
overlooked in recent rescarch on endocrine
disrupters, which has focused on individual
compaunds. And if the resuits do hold up in
various animal species, sclentists may need 10
revise their currenc assumprion that the effects
are addirive. “The safery margin may be a lot
smaller than has been anticipated,” says toxi-
calogist John Gierthy of the New York State
Department of Health. ltcould alse “make test-
ing extremely complex,” he adds.

Indeed, the results may need to be raken
into account by an Environmental Protec.
tion Agency (EPA ) advisory panel now be-
ing formed to come up with in vitro test
scrategies 1o screen for environmencal estro-
gens that pose the greatest potential threar,
says Lynn Goldman, head of che EPA Office
of Prevention, Pesticides, and Taxic Sub-
stances. Legislation pending in Congress
would require EPA to begin screening such
chemicals within 2 years. The Tulane find-
ings could have “enormous policy implica-
tions” for EPA, says Goldman. "Obviously,”
she says, “these systems are more complex
than we had imagined.”

—Jocelyn Kaiser
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ATTACHNENT #9

New multiple sclerosis drug clears hurdle

Multiple sclerosis (MS) begins as a
tragic case of mistaken identity.
In this autoimmune disease. white

blood ceils, the body's roving guardians

against infection, view the fatty sheath
surrounding nerve fibers as a threat. The
cells promptly begin to digest bits of the
nerves’ Insulating coating. Like frayed
wires, the damaged nerves short-circuit,
blocking communication between brain
and muscles.

Fascinated with such processes, Ruth
Arnon, Michael Sela, and Dvora Teitel
baum at the Weizmann [nstitute of Sci-
ence In Rehovot, Israel, set out 27 years
ago to create synthetic molecules capa-
ble of provoking an Immune response.
They ended up developing an entirely
new way of treating MS5—and perhaps
other autvimmune diseases as well.

The pivotal step involved making a
replica of a protein from the sheath of
human nerve cells, This protein triggers
an MSike response when Injected into
guinea pigs, and the researchers had
hoped that their replica would do the
same. Instead, they found, it appears to
act as a decoy, diverting the immune
onslaught from nerve tissue.

“It s a new approach to the treatment
of autoimmune diseases,” Sela asserts,
Although it will not prevent the disease,
he says he thinks of the new treatment as

SEPTEMBER 28, 1996
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“a synthetic ‘vaccine’ against MS.”

The research achieved a practical
milestone on Sept. 19. A Food and Drug
Administration advisory committee rec-
amnmended that the agency approve one
of the group’s decoys, copolymer 1, as a
treatment for MS, The FDA typically fol-
lows its advisory committees’ advice.

If approved, copolymer 1 would be the
third drug in 3 years okayed for the treat-
ment of MS, an incurable disease known
for intermittent and progressively more
severe episodes of pain and paralysis.

Unttl recently, alt doctors could do to
slow the steady slide into paraplegla was
prescribe steroids. They hoped that the
anti-inflammatory drugs would hamper
the immune system, forcing it to leave
the nerves alone. That solution rarely
worked for long,

The two other new remedies for MS
are Avonex and Betaseron, genetically
engineered versions of the immune mod-
ulator interferon. Both cause unpleasant,
fluiike side effects.

Copolymer 1, which patients must
inject daily, appears to be free of major
side elfects other than a temporary
inflammation at the injection site and a
fleeting tightness in the chest. Like the
interferons, copolymer I cuts the num-
ber of M3 episodes by about one-third.

“Two  wellcontrolled, double-blind

SCIENCE NEWS, VOL. 150
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studies indicate that the drug reduces
the rate of relapses of MS,” says Sid
Gilman, chairman of the FDA advisory
committee and a neurologist at the Uni-
versity of Michigan Medical Center In
Ann Arbor.

Made of a combination of four amino
acids, copolymer 1 was developed tor
clinical use by Israeli chemical giant Teva
Pharmaceutical Industries. The company
trade-named the new drug Copaxone
and designed the larger of the two trials
that demonstrated its effectiveness.

This study, carried out at 11 medical
centers in the United States, involved
approximately 250 patients. Haif of themn
received the drug; the other half were
given a placebo.

Completed In 1994, the study found
that people taking copolymer | for 35
months had 32 percent fewer relapses
than those taking the placebo. People in
the drug treatment group were also more
Hkely to tmprove or retain the nerve
function they had when entering the
study, whereas those taking the placebo
tended to get worse, says Teva Vice-Pres-
ident Caroie Benr-Maimon, who present-
ed the company's case to the FDA com-
mittee. An earlier study of just 50
patients yielded similar results, she says.

After the committee’s vote, Ben-Mai-
mon expressed delight that the members
were convinced by the firm's evidence,
“We're happy for patients as well as our-
selves.” — 5. Srermberg
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Detergent components in sewage effluent are weakly
oestrogenic to fish: An in vitro study using rainbow
trout (Oncorhynchus mykiss) hepatocytes

S. Jobling and J.P. Sumpter
Depariment of Biology and Biochemistry, Brunal University, Uxbridge, Middlesex, UK
(Recsived 21 December 1992; revision recmived 19 July [993; accapted 22 July 1993)

