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W ABSTRACT

During 2001, central Kentucky experienced
acute transient epidemics of early and late fetal
losscs, pericarditis, and unilateral endoph-
thalmitis, collectively referred to as mare repro-
ducdve loss syndrome (MRLS). A toxicokinet-
ic/statistical analysis of experimental and ficdld
MRLS data was conducted using accclerated
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failure time (AFT) analysis of .abortone fol-
lowing administration of Eastern tent caterpil-
lars (ETCs; 100 or SO g/day or 100 g of irradi-
ated caterpillars/day) to latc-term pregnant
mates. In addition, 2001 late-term fotal loss
field data were used in the analysis. Experi-
mental data were Srted by AFT analysis at
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*Published us #331 from the Equine Pharmacology, Therapeutics, and Toxicology

st the Maxwell H.

Gluck Equine Rescarch Center and the Departmant of Vetctinasy Science, University of Kentucky and Kene
rucky Agticaleurs] Experiment Station Article #03-14-102 with the apptoval of the Dcan and Dirsctor, Col-

of Agriculture and Kentucky
ture Research Sctvice Specific

eultues! Experiment Station. Supported by grants from the USDA Agti-
cive Agreement #98.6401-2-0025 for Fon;vAnuml Production

Research, the Kentucky Departmenc of Agticulture, che Kentucky Thorou

Horscmen Benevolent and Protective Association, and Mrs. John Hay

red Association Foundation, the
itney. ©Thomas Tobin.

324

—6—



VTX-Winter03-Sebastian 11/19/03 4:57 Pm é

320__325

M. Sebastian, M. G. Gana, T. Tobin, J. D. Harkins, J. M. Bosken, C. Hughes,

abortion (Tlag timc”) and abortion rates were
dose dcpendent. Lag times decreased and abor-
tion rates incressed exponcntially with dose.
Caleulated dosc X response data cucves allow
imctpretation of abortion data in tcrms of “in-
tubated ETC equivalents.” Analysis suggested
that feld exposurc to ETCs in 2001 in central
Kentucky commenced on approximatcly April
27, was initially equivalent to approximately 5
g of intubated ETCs/day, and increased to
approximately 30 g/day at the outbreak pesk.
This analysis sccounts for many aspects of the
cpidemiology, dlinical presentations, and man-
ifestacions of MRLS. It allows quantitative in-
tecpretation of uxperimental and ficld MRLS
daca and has implications for the basic mccha-
nisms underlying MRLS. The resules support
suggestions thaxt MRLS is caused by exposure
to ot ingestion of ETCs. The results also show
chat. high Jevels of ETC exposuce producc in-
tense, focused outbrdaks of MRLS, closcly
linked in time and plade to dispetsing ETCs, as
occurred in ceneeal Kintucky in 2001, With
less jotense exposurc,:lag time is longer and
abortions tend to spttad our over time and
may occur out of phase with ETC cxposure,
obscuring both diagnokis of this syndrome and
the role of the caterpillars.

B INTRODUCTION

During 2001, central Kentucky cxperienced
acute transient epidemics of early (EFL) and
latc fetal losses (LFL), pericarditis, and unilater-
al endophthalmitis, collectively referred to as
marc reproductive loss syndrome (MRLS). The
occurrence of EFL was first recorded on the
morning of April 26, increased during che Jast
week of April in mares with 30- to 100-day-old
fetuses, peaked on May 4, and declined rapidly
thereafter, ultimately totaling approximately
2,500 cases.' The Jargest number of EFL cases
occurred in mares that had concejved in Febru-
ary and eacly March. Approximatcly 17% of

L. R. Harrison, W. V. Bernard, D. L. Richter, and T. D. Fizgerald

the 21,000 or more pregnant thoroughbred
broodmares in central Kentucky lose their foals
duc in 2001 or 2002.} Whatever the mecha-
nism of EFL and LFL, the pregnant broodmase
(or more likely the equine fctus) is especially
susccptible. The 17% feral loss rate is in shacp
contrast with the relatively low rate of MRLS-
relared pathology in nonpregnant horscs.

Instances of LFLs were firsc idendfied soon
after April 26 and followed a broadly similar
time course, involving mere than 650 cases.
The placentss from these mares that experi-
enced LFL were mildly cdemarous: however,
most were of normal size and weight. Some
mares presented foals normally buc showed
cvidence of amnionitis with yellowish discol-
omtion and edema of the placcritsl mem-
braacs. Pathophysiologically, there was an in-
tense placentitis asociated with thickened
placental membranes. Funisitis sssociated with
the amniotic section of the umbilical cords of
these neonates was observed with cochymetic
and petechial hemorrhage on the surface of the
cords. Microbiologically, the consistent recov-
ery of &-hemolytic streptococc and Actino-
bacillus spp from umbilical tissue, lungs, and
placcatas of affected animals was almost a hall-
mark for defining the clinical enticy of LFL
MRLS?

