seven tandemly arrayed guide snoRNAs. A
total of 19 singlets occur outside of known
protein-coding genes, presumably as inde-
pendent transcription units. All tandemly ar-
rayed snoRNAs within the same cluster are
oriented on the same strand, and recent re-
sults indicate that these genes are polycis-
tronic (26). Six yeast snoRNAs occur within
the introns of host protein genes, all on the
pre-mRNA coding strand. The mixture of
snoRNAs in yeast occurring within introns
and tandem arrays and as singlets is in con-
trast to vertebrates, where all currently known
guide snoRNAs are within host gene introns.
Polycistronic arrays of snoRNAs have also
been reported in plants (27). Some plant
polycistrons contain a mix of snoRNAs from
both major families of guide snoRNAs (C/D
box and H/ACA box snoRNAs), whereas
none of the yeast tandem arrays contain
members outside of the C/D box family.

It is possible that a large number of noncod-
ing RNAs remain to be discovered. Both com-
putational screens and experimental screens
tend to be biased against RNAs. Many func-
tional RNAs are not polyadenylated, so they are
not well represented in oligo(dT) primed cDNA
libraries or in expressed sequence tag sequenc-
ing projects. Often the genes for RNAs are
small and may occur in multiple copies. RNAs
are of course not affected by stop codons or
frameshifts, so they are probably somewhat
refractory to genetic screens. Most functional
RNAs known today have been identified by
biochemical means, but these approaches are
best suited to abundant RNAs. Using probabi-
listic modeling methods, we are beginning to
gather the tools necessary to computationally
screen genome sequences for noncoding RNAs.
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Novel Endotheliotropic
Herpesviruses Fatal for Asian
and African Elephants

Laura K. Richman,"?* Richard J. Montali,” Richard L. Garber,?
Melissa A. Kennedy,* John Lehnhardt,” Thomas Hildebrandt,®
Dennis Schmitt,® Douglas Hardy,” Donald J. Alcendor,?
Gary S. Hayward?

A highly fatal hemorrhagic disease has been identified in 10 young Asian and
African elephants at North American zoos. In the affected animals there was
ultrastructural evidence for herpesvirus-like particles in endothelial cells of the
heart, liver, and tongue. Consensus primer polymerase chain reaction combined
with sequencing yielded molecular evidence that confirmed the presence of two
novel but related herpesviruses associated with the disease, one in Asian
elephants and another in African elephants. Otherwise healthy African ele-
phants with external herpetic lesions yielded herpesvirus sequences identical
to that found in Asian elephants with endothelial disease. This finding suggests
that the Asian elephant deaths were caused by cross-species infection with a
herpesvirus that is naturally latent in, but normally not lethal to, African
elephants. A reciprocal relationship may exist for the African elephant disease.

In 1997, there were an estimated 291 Asian
elephants and 193 African elephants in North
America. About 115 elephant births have oc-
curred, mostly since 1960, but perinatal

deaths and stillbirths have been and remain
exceedingly high. Because elephants from
the wild are no longer accessible for import,
captive breeding populations could be repro-
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Fig. 1. Microscopic appearance of dis-
eased heart tissue from an Asian elephant
with endotheliotropic herpesvirus com-
pared to a localized skin papilloma from
an African elephant. (A) Tissue from the
index case (Asian elephant case 1), dem-
onstrating diffuse myocardial hemor-
rhage and a basophilic intranuclear viral
inclusion body within a capillary endothe-
lial cell (arrow). Hematoxylin and eosin
stain; scale bar, 20 um. (B) Transmission
electron microscopy (TEM) of heart,
showing details of an intranuclear inclu-
sion body within an endothelial cell. Her-
pesvirus capsids (diameter 80 to 92 nm)
are evident within the intranuclear inclu-
sion body (arrows). Scale bar, 150 nm.
These viral inclusions are histologic hall-
marks of the disease and were present in
all nine of the elephants dying with the
endotheliotropic  herpesvirus  disease.
Such inclusions did not occur at any sites
in normal Asian elephants nor those dying
of unrelated conditions. Herpesvirus par-
ticles were present in all of the cases
examined by electron microscopy (cases
1,2 4,7, 9, and 10). (C) TEM of a skin
papilloma from an adult African elephant
showing an epidermal cell containing an
intranuclear inclusion body (solid arrow)
and intercellular enveloped herpesviruses
{open arrows). Scale bar, 40 um. (D)
Higher magnification of (C}, showing de-
tail of intranuclear nucleocapsids. Arrows
show viruses undergoing envelopment at
the nuclear membrane. Scale bar, 250 nm.