Alkyiphenol-polyethoxylates (APnEQ, 2= [-40) are 2 major group of surfactants and are oormally
present in raw sewage. Many of the products of the bipdegradation of these compounds are both persistent
and present in substantial quantities tn effluent and jn river water, We report here on the use of an in vitro
biozssay to determine the oestrogenic polencies of these compotnds to fish, The bisassay is based on the
fact that the synthesis of vitellogenin by hepatocytes is oestrogen dependent. Of the compounds tested,
4-nonylphenol, 4-rerr-octylphenol, 4-fert-butylphenol, 4-ponylphenol-diethoxylate, Tergitol-NP3, and 4-
nonylphenoxycarboxylic acid were all weakly vestrogenic, with potencies between zbout 1x 107 o
1 x 107 the activity of 178-oestradiol The oesirogenic activity observed appeared to be confined to para or
4 substituted compaounds, because 2-cerr-butyiphenol and Sutert-butyiphenol were inactive. The polyetbox-
ylate compounds became less cestrogenic with increasing leagh of the ethoxy chain. Thus cells exposed 10
Tergitcl NP4OED (with 2 chain kength of 40} did not secrete vitellogenin. Simultanecus exposure of the
bepatocytes to Tamoxifen (an oestrogey antagonist) and effective doses of representative compounds
caused an inhibition of the aestrogesic effect in alf cases, suggesting that the action of these compounds s
mediated by the oestradiol receptor.

Key words: Osstrogenic; Vitellogenin; Alkyiphenol; Oncorhynchis mykiss; Sewage; Hepatocyte
INTRODUCTION

A large number of man-made chemicais are present in the environment as pollu-
tants and are capable of disrupting the endocrine system of agimals, including fish
and humans. Notable amongst such chemicals are those which act as oestrogens. In
vertebrates, the primary natural oestrogen is 175-oestradiol, which has maay impor-
tant roles, including stimuiating the growth and development of the fernale sex or-

Correspondence 1o: Dr. 5. Jobling, Department of Biology and Biochemistry, Brunel University, Uxbridge,
Middlesex, 1JBS IPH, UK.
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gans. A very wide range of substances have been shown to mimic the action of
178-oestradiol, including synthetic steroids such as those used in the contraceptive pill
(Pelissero et al., 1993), many pesticides (Chambers, 1984; Eroschenko, 1981; Johnson
et al., 1992) and phytoestrogens (Pclissero et al., 1989, 1991). ’

It was recently reported (Soto et al., 1991) that another group of chemicals, the
alkylphenols {(AP), are weakly oestrogenic in mammals. These compounds are the
final products of the biodegradation of a family of non-ionic surfactants (alkylphe-
nol-polyethoxylates or APaEO, n = 9-40) during sewage treatment (Giger et al,
1984, 1987). Annual usage of nonylphenol-polyethoxylates in Eurcpe is around
75,000 tonnes. During sewage treatment, the APnEOs are biodegraded first into
APnEOs with shorter ethoxylate chains 2nd finally into alkylphenois themseives. The
major pathways of this slow degradation process have been previously demonstrated
{Giger et al., 1987) and are summarised in Figure 1. The intermediates illustrated in
Figure 1 are present in sewage effluent and also in river water throughout Europe and
the USA (Ahel and Giger, 1985; Garrison and Hilt, 1972; Giger at al., 1984; Marco-
mini et al., 1990; Stephanou and Giger, 1982; Thoumelin, 1991; Wahlberg et al.,
1990). The concentrations that have been reported are extremely variable and range
from nanograms to miiligrams/litre; the most recent and comprehensive study is re-
ported in Naylor et al. (1992). In addition, Clark et al. (1992) kave reported the
presence of both APoEOs and their carboxylic acid derivatives (APREC, n=0-3) in
drinking water.

Because of the relatively high concentrations of these compounds sometimes found
in effluents and in river water, we decided to extend the studies of Soto et al. (1991)
by determining whether the atkylphenols (AP, found to be oestrogenic in mammals,
are also oestrogenic in fish and further, to assess whether the APnEQs and the AP-
nECs (found in the cffluent and in river water in greater quantities than the APs) are
also active. Our studies were conducted using an in vitro bioassay which is based on
the ability of primary cultures of rainbow trout (O. mykiss) hepatocytes to respond to
oestrogenic stimulation by producing vitelfogenin (Pelissero ot al., 1993), Vitellogenin
is 4 large lipoglycophosphoprotein which is normally secreted by the liver of female
fish in response to endogenous oestrogens (Chen, 1983) and is carried by the blood to
the ovaries, where it is selectively sequestered by the developing oocytes (Tyler et al.,
1988a,b). Here it forms the major constituent of yolk, which is subsequently utilised
by the growing embryo as a food source (for reviews see Wallace, 1985 and Tyler,
1991).

MATERIALS AND METHODS

Fish
The fish used were all male rainbow trout and were collected from a local trout

farm (Reading, Berkshire, UK). Their average weight was 300 g. They were mostly
irmmature, although some were maturing.
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Alkylphenol-palysthoxylates
{APREQ _nmB-40)

/

alkylphenol-polysthoxycarboxylic acids alkylphaool-p
{APREC ==L} {APaEC

1

B3}

* +
alieylphanal-poiysthozyiates Jrewmert under alkcylphanels
(APOEQ n=0-3) (AP)

-
alkylphenols (AP)

EFFLUENT SLUDGE
Fig. 1. The biodegradation of surfactants and detergents during sswage treatment (based on the work of
Gigeretal., 1987). AP iz an alkylphenel. The alkyl chain is of the form C,H..;. APnEQ can refer to any
alkylphenol-pelyethoxylate (noryl, octyl or butyl).