Coincident with the 2001 MRLS cpidemics,
small numbers of horses from the population
of approximately 30,000 horses in central Ken-
tucky cxhibited panophthalmitis (approxi-
mately 30 cases) or pericarditis (approximately
60 cascs). Both of thesc syndromes arc now
considered part of the MRLS entity. Fluid

_drained from the pericardial sacs of two-chirds

of the horses with pericarditis was character-
i2ed as sterilc exudates, whereas one-thied had
septic exudates containing Actinobacillus equ-
uls, Streptococcus spp, Pasteurclla meultocida,
Staphylococcus aureus, Acinetobacter, ot Pseudo-
monas! The endophthalmitis was always uni-
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latcral and invariably progressed to blindness
dospitc intensive therapy.’ Whatever the nacure
of the factor that produced the MRLS out-
breaks, the nonpregnant horsc appears to be
about 50 to 100 dmcs less susceptible than are
30- to 100-day-old frtuscs. This same syn-
droroe was reperted in 2002, with fewer EFLs
(approximately 500) and LFLs (approximately
165)" and similarly reduced numbers of unilat-
enrsl panophdhalmitis (n = 6) and peticarditis
cues (n = 9). In 2003, there werc fow if any
cases of MRLS, and no cases of panophchalmi-
tis or peticarditis werc reported.®

When MRLS was first observed in 2001, a
spectrum of possible causes was considered.
An infectious agent was ruled out carly by
virtuc of intchsive virologic investgations, the
essentiglly complete lack of dclinical symptoms
other than abortion in affected marcs, and the
apparent point-source onset of the syndrome.
Nitrace/nitrite toxicosis was also discounted
carly, since all equine samples tested were neg-
ative for dhesc inorganic ions. Similardy, con-
tempotary pasturc samples, some from haavily
fertilized ficlds, were also negative for nitrates/
nitrites. Affected mares did not have prolonged
geseations as seen with foscue toxicosis, and the
placcneas from these marcs were intenscly
more inflamed than is secn with fescue toxico-
sis, so crgot alkaloids werc also soon discount-
ed as a possiblc cause.” Phytoestrogens, chemi-
cal toxins, mycotoxins (including estrogenic
mycotoxins), and cyanidc associated wich black
chetry trees or Eastern tent caterpillars (ETCxs)
were all eventually downgraded as possibic
causcs of MRLS.~!
" Canecurrent with the 2001 EFL and LFL
cpidemic was a local population explosion of
ETCs (Malacosoma americanum), with large
numbers dispersing in pasturcs and clsewhere
2Powd] D: Personal communication, University of

Kenvucky, Gluck Equinc Research Center, Lexing-
ron, KY, 2003,

during the period when EFLs and LFLs
peaked. Contemporary field evaluations point-
ing to strong time and location cotrelations be-
tween EFLs and the prescnce of ETCs, and
rigorous epidemiologic surveys strongly sug-
gested that exposure to ETCs played a critical
role in the syndtome.™" These associations
were rapidly confirmed by various experimen-
ral approaches when ETCs ncxt appeared
in central Kentucky during the spring of
2002.14-1‘

This communication presenes a retrospective

" toxicokinctic/seatistical analysis of experimen-

tal data gencrated from field data during the
2001 MRLS outbrecak and srudies of ETC
populations conducted during 2002 and 2003.
Both traditional lincar regression and a more
appropriate survival analysis were used to ana-
lyzc the dawa. The accelerated failure time
(AFT) survival mode! was uscd because AFT is
specifically designed to relate cvenos o the
time at which they ocaur. The ramification of
combining experimental data from muldiple
years is that there could be differenas in con-
ditions among ycars chat are not accounted for
in the model. The prospective experimental
data weee used to create the AFT model,
wheteas the retrospective ficld data were exam-
ined post hoc in light of the AFT moddl.

The AFT analysis has not been applied pre-
viously in equinc toxicology. This analysis
highlighes the epidemiology, clinical prasenta-
tions, and manifestacions of MRLS and sheds
light on the basic toxicologic and pathologic
mechanisms underlying MRLS, It also allows
for quantitative inccrpreaation of experimental
restilts from ETC-iriduced MRLS.