Fig. 2. Agarose gel
electrophoresis of the
ethidium  bromide—
stained products of
PCR reactions testing
DNA extracted from

REPORTS

elephant tissue samples. (A) PCR using elephant herpesvirus terminase gene primers on samples
from Asian elephants that were diagnosed with endotheliotropic herpesvirus disease (lanes 2 to 9).
Lanes 2 to 8 represent deceased animals (cases 1,4, 5, 6, 7,9, and 10); lane 9, peripheral blood from
the one surviving Asian elephant (case 3). DNA from skin papillomas of two asymptomatic (one
wild, one captive) African elephants {lanes 10 and 11), and a vaginal lymphoid patch biopsy from
one healthy African elephant (lane 12) were also tested. A 337—base pair (bp) reaction product was
present in all of these elephants, but not in heart tissue from two Asian elephants without
endothelial disease (lanes 13 and 14). M, 100-bp DNA ladder markers; lane 1, no DNA control; lane
15, human placental DNA control. (B) PCR reactions using elephant herpesvirus DNA polymerase
primers and DNA from heart tissue of two captive African elephants (cases 2 and 8) that died with
endotheliotropic herpesvirus infections (lanes 2 and 3) resulted in a 163-bp product. No product
arose in reactions using DNA from two African elephants that died of unrelated causes (lanes 4 and
5). M, 100-bp DNA ladder markers; lane 1, no DNA control; lane 6, human placental DNA control.

ductively unfit in 20 to 30 years if not sus-
tained by younger generations (/). We report
here a new, highly fatal endotheliotropic her-
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pesvirus disease of elephants that is respon-
sible for a substantial proportion of perinatal
deaths and which, if left unchecked, may
imperil the successful propagation of ele-
phants for the future.

The pathological aspects of this rapidly pro-
gressive hemorrhagic disease of young ele-
phants in North America have recently been
described (2). The disease had a sudden onset
and was characterized by edema (fluid reten-
tion) in the skin of the head and proboscis,
cyanosis of the tongue, decreased white blood
cell and platelet counts, and internal hemor-
rhages. Histological abnormalities were pre-

dominantly localized to the heart, liver, and
tongue and included the appearance of baso-
philic intranuclear viral inclusion bodies in the
microvasculature of these organs (Fig. 1A).
Electron microscopy showed that the inclusion
bodies contained viral capsids (diameter 80 to
92 nm) that were morphologically consistent
with herpes virions (Fig. 1B). The cell type
affected by this disease showed that this virus
had a predilection for endothelial cells (endo-
theliotropism), which is unusual for any of the
previously characterized herpesviruses. The
high fatality rate was attributed to acute myo-
cardial failure from capillary injury and leakage
due to endothelial cell damage caused by the
presence of the herpesvirus. A similar case was
previously reported in a young Asian elephant
from a circus in Switzerland (3, 4).

Cultures or other evidence of concurrent
infection were negative for pathogenic bacte-
ria, and no viruses could be cultivated from
the three most recent cases (Table 1, cases 1
to 3) when a variety of permissive cell lines
(Vero and MARC African green monkey kid-
ney cells, embryonating chicken eggs, baby
hamster kidney cells, rabbit kidney-13 cells,
equine dermal cells, and human foreskin fi-
broblasts) as well as Asian and African ele-
phant fibroblasts were used. In addition, there
was no serological evidence of exposure in
any of the affected elephants tested or select-
ed herdmates to viruses known to target car-
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diovascular tissue, including bluetongue vi-
rus, epizootic hemorrhagic disease of deer,
equine arteritis virus, and encephalomyocar-
ditis virus. Only one case (case 8) had evi-
dence of a concurrent infection in which en-
cephalomyocarditis virus (EMCV) was cul-
tured from a lymph node, despite the animal
being seronegative for EMCV. Histological
and ultrastructural evidence for an endothe-
liotropic herpesvirus was the only common
element linking these elephant cases together.