Perfusion of liver and preparation of cells

The perfusion was performed according to Pelissero et al. (1993) using a two-step
method. The essential feature of this procedure is that the Liver is first Aushed with a
calcium-fres medium (solution 1) and then with one containing calcum and collage-
nase (solution 2). Each fish was killed by a blow to the head and cleaned with aleohol.
Under sterile conditions, 5,000 U of Heparin (Sigma, Dorset, UK) was injected into
the heart to prevent the blood clotting. The liver was perfused at a rate of 10 mi/min
via the intestinal artery, The heart was severed at the onset of the perfusion to avoid
excess pressure in the blood system. Solution | contained 160 mM NaCl, 10 mM
HEPES, 3 mM KCl and 0.3 mM Na,HPO, (pH 7.8). This was perfused for 20-30 min
to facilitate blood removal and the cleavage of hepatic desmosomes. Solution 2 con-
tained 140 mM NaCl, 8 mM HEPES, 3 mM KCl, 10 mM CaCl, and 260 mg collagen-
ase/l, The collagenase was grade H (Bochringer Mannheim, East Sussex, UK), and
the amount used was equivalent to 39 U/]. The duration of perfusion with solution 2
was determined by the size of the liver, but was generally for 15 to 30 min. The tiver
was then removed and torn into small pieces in a sterile petri dish containing 20 ml of
‘phenol red-free’ Dulbecco’s Modified Eagle’s Medium supplemented with Ham’s
F12 nutrients (DMEM + Ham’s F12; Sigma, Dorset, UK), buffered with 13 mM
HEPES, 15 mM TES and containing 20 ml Ultroser SF (steroid free) serum (Jones
Chromatography, Mid Glamorgan, UK), 5 ml Fungizone (250 ug/ml; Gibco, Mid-
dlesex, UK) and 2 mi of each of the following antibiotics: Antibiotic antimycotic
mixture (10 U Penicillin, 10 mg Streptomycin, 25 ug Amphotericin/ml solution; Sig-
ma, Dorset, UK), Gentamicin (10 mg/ml; Sigma, Dorset, UK) per litre of medium.
The pH of the medium was adjusted to 7.8 with 0.5 M NaOH before sterile filtration.
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The resulting cell suspension was filtered through a sterile pad (200 gm pore diame-
ter) and centrifuged at 30 x g for 1 min at room temperature. After aspiration of the
supernatant, the cells were resuspended in fresh medium and re-centrifuged. This
washing step was repeated until the supernatant was clear. A concentrated ceil sus-
pension was prepared and cell viability was determined using Trypan blue dye exclu-
sion. Finally, a suspension of 1,000,000 viabie cells/m] was prepared and 3 mi of this
suspension were added to each well.

Culture conditions
Freshly prepared hepatocytes were distributed into 30 mm diameter wells and
maintained in ‘phenot red-frec’ medium (DMEM + Hams F12, as above). Every 48
b throughout the entire culture, 2 ml of medium was removed from each well and
replaced with new medium. The cells were shaken gently throughout on an orbital
shaker. This method of incubating the cells followed the method of Pelissera ¢t al.
(1993) and in 2 to 4 days leads to the formation of aggregations of cells in the centre
of each well. Once the aggregates were formed, each of the test solutions was added
to three replicate wells (100 u! of test solution, 1.9 ml of fresh medium/well). 100 i of
0.3% cthanol in medium were administered to the control wells. Subsequently, after
an incubation period of a further 2 days, the medium from each of the wells was
collected and stored at =20°C until required for assay. Greater secretion of vitellogen-
in by the cells could be obtained by restimulation and incubation for a further 2 days,

before collecting the medium for assay.

Compounds tested
Table 1 lists the compounds tested, the shorthand notation to which they are re-

TABLE1

List of compaupds tested, shorthand notation used in text and origin

Compound Abbreviation Origin
4-nonylphenol 4-NP MTM, Lancashire, UK
4-tert-butylphenol® 4BP Aldrich, Dorset, UK
4-spre-octytphenol* 4-10P Aldrich, Dorset, UK
Z-ierr-butylphenol* 11BP Aldrich, Dorset, UK
J-rert-butylphenol* 3-1BP Aldrich, Dotset, UK
4-nonylphenoldiethoxylate NFP2EC IC1, Cleveiand, UK
Tergitol NP9 NPYEQ Sigma, Dorset, UK
Tergitol NP40 NP4OED . Sigma, Dorset, UK
4-nonylphenoxnycarboxyiic acid ~ NPLEC Aldrich, Dorset, UK
178-Oestradiol None Sigma, Dorset, UK
Tamoxifen None Sigma, Dorset, UK

* 1ot is the acceplsd abbreviation for tertiary.
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ferred to in the text, and their origin. Most of the compounds tested were not highly
soluble in water. All of the compounds were therefore dissolved first in ethanof. 1 mM
stock solutions were prepared, after which serial dilutions m medium were cartied out
in order to achieve final concentrations from 100 nM to 100 HM (for cach of the
xenobiotics), and 1 pM to 1 #M (for oestradiol-178). The concentration of ethanol in
the wells was 0.3% throughout. :

Vitellogenin assay

Vitellogenin concentrations in each of the wells were determined at the beginning
and at the end of each experiment by radioimmunoassay as described previously
(Sumpter, 1985).