B MATERIALS AND METHODS

Studies conducted during 2002 involved
dosing of six mares in latc pregnancy with 50
g of ETCs per day for 10 days by stomach
tube (Table 1).'* ET'Cs were obtained from a
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deionized water or saline and
ground in a blender far 20 to 30
minutes before adminiscration.
Mares were examined daily by ul-
trasound after treatments were
initiated. Aborted fetuses werc

| mm Sés
mww:wn

Mmssa» Era
" MadGS8 6.
© MawS0S 4%
Mango , B4
{ Mmtﬁ:

lweﬂhyimw . ; -4,.:

transported to the laboratoty for
cxamipation and isolation of bac-
teria by routine acrobic culture,

Daily LFL sbortion data from
the 2001 MRLS outbreak in ccn-
tral Kentucky submitted to the
Livestock Disease Diagnostic Cen-
ter (LDDC) and reported to the
USDA Animal and Plant Health
Inspection Service Veterinary Set-
vices, Frankforr, Kentucky were
also cvalusted.

. Regreasion Analysis

B The dara points from the two
‘ studies in which ETCs were fed
to pregnant marcs were first plot-
ted as a percentage of total abor-
1 tions against tme, aod best-fir
1 logarichmic regressions were cal-
culated. The x-intercopts (appar-

rwie]  ent “lag cimes”) were calculaved by
"] sctting the value of y equal to zero
in the equarion.

sourcc in northern Michigan because the sea-
son had passed in Kenrucky. In 2003, the of-
fects of irradiation on the aborrigenic efficacy
of ETCs were cvaluated in groups of six mares
in late pregnancy by administration of 100 g
of cither itradiated or nonirradiated ETCs via
nasogastric tube for 10 days."? Doses of cater-
pillars in cach study were determined from
previous work conducted in 2002.' Irradia-
tion was uscd as a means to destroy any bacte-
tia of virus that might be carried by the cater-
pillars. The caterpillars were mixed with

Accelerated Failure Time Model

The daca points were also fitted using the
AFT survival mode] because this model is one
of regression thar allows for the prediction of
the tme at which events occur based on indc-

“pendent variables. In this cisc, the time at

which abortions occur was predicted based on
the dose of ETCs admivistered. The AFT
model can also take censored data (an event
that had not occutred by the time the expeti-
ment had ended) into account. In these stud-
ics, mares that had been dosed with ETCs but
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had noc aborted by the cnd of the data collec-
tion period wete considered cenaored obscrva-
tions. A log-normal AFT modd has been uscd
to fit the ETC data. Thac is, if T represencs dhe
time at which abortion occurs, log T is as-
sumed to have a normal distribution, and thus
T has a log-normal distribution. The modd]
also assumcs that the error term is normally
disttibuted. The modc] used here assumes thac
the probability of an abortion event remains
closc to zero for a period after che first admin-
istration, which is dependent on the dose ad-
ministered. This model takes the form:

1= exp(By + PBix;s + ...+ Buxy + OF)

where T'is time, x is a variable that might affect
abortion tme (i.e., dosc of ETCs), By, B,, etc
are cocfficients that estimatc the effecr of the x
variables (j.c., abortion timc), € is an error term
that is assumcd o be normally distributed, and
O is a scale for the error tam.

A likelihood ratio test of che fimed AFT
model versus a null model (with no explanato-
ty variables) yields a chi-square statistic of 27.9
with 2 degrees of freedom. This statistic is sig-
nificant at the P< 0001 level, which indicares
that the modcl with parameters ETC dose and
irradiation is a significant improvement over
the null model for predicting time uncil abor-
ton. The individual chi-squarc tests for these
effects are also highly significant (P < .01),
which indicares both variables are important to
the moddl. The model differs from che Cox re-
gression moddl in that it assumes an undesdy-
ing distribution for the daca (log-normal, in
this ease), whereas the Cox regression model
docs not requite such an assumption.

Based on the AFT analysis, timc courses of
abortion responses were projected for various
doses ranging from 5 to 500 g of ETC/day.
The AFT model and chis family of dose rc-
sponse curves allow dose and timc response in-

-

terpretation of any ETC-related sequence of
abortions in terms of the dosage unit used in
these experiments, which have been defined as
“intubated ETC equivalenes.”

A constraint in chis model is that none of the
ETC dosings continucd beyond 10 days,
whereas AFT analysis assumes that desing or
cxposure to the catcrpillars ja continuous. Be-
cause of this, the mathematical fit of the AFT
mode] to the data is presumably mote accurate
at the highcr doses rather than at the doses
used with irradiated ETCs, which exhibited an
apparently much lower abortigenic sctivity. A
further constraine is that the duration of ficld
exposure to dispersing ETCs at any given loca-
tion is rarcly longer then 20 days.