The index case for this endothelial disease
occurred in 1995 in a 16-month-old Asian
elephant born at the National Zoological Park
(Table 1, case 1). We then diagnosed another
case in an ll-month-old African elephant
(case 2) in 1996 and in a 17-month-old Asian
elephant (case 3) in 1997. We identified six
additional Asian elephant cases of endothelial
disease that occurred between 1983 and 1993
(cases 4 to 7,9, and 10) by searching elephant
studbook mortality records (held by the
American Zoo and Aquarium Association, or
AZA) and obtaining pathology reports, mi-
croscope slides, and tissues from elephants
that matched the case definitions that we had
established for this disease. Eight of 10 ani-
mals with confirmed disease were relatively
young (from 18 months to 7 years), and there
was no sex predilection. The elephants were
in zoos at a wide range of locations in North
America at the time of their death. These
cases occurred as single events, with no
knowledge by anyone at the time that a her-
pesvirus infection was responsible for the
mortalities. Two facilities experienced two
cases several years apart, whereas elephant
calves were raised subsequently at three zoos
with a single case and no further losses from
the herpesvirus.

Asian elephants dying at zoos in Califor-
nia and Hawaii (cases 11 and 12) were also
highly suspect of having this disease accord-
ing to recorded clinical and pathological find-
ings, but neither histologic slides nor tissues
were available for confirmation by our group.
Similarly, other deaths occurred in young
Asian elephants before 1980, but pathologi-
cal material and detailed documentation were
not available. Between 1983 and 1996, 34
Asian elephants were born in North America.
Seven of these animals have died with lesions
attributed to the endotheliotropic herpesvirus
disease, and one recovered after pharmaco-
logical intervention (case 3). African ele-
phant births in North America have been few,
with only seven births in the same time peri-
od and two deaths due to this disease.

Herpesvirus could not be cultured from
the tissue of any elephants with endothelial
disease, so we turned to a molecular ap-
proach. Initially, using nested polymerase
chain reaction (PCR) with consensus redun-
dant oligonucleotide primers that target por-
tions of the terminase and DNA polymerase
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genes (5, 6) of all known herpesvirus ge-
nomes, we confirmed the presence of herpes-
viruses that are different from -any other
known species. Later, direct single-round
PCR (7) was also performed on DNAs ex-

tracted from affected tissues of 10 diseased
animals and appropriate negative controls
(Fig. 2) (8). DNA from tissues of all seven of
the affected Asian elephants tested (cases 1,
5, 7, and 9 shown), and in the blood of the

A 1 GGTCTGAAGCAATCACGTGTCCATGTTATCGATTACATAAGCCCACTTTCATATCACT

7 G--C--A---=======-G=-C--C=-T-=C~~TC-T~-~~-—==~—~ R G

1 ATATTAGGCACCACCAACACGAGCTTCTTAGCCAATCCCATTCTAACAGATTCCAGTG

7 =-TC-G--G----- A--—m- T C----A--C----- CT-G--G---G

1 TCAATGAATTTGACATGATAAGATATAGTACTGTAAACAAACAGTTACAAGAACATTT

1 AGCCGATACGCTATT 1l=Asian elephant cases 1 and 9

2 - 2=Asian elephant case 3

3 - C--AT---- 3=Asian elephant case 7

4 - 4=Asian elephant case 5

5 ——mmmmm e 5=African elephant skin nodules (2 cases)

6 —-----—- C--A----- 6=African elephant vulval lymphoid patch biopsy
7 7=African elephant case 2