Statistics

Sigmoidal dose-response curves were fitted to the data obtained for each of the
compounds tested by non-linear regression using a STATSVIEW computer program
{(Apple Macintosh, USA). ED50s were caleulated and averaged for each compound
over several experiments, Using the linear portion of cach curve, paraliel line analyses
were used to compare each compound in turn to oestradicl. The slopes of cach pair
of regression lines were compared using a covariance analysis (Scherer, 1984), and in
cases where no significant differences (2 > 0.05) were observed, relative potencies
throughout a particular range could be calculated. These were assessed by comparing
the various concentrations at which the secretion of vitellogenin due to each com-
pound was equal to that due to 175-cestradiol. Ratios were obtained (concentration
of 17B-aestradiol/concentration of compound), and the means of these values are
given in Table 2. In cases of non-parzllelism, the ED50s of each curve were used to
calculate relative potencies at this dose only. Using an SPSSX statistical computing
package, one-way analysis of variance was used to determine differences in the mag-

TABLE 2 .

~Relative cestrogenic potencies of the active compounds
Compound N Mear ED 50 Standard srror RP*
17f-oestradiol 3 1.81 oM 0.81 t
NP 4 16.15 uM 0.7% 0.0000090
4.tBP 3 2.06 uM .57 00001500
410P 2 211 M 0,22 0.0000370
NE2EQ 2 17.27 uM or 0.0000060
NPIEOQ 2 8231 xM 1.9 0.0000002
NPIEC 2 1525 uM 276 4.0000063

*Refers 1o the number of experiments conducted.
*Refers to the mean poteney of each compound relative Lo 178-oestradiol.
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Fig. 2. Vitellogenin production from cultured hepatocytes after 4 days of exposure to 10 «M of each of the g 4o
moumpounds.Eachmlmmrepmemsthemmofﬁvenrﬁxmp]imteobscmﬁons.mdalhmshow ? ]
the standard error. *P < 0.05, **F < .005, ***P < 0.001 compared with the control- NPLEC and NP2EQ "
are equally potent, as are NP and NPYEQ, NP4D, 2-tBP and 3tBP values are not significantly different from S -
the control (7 > 0.05), Control vahues are below the detection linmit of the assay (10 ng/ml). §
200
=
nitude of the response with different compounds. This was foilowed by Scheffes test
for multiple comparisons.
sooa T
RESULTS
r
Figure 2 compares the magnitude of response for each of the compounds meas- Tl
ured, after 4 days exposure, at a single concentration of 10 yM. These results were 2
obtained using a bioassay with six replicate wells for cach compound. There was Hil
probably no synthesis of vitellogenin in the contro! wells, as no vitellogenin was £ -
detectable in the medium (the detection limit of the assay was 10 ng/mi). Conversely, 1&
there were very marked differences in the activities of the various test compounds. "
The most active was 4-tBP, which enhanced vitellogenin synthesis markedly, so that
the concentration in the medium was more than 100-fold above the control value. Fig. 3. Dose-resy
4-10P was almost as potent as 4-tBP; it caused at least a 90-fold increase in the of vitcilogenin is.
amount of vitellogenin secreted (P < 0.001). The response induced by 4-tBP was Valuss shawn ¢
significantly higher than those observed with each of the other compounds (P < 0.05),
which in turn were significantly different from one another. Exceptions were NP2EO
and NP1EC, and 4NP and NPSEO, which were of equal potency. The concentra- Figure 3 de
tions of vitellogenin which were measured in wells containing the former two com- served in this
pounds were 40-50-times greater than that of the control (P < 0.001), whilst those compounds, d
containing the latter caused an 18-20-foid increase. The concentration of vitellogenin mum concent
found in wells containing NP40EO, 2-tBP and 3-tBP was not significantly different mum respons:
3b-[), those w

from that found in the control wells (P > 0.05).

DECEMBER 1996 COMMENTS ON EIR/EIS PAGE ¥-610



spsure 10 10 4M of each of the
servations, vertical bars show
+ eontrol. NP1EC and NFZEQ
ot significantly difTerent from
of the assay (10 ng/mi).

followed by Schefies test

of the compounds meas-
J uM. These results were
‘h compeound. There was
5, a5 no vitellogenin was
as 10 ng/ml). Conversely,
various test compounds.
nthesis markedly, so that
above the controt value,
a 90-fold increase in the
£ induced by 4-1BP was
.er compounds (P < 0.05),
Exceptions were NP2EOQ
potency. The concentra-
ting the former two com-
_(# < 0.001), whilst those
acentration of vitellogenin
not significantly different

(LT 0]

YHalusgenin

'
0081 401 At 1 " 100
Conmmatratbon (M} »
oo d-prt-actyiphaenol
-~ -

Vilelleganin  [agimi)

1 14 L] 160
Convantrutivn (uhD c
1800 - oy Jur ] 3
z W9
i 3
-
£ o0
-
3
* 400
-
=
2
> 2004 ﬁ
P
1 1% FL] 1 100
Conmmireuss (uill .

YilaHspenla [ngiml)

¥ilallagunls (agimi}

{ng'map

YHatiagenin

11

A-Narry] phrot
+ L1 30 e
oottt i) d
T AT900yIpheDoBehoXy e

" Fe ] 3l 1
Conemmirndinn (i) 1

367

Fig. 1. Dose-respanse curves for each of the active test compounds after 2 days exposure. The production
of visellogentin is dose related and decreases at higher doses dueto the toxicity of the compounds under test.
Values shown are the means of triplicate observations and the error bers represent the stzndard error.

Figure 3 demonstrates by use of examples that the secretion of vitellogenin ob-

served in this study was dose related. After a 2-day exposure to cach of the active

compounds, dosc-response curves could be obtained. Using 17-oestradicl, the mini-

mumn concentration required to induce a significant response was 10 pM and a maxi-

mum response occurred around 100 oM (Fig. 3a). Of the xenobiotics tested (Fig.