B RESULTS
Linear Regression Analysia

In che first experimental reproduction of the
LFL syndrome (2002), all marcs given 50 g of
ETCs/day for 10 days sborted rapidly (within
14 days). The first aboctions occurred within
72 hours (Table 1). In the 2003 study, mares
receiving 100 g of nonirradiated ETCs/day
began aborting within 32 hours and all had
aboreed by Day S (Table 1). In contrast, only
three of the six mares receiving irradiated
ETCs had aborted by the time of this writing
(70 days afrer che initial dosing), and these
mares did not begin aberting undl Day 12, 2
days after che last dose of ETCs (Table 1). Fur-
thetmore, the most tecent abortion from the
group given irradiated ETCs was observed 24
days after the initial exposurc'to ETC, which
was 14 days after the last administration. Re-
gressions for each dose/abatrion time data sct
were then caleulated (Figuee 1).

The abortion curves for cach of these studies
were similar in shape and were apparcntly re-
laced (Figure 1). The curve for 100 g/day was
shifted to the left compared with that for SO
g/day, suggesting a dosc-response effect. Clas-
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sic dosc-response curves show panllel slopes,
but the slopes of these curves were markedly
different, with the sceeper slopc of the curve for
100 g/day, presumably relating to the higher
dose of ETCs administered. Interestingly, each
ficred eurve appeared to intersect the x~axis at
well-defined time points (approximacely 20,
37, and 193 houm, fer 100, 50, and 100 irra-
diated gfday, respectivcly), which invited fur-
ther analysis. These x-axis interccpts (lag times)
also appeared to be dosc telated,

Survival Analysis
Evaluation of the data wing the Cox regres-

sion analysis (PHREG procedure; SAS version

8, SAS Institute), yiclded an unsatisfactory

dara fit (data not lhowu) However, appli-
cation of the data points to AFT analysis
(LIFEREG procedure; SAS version 8, SAS In-
stitutc) produced a very satisfactory fic. Cumu-
lative distribution functions for cach group, or
cumulative aborden curves, based on the mod-
cl are presented in Figurc 2. The AFT analysis
assumcs that the data points arc log-nocmally
distributed and also reflects the fact that the
probabilicy of an abortion remains close to zero
for a dose-dependent petiod of time after dos-
ing begins (the apparent lag time). The AFT
model was then uscd to estimate the time afver

.. dosing that abortion occurred. Using the data

presented above, AFT regrossion yielded the
following moddl:

7;: xp(5.477 — 0.017 dosc; + 2.182 irradiated; + 0.526 €)

Standard ctror: 0.480 0.006
£ <0001 .0052

0.353 0.101
<.0001
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Figure 2, Actual abertion rares following dosing sonirh Enstesss sent ca (ETC) at S0 and 100 (nemirmd;-

absrtion rares by the accelensed

srime wodel for dases of

MMWM@M)
5, 50, 100 ; iated and ivrediased), 200, and 300 g ETCilday. The ctimazed lag simes for whe acval ETC
doses adminissered are 10 (100 g), 20 (50 g), and 80 (100 g irvadiased) bowrs,

where dosq Is the dose of caterpillars for indi-
vidual §, and irradiated, equals 1 if individual /
was fod irmadiated and 0 if not. The coefficients
indicate thas the time until abordon decreased
with increasing dose and increased if the ETCs
were irradiated, All coefficients were highly sig-
nificant (P <.01) in the moddl.

The estimated lag times were 10, 20, and 80
hours for 100, 50, and 100 irradiaced g/day, ce-
spectively (Teblc 2). Boeause of the excellent fie
of the data to the AFT moddl, cumuladive dis-
tribution curves based on the modd were plot-
ted for several doses of caterpillars (Figure 2).

Daily and cumulative time courses of aborr-
ed foals submitted to the LDDC from March

1 through May 12, 2001 arc shown in Figure -

1. In March and April (before administration
of ETCs was initiated), the sbortion rate was
approximately ninc per day. The increased
slope and divergence from the prediction line
began around April 30 and represcnts abor-
tlons due to MRLS, which averaged around 42

. abortions per day and peaked at 66 abortions

per day (May 4).

The data can also be used to estimate the
time of first expasure to thc ETCs. Assuming
thac any sbortion would have occurred the day
before the accession is recorded in the LDDC,
and thac the fiest sbordons were due to low-
level ETC exposute producing a lag time of
about 50 houss for the group given 5 g
ETCs/day (Table 2), the first cxposure to abor-
tigenic ETCs in the 2001 outbreak was csti-
mated to have occurred on Aptil 26 or 27. In-
spection of the cumulative abortion cutve also
shows a further increase in the rate of abortions
on May 4 (Figurc 3).