. .GCACAGGGCAGACAACT
TCTAGGGGAATGTTCCCGTGTCTGGCTATAGCAGAGTCTGTAACG--C----~ AC-C--GT-

1 GCTAGCTGTTACCAAACAATATATTTGTGACCGATTTAACGATTGGACATTCTTAACGCAAA
2 mmmmmmm e Cmm o
3 A--T--GACC--G---G-------C--C--GA-—————=———————— AT--TC-CGTAG-G-
1 TAGCTCCCGAACTAGTTGATTG l=Asian elephant cases 3, 5 and 6
2=Asian elephant case 10

3 --T-G----T---GAAA--G-- 3=African elephant cases 2 and 8

Fig. 3. DNA sequences of PCR products obtained from several samples of Asian elephant
endothelial disease differ from those of African elephant endothelial disease but are nearly identical
to those from skin and vulval lesions in African elephants. (A) Comparison of DNA sequences
encoding amino acids from positions 386 to 496 (in HSV-1) from the terminase PCR products
obtained from the heart tissue of five Asian elephants (cases 1, 3, 5, 7, and 9) and one African
elephant (case 2) that died with endotheliotropic herpesvirus infection, and from skin papillomas
from two asymptomatic African elephants and a vaginal lymphoid patch biopsy from a wild,
asymptomatic African elephant. With the exception of the heart tissue from the African elephant,
the DNA sequences are nearly identical, with at most a 5-bp difference. DNA sequences from
African elephant case 2 are 80% identical to the Asian elephant terminase sequences. The complete
DNA sequence of the 373-bp PCR product from Asian elephant case 1 has been deposited in
GenBank (accession number AF117265). (B) Comparison of DNA sequences encoding amino acids
from positions 824 to 872 (in HSV-1) from DNA polymerase PCR products obtained from heart
tissue from two African eléphants (cases 2 and 8) and four Asian elephants (cases 3, 5, 6, and 10)
that died with endotheliotropic herpesvirus disease. The African elephant DNA sequences are
identical, and the Asian elephant DNA sequences are 65% homologous to the African elephant
sequences. The complete DNA sequence of the 180-bp PCR product from African elephant case 2
has been deposited in GenBank (accession number AF117266). Dashes indicate nucleotides that are
identical to the topline reference case.
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single survivor during the course of her ill-
ness (Asian elephant case 3), encoded herpes-
virus terminase sequences that had only mi-
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nor variability at the nucleotide level (Fig.
3A). Initially, no terminase PCR products
were obtained from African elephants with

endothelial disease, and conversely, DNA
polymerase—directed PCR generated prod-
ucts from the African cases only, but not from
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Comparison of herpesvirus terminase proteins

K AR N1 R G A DE LI @ D PRV THT N AR B IV MDG
ToH AR RC__ DM AIEDEEMR RV AHT oY ARS(E BNV DA
QTS T IO e T vy S VVCEEHL S SF e S ANNC P CYRLKPTF TSLN
QT IS T Lo YT v s v CE e S s AP CY RLAKPTT TN
NG ST T YOS E BY T B s v C R SR  RER A CCT RL AR TSN

WERSEA T TCPCYRLAKPIF ISLNL)
Vg ADEAEERRY K1 E0A0ER LI EFREOEIR ODFOMODS Y RS TS vHTDS
VSRR N F2A QXM RS DR = DFHL QDAL v (S R VT 1 D
VSR S K o I NS O R F DS L OE v S A G A T D
VS GEK TR N EDANER My (I RS E =D OFA T T AR VT 15D

AVRREADL R PERMOBH §C0ARETCDD__ KEVIEBKEACERGLLYEEER
ATRTEERLAFPERMOPIIRECAVAARER  QVERRAAGERGLL VPR
QVRESEXMEMPGAGMOBITEGHITK ISONT____ VL IfNOSREFEN 1 LEVER
DVRESEMgM PGERMDEIMEGHNK INEET____ VL I{NEER EEL F NG
EVIIREN fEcARTHEMEGATCNVIND___ VLIREQGQTEFEF FIYEE
NIKKTANAFLKDSFNEEILGTTNTSFLAN| PILTDSSVNEFDMIRYST
NIKKTANAFLKDSFNEEILGTTNTSFLANNN