3b-f). those which were found to be potent-were generally active in the micromolar
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TR praleduninl

Fig. 4. Effoct of Tamoxifen (1 #M) on the production of vitellogenin by cultured hepatocytes stimulated by

fonylpbenol (10 4M) and estradiot (10 uM) after 4 days expasure. The results are the means of triplicate

observations and the vertical bars represent the standard error. Tamoxifen significantly decreased the

production of vitellogenin in both cases (* < 0.05, ***P < 0.001}, compared to when 178-oestradiol or

4 NP were tested alone. Taroxifen alone significgatly increased the production of vitellogenin compared
with the cantrol (P < 0.05).

range. Each of the xenobiotics became cytotoxic at doses between 50 and 200 uM
(evidenced by dispersion of the cell aggregates and reduced viability when assessed
using the Trypan blue dye exclusion test), leading to a reduction in the amount of
vitellogenin secreted. In general, the cytotoxicity of the APnEOs (NP2EQ, NPOEQ
and NP40EQ), was less than that of the APs (4-tBP, 4-tOP, and 4-NF).

All of the xenobiotics were tested in the bioassay more than once (2-6-times).
ED50s were calculated using each of the dose~response curves and averaged over
several experiments for each compeund. Table 2 shows for cach compound the mean
EDS50, standard error, and the number of times the compound was tested. An average
figure for the relative potency when compared to cestradiol is also given. The most
potent compound was 4-tBP, which had a relative potency of 0.00016.

Figure 4 iflustrates how the secretion of vitellogenin can be reduced by inclusion of
Tamoxifen in the medium. Tamoxifen acts as an oestrogen antagonist which inhibits
the binding of oestradiol to the oestrogen receptor by blocking the receptor binding
sites which would normally have to be occupied by the hormore in order to produce
a response; in this case, vitellogenin synthesis and secretion. This experiment was
carried out to determine whether the alkylphenols and related compounds were im-
deed acting via the oestradiol receptor in a similar manner to oestradiol itself. The
results show that 1 #M Tamoxifen itseif acted as a weak agonist, causing a smail but
significant increase in the secretion of vitellogenin (P < 0.05). However, when admin-
istered simultaneously with 10 nM oestradiol or 10 M 4-NP, the presence of Tamox-
ifen caused a significant reduction in the amount of vitellogenin produced.

DISCUSSION
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DISCUSSION

There have been numerous reports on the biodegradation of detergents and surfac-
tants during sewage treatment (Giger et al., 1984, 1987). Although most of these
reports have concentrated on the nonyiphenoi-polyethoxylates, octylphenol-poly-
ethoxylates represent 15-20% of the total (Naylor et al., 1992). During sewage treat-
ment, 90% of the polyethoxylate compounds (APnEQ, where n = 9-40) arc ¢liminat-
ed. As the ethoxylate chain becomes shorter, the products become more resistant to
biodegradation and more lipophilic. NP1EO and NP2EO have been reported in efflu-
ent and in river water in both America and Europe (Ahel and Giger, 1985; Giger et
al., 1987; Garrison and Hill, 1972; Marcomini et al., 1990; Stephanou and Giger,
1982; Thoumelin, 199}; Wahlberg et al., 1990). Because of its hydrophobicity, most
of the 4-NP produced during sewage trezgtment is found in the sludge (Giger et al.,
1984), although it has still been reported at concentrations in excess of 10 uM in the
efflyent (Garrison and Hiil, 1972). NPIEC and NP2EC, whilst not found in raw
sewage, are present in effluent at concentrations approaching 1 M (Thoumelin,
1991; Giger et al,, 1987).

In this study, we have demonstrated that many of these biodegradation products of
detergents are oestrogenic to fish cells when tested at micromolar concentrations.
This oestrogenic effect has previously been demonstrated in mammalian ceil culture
(Soto et al., 1991), although these authors limited their studies to testing the alkylphe-
nois only. The oestrogenic activity of these compounds appears to be associated with
extension of the alky! side chain in the para position. When this group is moved ortho
or meta to the phenolic group (as in 2-tBP or 3-tBP), activity is lost. Previous workers
have also demonstrated this feature (Soto et al., 1991; Mueller and Kim, 1978). Al-
though thess compounds are weak oestrogens, this does not mean that they are not
biologically important. Soto et al. (1992} demonstrated that the alkylphenols are
3.times more potent than the weakly oestrogenic pesticides o‘p’DDT and kepone. We
have made similar observations in our own studies (results not shown). The action of
DDT in particular has been extensively studied and there is histological and anatom-
ical evidence that at concentrations of only 2 to 5 ug/g in ovo, o'p’'DDT can induce
(eminisation in the embryos of male birds (Fry and Toone, 1981; Fry et al., 1987).

The potency of the polyethoxylate compounds (NP2EO, NPIEO and NP4QEQO}
appears to decrease with increasing length of the ethoxy chain. These compounds are
more water soluble than the alkylphenols themseives and consequently more bio-
available to aquatic organisms. It was noted that after only one 48 h incubation,
NP9EQ, NP2EQ and NPI1EC did not appear t© be as potent as 4-NP itself, whilst
after 96 h, NPOEO was equally as potent, and NP2EQ and NP1EC were more potent,
than 4-NP itself (results not shown). The increase in the potencies of these compounds
with time could be due to metabolic transformation within the hepatocytes. As with
other pharmacologically active compounds, any structural alterations of the molecale
caused by its metabolism will most likely affect its biological activity. Thus, com-
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pounds of weak activity may acquire greater efficacy by metabolism (Ousterhout et
al., 1991; James, 1986), although in other instances compounds may be detoxified.