-~ ‘To estimace the levd of cxposure 1o ETGs - -
" necessary w produce the abortion tates ob-

scrved during the 2001 MRLS outbreak, the
cumulative time cousse of MRLS—rclated abor-
dons (Figure 3) was convetted to a percentage
of abortions and compared with the AFT-al-
culated abordon mes following exposarc to 5
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and 30 g/day (Figurc 4). The fiest part of the
cumnulative curve coincides with the cueve for 5
g/day; however, the last portion of the curaula-
tive aurve overlays the curve for 30 g/day when
it is shifted ro the righc by 80 hours.

The caleulations assume thet no abortions oc-

curred due to eaterpillar ingestion prior to April
25 and that 100% of the mares cxposed to cater-
pillats eventually aboreed. Jk also assumcs chac
approximately 50 abortions wete yet to occur
becween May 12 and May 19. The analysis sug-
gests chat exposurc to ETCs during the MRLS
outbreak of 2001 likely started at the equivalent
of approximately 5 g of intubszed ETCs/day in
late April and chen increased to around 30 g/day
around May 4, the peak of the outbreak.

The model was also used to explore the rela-
tionships between dose of ETCa and daily
sbortion rate. Daily abortion rates following
various ETC doses bascd on the AFT modcl
are shown in Figure 5. The graph assumes
there are 600 mares in each treated group and
that all ereated mares will eventually abore. The
analysis demonstrates that exposure to 100 g of

ETCs/day rapidly causes abortions that.peak 3. .-

to 4 days aftcr exposure, and esscndially-all of
the exposed mares will abort by Day 10. At a
dose of 30 g/day, abortions peak approximate-
ly 6 days after exposurc and are complete with-
in approximately 18 days. If the abortigenic
dose of caterpillars is teduced to an amounc

equivalent to that present in the irradiated dose
(100 g/day), the first abortions do not begin two
appear untl about Day 8, and the abortions
will not peak until Day 20.

A proposed schemaric of the AFT medel of
MRLS is prosented in Figure 6. In this model,
continuous exposurc to ETCs commencing at
Time 0 is followed by a dose-dependent lag
time, after which abortions occur. The dure-
tion of the lag timc, the initial maximal rate at
which the abortions occus, and the time until
100% of the exposed mares aborx are all di-
rectly relared to the dose of ETCs and presurn-
ably to the rate of ETC exposure.

The bacteria isolated from the aborted ferus-
& wcre Servatia marcescens, Enterococeus spp,
and Enserobacrer spp for the marcs given S0 g

of EYCs/day, S. marcescrns for those given 100

g/day. and Srepracoccus and Acvinobacilius spp
in the irradiated study (Table 1).

B DISCUSSION
The data sees were initially appreached as
clinical data, and the time course of cach se-

. quence -of abortions as plotted. Inspection of . ............ ..

the daca and the apparent fic to the linear re- -
gression modcl drew attention to the fact that
the curves were members of a family of curves
that appeared to commence at a time signifi-
cantly diffecent from zcro. Additionally, the
differences from Time 0 and the maximal slope
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ingoon,
1 28 May 12) is due 9 MRLS onsct, peaking as abows 66 MRLS cbortiors per day on May 4. From these curves,
the first MRLS abarciens starved on approcimascly April 30, 2001.

of the curves appeared to vary with dosc. These
observations, thercfore, Jed to the more de-
oailed anelysis. Becausc the AFT survival analy-
sis is apptoptiate for construcdng models that
relate an event to the time at which it occurs,
it was the model selected o fit these data
points, and all cocfficients were statistically sig-
nificant. The cnodel was then used to estimate
dosc X abortion tdme curves for a serics of dos-

es ranging from 5 to 500 g/day. The very good

fit of thc ETC dose x abortion dme dara by the
AFT modd provides a solid statistical basis for
integration and interpretation of experimental

" and fiedd MRLS data. Thesé resules and intee-

prewtions arc best summarized in che schemat-
ic AFT model of ETC~induced abortions in
mares presented in Figure 6. Early in the expo-
surc period, the lag time rcpresents the period
during which the likelihood of an aboction oc-
curring remains close ro zero. Following the lag
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pased marcs, took no more than 3 wecks,

time, the ratc at which abortions occur acceler-
ates to the peak abortlon rate. The abortions
then proceed undl cither all of the exposed
marcs abott or until some rime (currendy un-
known) aftcr which exposurc 0 ETCs has
ceased. In studics with small numbcrs of hots-
cs (i.c., six), as presented in Figute 2, the finc
detzil of the sbertion rate transformation from
2eto In the lag-timc phase to the maximal abor-
rion rate is inevitably lost.

This analysis makes clcar chat the rate at
which abordons occur (rather than the absolute
number of abortions) determines the_ rclative
abortigenic efficacy of any ETC treatment. The
AFT modd prodices chat ETC doses berween 5
and 500 g/dsy will, if maintined, sconer or lat-
er abort 100% of the exposed mares.