SEHRARTILEADCAGS TELMEDES SLSQGS_LSR_TVREDAIFOLELCRVDR
SHETRTLEMECARDTHLMEEGAAGSNRT_LYR_VVGEAALTORRYCEVIR
0 CEEoRTELEMEGAFTTELMEDGAAATTQTNMHK_VVGEPALVORRLCEVDR
1 EERcETYL L BecHIATELMENMOSHTEVSGNS__ MIHESGLTRLUEFYECDR

ju)

Comparison of herpesvirus DNA polymerase proteins

1 oHELLFERHVEATIET 1 EREMAL ARREVHARWAAFECRLADFFEAADMR _APGPY SMEH
2 ANELLESRPVRATTET I{ER0MBVARR DIV OTRWATRELBERDLFAR PP AGEYAVEN
3 vNERMESRFRAG TR 1ERDMBEREARFEK DNGS EPCERHNF FNQEDY VVGERE “VEARYV
4 Ar el SR ERAS R OFRoM3 ARAGHEEDRCIR PO@ARTVLGLPPE  ATDRFALRV
5  AHELLSVESEASIFCLEREMEC SEVDEVNSKMO SEQGFCBELGLTASD__FTGDLKVEY
6b BACGROLLAYTKSY ICRFNDWEF Liya T RPELYE D
7
8 ANELEFER S TIE MERrMRERAGAFVEALS PAJLOALA PEDAWAP__LNPEGQOLEH
9 ASETLENENATIE FERKMBER SQAFVEAT SERLAGILRRPVD, VSPDARKV
10 AsEr TN FERRMBEN SERVEEGVTPEGLADI LGRRE CAPDASGKV
11 As[E SN T IRFERKMBEK SRAFFIENMS SATLGALMHKT YNPDAYRV

2 ASEILFYT PN ERTMBEK SEAFVEMI TPERL SDIVS VP CDPDASERV
13 OVEKLESRERS oEG FEROM I EKEVOLVESKYTVEJGY ST SARV
14 TVERLFEENS ST ERTMT LKEETAVOEK YC TKIGYKH SAKV
15 BysrREYAKPLEALTEY KERE TRMHITEAMVQKM, NLEV

l=Herpes simplex virus 1 (HSV1,HHV1)

2=5uid herpesvirus 1 (pseudorabies virus, PRV)

3=Human cytomegalovirus (HCMV,HHVS)

4=Murid cytomegalovirus (MCMV,MHV1)

5=Human herpesvirus 6 (HHV6)

6a=Asian elephant cases and African elephant skin lesions
6b=Asian elephant cases
7=African elephant cases

8=Human Epstein-Barr virus (EBV,HHV4)
9=Human herpesvirus 8 (KSHV)

10=Equid herpesvirus 2 (EHV2)

11=Murid gammaherpesvirus (MHV68)

12=Bovid herpesvirus 4 (BHV4)

13=Human and bovine DNA polymerase delta
ld=Yeast (S.cerevisiae) DNA polymerase delta

1

5=Human DNA polymerase alpha

(HHV7).
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Terminase Gamma
Ebvt Hhvat, Hvst
Alpha
Hsv1t
Ehv1t
Prvt
Afeevt
Aseevt
Hhv7t
Memvt  aotemvt
Pcmvt
CMV
01 Beta
Polymerase Ehv2p Gamma
Hvsp
Ebvp
Afeevp Hhv8p
Aseevp Mhv68p
Humdelp
Mdvp
Alpha
P Vzvp
Hsv1p
Agmecmvp
Pcmvp Hemvp
Aotcmvp
Hhvép
Hhv7p Memv Rmemvp  GPOMVP
0.1 Recmvp CMV