Because of their lipophilicity and persistence, alkylphenols are bicaccumulable.
McLeese (1981) found bioconcentration factors (BCF) for nonyiphenol of 280 in
ealmon and 10 in the common mussel. Later studies report BCFs in sticklebacks and
mussels 5- and 340-times higher, respectively, than those obtained previously
(Ekelund et al., 1990). Thus, the BCF found in sticklebacks was 1400. Because of the
bioaccumulative properties of the atkylphenols, it is likely that they will be potent at
much lower concentrations in vivo than found here, in vitro. Shiraishi et ai (1989)
found 40 ug per gramme of p-teri-pentylphenol in the adipose tissue of carp exposed
to effluent from a chemical processing plant. This alkylphenol can also interact with
the cestrogen receptor (Mueller and Kim, 1978). Because fish use lipid rather than
carbohydrates as an energy source (Babin and Vernier, 1989), it is possible that
alkylphenols stored within adipose tissue may be mobilised and transported around
the body in the blood when the fat is utilized.

We have demonstrated that many of the products of the bicdegradation of deter-
gents, known to be present in sewage effluent and therefore also in rivers, are oestro-
genic to fish cells. However, the consequences of the exposure of fish to these oestro-
genic compounds are not yet known. .
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The accurrence of hermaphrodite fish in the lagoons of sewage treatment works led us o hypothesia:
that scwage effluent might contain a sub ¢, or sub . estrogenic ta fish, To test this
hypothesis. we placed cages containing rainbow trout in the effluent from scwage-ireaumegnt works. and
one 10 three weeks later measured the vitellogenin concentration in the plasma of the fish. Vitellogenin
it 1 proicin synthesized by the liver of oviparous fith in response to estradiol stimulation; it is then
wonveyed by the blood to the oviry, where it is sequestered by cocytes to form the yolk. Thus, the
presenee of vitellogenin in the plasma is indicative of estregenic stimulation of the liver. An initial
study, at a sewage-treatment works. showed that plasma vitellogenin concentrations rose rapidly and
very markedly {over 1000-fold in three weeks) when trout were maintained in the efMuent. An extensive
nattonwide survey was then conducted, Results were obtained from filteen scwage-lreatment works
distributed throughout England, In all cases, exposure of trout to effluent resulied in a very
pronounced increase {500 to 100,000-fold, depending on site) in the plasma vitellagenin concentrution.
induction of vitellogenesis was also abserved in carp, but 1o & much lesser extent thun in trout,

The identity of the estrogenic substance is unknown, Tt is suggested thal the two mast likely
passihilities are ethynylesiradiol, eriginating lrom pharmaceutical use, or #lkyiphenol-cthoxylales
{APE). originating from the biodegradation of surfactants and detergents during sewage treutment.

Luboratory studies on the potency of cthynyicstradiol demonstrated Lhat Tovels as low as | w
10 ng I'' could generate the response shown by the eaged fish and that positive responscs may afrise ol
0! 10 0.5 ng I''. Further work is in progress on 1he potency of APE.

KEY WORDS: sewage cffluent, vitellogenesis, csirogenesis, ethynylestradioi. alkytphenol-ethoxylales

INTRODUCTION

' Some of the more significant cases of environmental pollution have arisen from the
purposeful use of biologically active materials, The classical example is the mid-
century impact of organochlorine pesticides such as DDT; a more recent one is the
cffect on oysters and other molluscs of tributyltin, as used in ship paints to prevent
seitlement of sessile organisms (Waldock, 1986). An understanding of the biologicul
consequences of such contamination has an a prieri element which is not always so
obvious for pollution which arises from disposal as opposed to use. For example,
the adverse biological effects of PCBs and some heavy metals are of concern to us
but their modes of action remain conjectural.

< 1994 British Crown
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Following the widespread adoption of hormonal contraception procedures. general
concern has been expressad in the popular media about the potential effects of
constituents of contraceptive pills entering waste waters and rivers. Scientific concern
has also been expressed, particularly on the possible consequences of contarnination
by estrogens {Richardson and Bowron, 1985 Aherne ef af., 1985).

The present study of estrogenic effects on fish of effiuent water from sewage
treatment works (STW) began as a consequence of the casual observation by anglers
of hermaphrodite fish in STW lagoons and its subsequent confirmation by a follow-
up survey. An atterpt to assay the effuent by in vive and in vitro mammalian
methods was inconclusive and virtually uninterpretable, but a more direct and
specific fish assay was available. This was based on the measurement of plasma
concentrations of vitellogenin (Sumpter, 1985), the yolk precursor which is found
in all egg laying animals. Vitellogenin is produced naturally by the liver in females
under the control of estrogens secreted by the ovary but it can zlso be synthesized
in both females and males following exposure of fish to €XOgenous estrogens
(Clemens, 1978).

A vitetlogenin radioimmunoassay (RIA) was developed for the rainbow trout
{Oncorhynchus mykiss) and the overall ptan for the assessment of STW effiuents was
to place trout in cages in or near to effuent discharges. To test the hypothesis that
the constituents of the contraceptive pill contributed to the estrogenic effect of STW
effluents. their potency was assessed under laboratory conditions. In addition, since
many of the rivers receiving STW effluents support coarse fish rather than trout, an
RIA for carp { Cyprinus carpio) vitellogenin was developed (Tyler and Sumpter, 199¢)
and used in preliminary field and laboratory tests.