The decreased rate of abortions for irtadiac-
cd ETCs suggests that the cffieacy of the ETC

mares. In the second phase
P

abortion—inducing factor was substandially re-
duced by irndistion or something associated
with this ueatment, since the firse abortion did
pot occur until 12 days after the fine ETC od-
ministration. The abortions then procesded
slowly and, sccording to AFT analysis, the
time to the last abortion (10096) will be abouc
206 days, asuming continuous dosing. Based
oa the AFT mode], the apparent cfficacy of the
sbortigenic factor in irradiated ETCs is less
than 1 g of untreated ETCs/day, for an appar-
cnt loss of >99% of the ETC~refated aborti-
genic activity

Loss of such a subscantial fraction of the
abortigenie activity in the irradiated ETCs is
surprising but not inconsistent with recent ex-
perimeneal results. Earlicr rescarch,” which
was kater confirmed by Webb and McDowell,"?
has shown that the abortigenic factor is asso-
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group and that dll murves dosed with ETC will

ciated with the cuticde of ETCs. Whilc frac-
tlonating the ETC integument in a scrics of
deductive o identifying the ETC
abottigenic factor, Webb and McDowell read-
ily lost a substantla]l fraction of the ETC~
refated sbortigenic activicy, which may suggest
significant fragilicy of the abortigenic factor or
factors closcly associated with it.

The mathematical rlationships described by
the AFT model explain many aspects of the
cpidemiology and clinical presentations of
MRLS. If the exposure to ETC:s is high, all sus-
ceptible exposcd mares are likely to abort with-
in a rclatively short period. In this regad,
teaosformation of the cumulative foral loss
curve for 30 g/day (Figurc 2) into a daily “rate
" of abortion” curve (Figure 5) closcly follows
the general shape of the accessions curve to the
LDDC sround May 6, 2001, OF critical im-
portance duting the 2001 investigation of

appracimately 3 to 4 opesure,
la.ArJO kdmi:dm aﬁcr
Islcy If the ahortigewic dose of casevpillars is

atserpillars, de_ﬁmm&miqbumm

20, mwmdnebmanmeinmﬁ
abort,

MRLS, when che dose of ETCs is high and the
abortions occur rpidly, chere will be an obvi-
ous temporal rclscionship between the pres-
cnee of caterpillacs and che abotclons, as oc-
curred during 2001. In fact, it was the dose
spstial and teraporal rclationships between the
prosence of the ETCs and the appesrance of
MRLS,® as well as the lack of any other con-
vincing hypothesis, chat led to the eady con-
clusion that ETCs werc most likely associated
with MRLS.

Significant objections were ruised to the hy-
pothesis that the ETCs were involved in the
pathogenesit of MRLS. Beyond eptomologic
and common cxperience that ETCs were
“known to be harmless,” the question was
raised as to why the syndrome had ncver been

YHeaning J: Personal communication, Deparument

of Agropomy; Univessity of Kentucky, Lexington,
XY, 2001.
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identified previously in Kentucky, since ETC
infcstadons age not uncommon. However, the
analysis presented here shows that if the expo-
.sure to caxcrpillags is less intense, the lag time
is longer and the abortions will tend to be
spread out over time and occur out of phase
with ETC exposure. For examplc, data from
the irradiation experimens indicates that atfow
doscs the first abortions may noc occur until
after ETC caposure has ceased, and the vast
rasjority of the statistically predicted abortions
ay occur at a time distant from the presence
of ETC.
Anodher factor that probably limits the abor-
tigenic cfficacy of low doses of ETCs is the rel-
atively short time marcs arc ficld exposed to

the caterpillass. Field exposure to ETCs is not

continuous but is limited by the relatively brief
ETC dispersal peciod as they wandcr about
during the day for not mote than 2 wecks in
total as the sixth and final instats search for
food and suitable pupation sites. Exposuse to

. high concentrations of ETCs during this brief

dispersion tme will rapidly sbort most, if not
all, of the axposcd mares, as indicated by the
experimental data and dhe clinical picturc in
central Kentucky during the 2001 outbreak. In
the inccnse expasure scenario, the full sbortifa-
cient potcndal of the high dosage of ETCs is
inevitably expresscd.

Conversely, while the AFT model predicts
that continuous cxposure 10 low doses of ETCs
will eventually aborc all exposed susceptible
maces, chis 1s oot likely to happen in the field,
where cxposure is transient. Once ETC expo-
surc stops, the sbortion process cventually
ceases, and the full abortion potential of a low
dosc is never achieved. As such, with lower
doses of ETCs, the lag time is longer, and the
actual fracdon of possible abortions likely to
occur is smaller.