MATERIALS AND METHODS

Rainbow trout were purchased from several sources. Ideally they were all-male stock
produced by masculinization (Purdom, 1984). However, when it was necessary to
buy ostensibly mixed-sex stock there were occasions when ail the fisk were females
due to the adoption of all-female techniques {Bye and Lincoln, 1986) by many UK
hatcheries. Fish were immature and had to be killed in order to identify their gender.
Immature carp were purchased from a single supplier. All fish were acclimatised
(for a few days at least) in tanks provided with mains water, predominantly from
2 bore-hole source.

In field trials the fish were held in galvanised stee! cages and were not fed during
the periods under test. Blood was sampled by heparinized syringe from the caudal
sinus after anaesthesia with 2-phenexyethanol. Fish were then killed, measured for
length and sexed. Blood was centrifuged and the plasma stored in liquid nitrogen
prior to assay. The vitellogenin assay was conducted as described by Sumpter (1985)
or Tyler and Sumpter (1990) and was performed blind on coded samples,

Five series of field trials were performed as foliows:

i. Trout were heid at the main STW at which hermaphrodite fish had been observed,
at a nearby but smaller STW with a largely rural catchment zone, at a MAFF
Experimental Trout Culture Unit just below a small STW, and at two control
sites comnprising tap water supply (largely bore-hole in origin} and spring supply
(the farm of origin of the fish). This was a preliminary trial and fish were exposed
for varying times.
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ii. Following positive results from (i). in a further preliminary trial trout were placed
in efffuent at the main STW for assessment of the uime-dependence of the
vitellogenic response.

iii. The main trial embraced the study of 30 STWs chosen throughout England and
Wales to include several from each Water Authority region; the choices were
made on the advice of individual Water Authorities and on separate assessments
of the likelihood that trout could survive in the effluent streams.

iv. A series of trials was made using carp at selected sites used for (iii).

v. A series of trials of linked STWs, potable water intake points and intermediate
sites was made using trout.

In laboratory tests of the potency of contraceptive pill constituents, trout and
carp were held in 1600 1 glass aquaria with a flow-through of water into which stock
solutions of steroids in distilled water were fed via a peristaltic pump and mixing
chamber. In one trial, treatment was viz intra muscular injection,

The purpose of the field trials was to investigate the occurrence of estrogenic
substances in STW effluents and not to quantify the vitellogenic response in relation
to content and concentration of substances in the effluent. The extreme variability
of effluent composition, flow rate and dilution during the trials made inter-site
comparisons invalid and repeat trials under identical conditions impossible. In the
data from these trials the individual levels of vitellogenin varied widely. However,
the effect at the main STW and results from subsequent studies of other STW
effluants were so obvious that tests of statistical significance were inappropriate, but
in cases where the picture was less clear, non-parametric tests were applied to aid
interpretation of the data (Conover, 1980).

Analysis of the data from the laboratory tests was with the IBM SPSS statistical
package. In experiments in which all the fish in a group (usually the controls) had
plasma vitellogenin levels below the detection limits of the RIA, the analysis was
done on the counts per minute values obtained from the gamma counter in order
to introduce variation within the group.

RESULTS

Field rial i.; Winter 1986-1987

The resuits shown ir Table I clearly indicate that enhanced levels of plasma
viteilogenin arose in male and female fish held at site A, the main STW, with some
indication also of increased levels at the smaller STW (site B} and the Experimental
Trout Unit. The levels in males at the control sites were at the limit of the resolving
power of the assay. This was therefore the first clear indication of an estrogenic
activity in STW effluent.

Field trial ii.: Spring 1988

Male fish were used and exposed to effluent at the main STW for 3 weeks or held
as controls in tap water. Ten fish were sampled at the end of weeks 1 to 3 in each
group. The results showed a steady climb in mean vitellogenin levels at 33 ug mi’
for week |, 192 ug ml”' for week 2 and 373 ug mi™ for week 3. Variations were
again large and the population standard deviations were 25, 149 and 272, respectively.
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Table I Preliminary triais measuring serum vitellogenin levels in rainbow trout at specific sites.

Site Exposure Males Females
{days}
vitellogenin ug ml”' viteliogenin pg ml™'
L mean range n mean range
viteliogenin vitellogenin
STW site A® 33 4 20.2 0.1-78.0 14 63.6 1.5-130.0
67 9 174.2 27.0-400.0 9 407.3 87.0-380.0
STW site B 13 10 18] <0.02-4.7 10 1.8 0.i-8.2
Experimental trout 34 0 0.0 0.03-36.5 [ 12.5 0.342.5
unit beiow STW 61 13 0.3 <0.42-1.2 14 3.3 0.3-10.0
91 12 135 0.06-71.0 12 20.2 2.7-148.0
Controi site 91 14 0.03 <0.02-0.05 17 1.1 02-2.5
mains water Resident 7 0.04 <0.02-0.10 5 2.7 0.7-6.1
Control Farm- Resident 40 0.03 <0.02-0.15 42 1.3 0.05-6.5
spring water .

“STW sites are coded to fulfil confidentiality requirements.

At the control site, levels were again around the limits of detection at 0.1, 0.06
and 0.04 ugml’, respectively. Three-week periods were adopted for furure STW
eXposures.