In such low-exposurc circumstances, the
ETCs ate less likely to be associared with the
abortion cvents, which will be more diffusc
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and will tend to meld into the normal back-
ground rate of fotal loss, and will draw lirtle
clinical acention. In this regard, careful review
of dlinical records from the previous year by
equine practitioncts in central Kentucky has
recraspectively identificd cases of MRLS occus-
ring duting the 2000 ETC season, before
MRLS had cver been described.

In retrospect, it Is casy to sec how previous
cpisodes of what is now recognized as MRLS in
central Kentucky during the 1980 and 1981
breeding seasons were never linked to the anter-
pillacs. Ultrasound vechnology was not availablc
in the 1980s, so EFL was not recognized until
spring-bred mares were checked for pregnancy
in the full, following 1980s managcment prac-
tices, As such, the ctitieal physical association of
ETCs with the abortion cvents was missed.

In conrrast, the critical facvor in the identifi-
cation of MRLS with ETCs in 2001 was the
high concentration of pregnancies closely
monijtoted first via ultrasound by highly skilled
practitioncss, and shortly thereafter by skilled
pathologiscs and vererinary scientists. EFL was
recognized within bours of its first appcarance;
infectious causes were vety tapidly ruled out;
and the syndrome was dcfincd and described
within wecks. The caterpillars were rapidly
pinpointed as the likcly cause, and an intensive
scarch for & eaterpillar-associatcd toxin or fac-
tor was underway by Week 3.

During thc 2003 season, there have been ac
least two other substantial caterpillar infesta-
dons distant from Kentucky, one in New York
involving ETCs, and onc in Washingten in-
volving Western wene cacerpillars. However,
these areas do not have a sufficient number of
pregnant broodmares nor have they been mon-
itored adequately 1o cstablish whether MRLS
or another eaterpillac-rclated syndrome was
present. To dave, MRLS has not been reported

“Holder R: Personal communication, Hagyard-
Davidson-McGee Assoclates, Lexingron, KY, 2009,

outside of Kentucky and ics adjacent states.

The direct relationship between ETC expo-
sure and the sbortion rate suggested that it
should be possible to estimate the ratc of ETC
cxposure occurring during the 2001 MRLS
outbreak. In petforming this analysis, it should
be understood that not all horses in cencral
Kentudky were exposcd to ETCs. As such, it is
not possible to estimate the overll exposure
rates to ETCs chroughout the area, but the lev-
cls of ETC exposure nccded to produce the ac-
tual abortion rates observed as accessions to the
LDDC during the 2001 MRLS outbreak aan
be estimated.

To petform this analysis, the daily abortion
accessions rates to the LDDC were trans-
formed into a cumulative abortion cutrve,
showing that they follow the same geacral pat-
terns as produced by the AFT analysis (Figure
4). Based on chis analysis, it appcars chat the
initial rate of ETC cxposurc, s set forth by the
first onc-third of field abortions in 2001, was
equivalent to a dose of about 5 g/day, which is
equivalent to approximately 15 ETCs/day.
Thereaftcr, the abortion rate sccelerated, con-
sistent with a ratc cquivalent to approximately
30 g/day for the last two-thirds of the field
abortions.

The potential intcnsity of exposure to ETCs
during the 2001 MRLS outbreak is illustrated
by the number of ETCs on & water bucket at 2
central Kentucky horsc farm (Figure 7). With
tegard to the temporal relarionship betwecn
the presence of the caterpillars and the onset of
LFL during the 2001 MRLS oucbrenk, 2t ap-
proximately 2 PM on Wednesdsy, May 2, an

. cpidemiologist from the University of Ken-

tucky visited a Kenrucky faem in rcsponse to
an outbreak of LFL. Hc stepped out of his car
in the office deivewsy onto dispersing ETCs,
unavoidably stcpping on huge numbers of
caterpillars underfoor as he proceeded to the
farm office. Later that aftcrnoon, he and an as-
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Figure 7. Waser bucket on @ Kensucky horse farm demonstrasing she in-
tensity of exposure of hories ro Eastern tent cawcrpillars during spring of
2001. (Photo courresy of Henry Q Mnrphy).

sociate were called to another thoroughbred
farm for assistance with an cpidemic of EFL.¢
The weck before the 2001 Kentucky Derby,
unparalleled numbers of ETCs werc dispering
in central Kentucky, and EFL and LFL werc
approaching their peaks (Figure 3).
Finally, this analysis must be put into per-
spective. The MRLS initially consisted of four
distinct syndromes, EFL, LFL, pcricardiris,
and uoilateral endophthalmitis. Nevertheless,
two other disorders also occurred in association
with exposurc to ETCs that have not been in-
cluded in the official dcfinition of MRLS bur
muse be incorporated in any analysis of the ba-
sic mechanisms of the syndromc. These in-
clude the bitth of a significant number of late-
- term weak foals™ with up co 50% mortality.

and the more recently identified small number
_ of cascs of Acrinobacillus encephalitis also asso-
ciated with the 2001 ETC season.?’ As such,
MRLS cncompasses at least six diffcrent clini-
cal presentations, and this analysis only ad-

dpawell D: Personal communication, Univeraty of
Kenrucky, Gluck Equine Rescarch Center. Lexing
ton, KY, 2001,

dresses LFL syndrome in dcpth
and is based primarily on acute
high-dosc cxposures to ETCs.

An unusual aspect of MRLS is
the very wide spectrum of bacteri-
al species isolated from aborted
foals.” The close fit of the experi-
menal dan o the AFT model
may suggest that the rolc of differ-
ent bacterial species in the abor-
tion cvents is not a critical deter-
minant of che time to abortion, or
of the fundamcntal mechanism
that drives this syndrome.

The conclusions drawn from
this analysis are valid for LFL and
throw much light on the epidemi-
ology and dlinical prescnation of
the 2001 MRLS outbreak. The analysis also
carries some clear messages for further work.
The first ching to consider for any attempts to
quantitatively rclace experimental ETC expo-
sure to abortion responscs is that the databasc
must include aborrions of all exposed mares.
This is because it is difficult to estimate the
rates of abortion if only a small fraction of the
exposcd mares have aborted and, as chis ansly-
sis shows, it is the ratc at which the abortions
occur that relates directy to the dosc of ETC
abortigenic activity. lt is acknowledged that
there is a possibility of different results if a
larger population of animals (and additional
doscs of ETCs) were included in the AFT
analysis; however, the data evaluated by the
model were highly suggestive of the conclu-
sions drawn.

The second factor, and the one that is notad-
dressed in this analysis, is the apparent abilicy of
horscs and late-term fetuses in utero to resist
the mechanism of ETC-induced abortions and
the othet syndromes associated with MRLS.
The birth of a large number of weak foals with
high mortality during the 2001 ETC season is
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consistent with an MRLS-related subclinieal
discasc that failed o produce “dead foal” cases
of LPFL. These eases and the small number of
pericarditis and uveids cases iflustracc 2 sub-
standlal resistance to the pathogenic mechanism
of MRLS in late-term fetuses and in horses in
general, which needs to be taken into account
in any model of the pachogenesis of MRLS.

The quantitative aspects of the interactions
between ETCs and late-term pregnant mares
sec forth in this communication are unusual
and suggest a rate-limiting, quantal, irreversiblc
stp in che pachophysiology of the MRLS.

Revicwing the unique spectrum of clinieal
syndromes that comprise MRLS, the authors
have suggested that the Rundamental
ing pathophysiologic mechanism of MRLS is
the ability of batbed ETC sctal fragments to
penetrate moving tissues, thereby mechanically
Pacilicating entry of miscellaneous bacteria
("bacterial hitchhikers”) carried on (or in) such
septic penetracing setal fragments.

Following oral cxpostre to ETCs, these scp-
tic setal fragmenw penetrate the gastrointest-
nal eract and intestinal blood vessels, chrough
which septic materials distribute to distant tis-
sucs following cardiac output. The rediseribue-
ing septic materials may be bacteria, bacterial
cmboli, ot small, septic sctal fragmenes. In
most tissucs, such septic materials arc readily
handled by the immune system. In tissues con-
taining & significant volume of extracellular
fluid, bacterial proliferation may be less well
conrolled. Entry of septic matctials into the
feral fluids resules in rapid bacterial prolifcra-
tion, followed by the EFL and LFL syndromes.
Distribution to one eye of 2 quantum of sepric
materials yields che low incldence of unilateral
uvcitis that is virtually unique o MRLS. The
pericarditis lesions reflect the central role of the
heart in the circulatory system and its unusual-
ly high exposure to circulating septic materials,

This mechanism is quantal in nature, and

—

the effect on the carly fetus, once penctration
of the fctal membranes has occurred, is essen-
tially irreversible. The hypothesis, which has
previously been prescated,'™®¥ exphins the
unusual quantitative aspects of MRLS present-
ed here, s well as the unusually broad spec-
trum of bacterial pacthogens involved in
MRLS, It is also consistent with the historical
ability of sctal fragments to penetratc moving
tissucs and the more roeent identification of
Jacge numbers of setal fragments encased in
microgrunulomas reported in the intestinal
tracts of ETC treated pigs.” This hypothesis
has been scx forth in detail, and is the basis of
4 forthcaming publication.®
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