Field trial iii.; Summer 1988

This was the main field trial and the results are given in Table II. Despite careful
choice, at 12 of the sites the fish were unable to survive and at three others works
plant malfunction was judged to be responsible for the death of all fish. At each of
the 15 sites where fish survived the 3-week exposure, clear evidence of large increases
in plasma vitellogenin was obtained. Even in male fish, where vitellogenin is usually
not detectable, the observed levels were in mg ml™ concentrations, falling within the
range normally observed in mature females during egg formation. At the control
sites, the levels of viteflogenin were generally low except for a very mildly elevated
value at site 3. Surviving fish at most sites were in poor condition. As a check for
stress-related effects, fish were placed in the influent and effluent channels of a major
trout farm as poor water quality of an effluent can stress rainbow trout. No
vitellogenin elevation was observed when influent fish (18 females: mean vitellogenin
32.6 ug ml*ywere compared to those in the effluent (13 females, 10.5 ug mI™).

Field trial iv.; Winter 1988

Immature common carp (Cyprinus carpio) were deployed at ten of the STWs
previously used successfuily for trout. At one, site K, plasma samples were taken
weekly for 6 weeks. At the others, samples were taken after three-week exposures.
The results are given in Table ITI, Vitellogenin levels were very low overall compared
to those for rainbow trout and amongst the controls a few fish gave surprisingly
high values. A non parametric test of significance Kolmogorov-Smirnov {Conover,
1980} indicated that significantly high values were obtained at sites J, I. and N and
the series at site K did seem to show an increasing trend albeit not of statistical
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Table I Results of nationwide survey of estrogenic activity in STW effluents, Means
of samples of 8 1o 20 surviving fish.

Site Vitellogenin levels
in ug ml” following
3 weeks exposure
Male Femaie

Control sites 1 - 4.5
(Spring or tap water) 2 0.05 -

3 .80 88.3

4 0.05 235

5 022 -
STW sites A - 470
{final effluent) C 23 -

D 3100 -

E 147 0OG 112 000

F - 10 000

G - 48 00

H L RELH

I 2100 3 800

J - 13 200

K - 16 500

L - A 3000

M 54 000 -

N 65 000 -

o] 19 206 -

F [5 606 -

[2 sites Fish unable to survive

3 sites Warks failure

1 site Cage and fish stofen

279

Table [II  Plasma vitellogenin {ug ml"') evels in common carp afier 3 weeks exposure at STW sites. At

site K fish were maintained for § weeks and bled weekly.

STW site n meaAn sd max min
K week [ 12 0.02 0.02 0.07 0.01
"2 12 0.04 0.03 0.09 0.0l
"3 20 0.06 0.03 Q.11 0.03
"4 12 a.10 0.00 .10 0.10
"5 12 0.20 0.53 1.85 0.20
"6 i2 0.34 0.86 1.0a 0.01
E 20 0.64 2.56 11.50 0.01
Q 0 017 0.25 1.00 0.01
R 20 1.05 4.46 20.00 .01
L 0 216" 2.50 8.50 0.02
3 19 1.30 232 9.50 0.61
A 20 G.43 1.88 - &40 0.01
I n 15.64° 5.47 20.00 315
C 20 0.0¢ 0.09 0.30 0.01
N 20 2.28° 1.96 5.80 0.0
Controls 40 T9.55 2.23 13.00 Q.002

*Significantly higher than control levels.
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significance with the test used. These conclusions must be treated with caution. Due
to a delay in the placement of fish and an early onset of cold weather, the water
temperatures on sites were around S°C. It is likely that this is too low for normal
vitellogenesis in carp, a species for which a2 normal English summer is too cold for
natural spawning. {(Hernandez er al., 1992),

Field trial v.: Summer {989

This trial was conducted because of concern for public heaith raised by the earlier
work, even though tap water controls had consistently given negative results and a
very early assay of rainbow trout held as ‘sentinels’ in potable water intake protection
tanks by Water Authorities had also proved negative. Forty two females and 14
males were sampled from 8 locaiities and the mean vitellogenin levels found were
0.83 and Q.11 pg ml™, respectively.

Four rivers were chosen where fish in cages could be deployed at a STW, a
downstream abstraction point and at an intermediate position. This requirement
meant that previously used STWs were not appropriate. The results are shown in
Table IV. Technical problems rendered this trial incomplete, despite an aitempt to
replicate it. Enhanced vitellogenin fevels were observed in male trout at the STWs

Tahle IV \;itcllogenin levels (zg ml™) in male rainbow trout at 5TW, abstraction points downstream
and intermediatc localities. Mcans and SEM of ten fish per sample,

River Month Control STW [ntermediate Abstraction

v May <€.005 898 + 233" 0.015 £ 0.0] NS 0.076 £ 0.0%"
August <0.010 2,154 £ 395" NO TEST =0.310 N5

W May <0.005 x 0.290 £ 0.21* 0.240 £ 0.1¢"
August <0.010 x 0.110 + 0.,05° -

X May <0010 2,078 + 614™ NO TEST <0.010 NS

T May <.005 + <0.005 NS <0.005 NS

x Placement of fish precluded by technical detail in Home Office licence

* Fish died

*P<0.05 )

™ P=<0.001 } Statistical significance of response compared to controls.

NS -~ Not Significant )

but little effect was evident downstream for rivers V and X. For river W there was
evidence for a slight increase in vitellogenin levels in downstream abstraction and
intermediate points. This is a slow, lowland river whereas river V is a fast-flowing
chalk stream. The results suggest that substantial dilution in rivers with strong flows
may largely dissipate the estrogenic effect, but this may not be the case in slow
flowing rivers. On the fourth river T, fish died at the STW but showed no evidence

of enhanced vitellogenin levels at either of the downstream localities,

LABORATORY TRIALS

AnD a priori argument at the outset was that constituents of the contraceptive pill
might be implicated in an estrogenic effect of waste waters. The principal estrogen
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