Beta

Fig. 4. Confirmation that the DNA sequences found in Asian and
African elephant endothelial disease and African elephant skin lesions
encode herpesvirus proteins but are not closely related to any known
herpesvirus subfamilies. (A) Amino acid sequences of portions of the
terminase and DNA polymerase proteins from selected human and
animal herpesviruses compared to the Asian and African elephant
herpesviruses and cellular DNA polymerases. Positionally matching
amino acids that are identical to those in the Asian elephant versions
in terminase and African elephant versions in polymerase are high-
lighted. The regions shown correspond to amino acid positions 386 to
496 in HSV-1 terminase (=UL 15) and 824 to 882 in HSV-1 DNA
polymerase (=UL 30). (B) Phylogenetic relationship between ele-
phant endotheliolytic herpesvirus and other representative herpesvi-
ruses within the terminase (t) and DNA polymerase (p) protein
sequences. The diagrams were generated by the ProtDist (PAM)
Neighbor program (unrooted) using a 111-amino acid segment of terminase or a 48—amino acid segment of DNA polymerase from about 20 different
herpesviruses representing human and animal examples of alpha-, beta-, and gammaherpesviruses, including all known cytomegalovirus (CMV)
species. Mouse gammaherpesvirus MHV68 terminase and human delta DNA polymerase (Humdel) were used as an outgroup. The Asian and African
elephant endotheliolytic viruses are denoted Aseev and Afeev, respectively. The naming convention for the other viruses used is as follows.
Alphaherpesviruses: Hsv1, herpes simplex virus 1 (HHV1 or HSV1); Vzv, varicella-zoster virus (HHV3 or VZV ); Ehv1, equid herpesvirus 1 (EHV1); Prv,
suid (pig) herpesvirus 1 or pseudorabies virus (SUHV1 or PRV ). Gammaherpesviruses: Bhv, bovine herpesvirus 4 (BoHV4); Hvs, herpesvirus saimiri. 2
(SaHV2 or HVS); Hhv8, human herpesvirus 8 or Kaposi's sarcoma-associated herpesvirus (HHV8 or KSHV ); Ebv, Epstein-Barr virus (HHV4 or EBV );
Mhv68, mouse herpesvirus 68 (MuHV4 or MHV68). Betaherpesviruses: Agmcmv, African green monkey cytomegalovirus (CeHV5); Aotcmv,
herpesvirus aotus 1 or owl monkey cytomegalovirus (AoHV1); Hcmy, human cytomegalovirus (HHV5 or HCMV ); Mcmv, mouse cytomegalovirus 1
(MuHV1 or MCMV ); Pcmy, swine cytomegalovirus (SuHV2 or PCMV ); Gpcmy, cavid (guinea pig) cytomegalovirus (CaHV2); Recmv, rat cytomega-
lovirus English strain; Rmcmy, rat cytomegalovirus Maastricht strain (MuHV2); Hhv6, human herpesvirus 6 (HHV6); Hhv7, human herpesvirus 7
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the Asian elephants with endothelial disease.

To compare the same viral genes derived
from both Asian and African elephants, we
constructed new specific primers based on
the initial sequences obtained for cases 1 and
2. This approach resulted in PCR products
from the DNA polymerase gene of four Asian
elephant cases (3, 5, 6, and 10) that were
nearly identical to each other at the nucleo-
tide level (Fig. 3B). However, sequence com-
parison of the herpesvirus DNA polymerase
regions from the two elephant species
showed only a 76% protein identity between
the viruses detected in Asian and Aftrican
elephant cases (Fig. 4A), with 65% identity at
the nucleotide level (Fig. 3B). This indicates
that two different species of herpesviruses are
present in the elephants studied here. Simi-
larly, PCR products from the terminase gene
region were also obtained from African ele-
phant case 2 once a second set of specific
primers was constructed (7). Sequence com-
parison of the terminase gene region from the
two elephant species showed 80% identity at
the nucleotide level (Fig. 3A), although in
this case the changes were all synonymous
and the encoded proteins showed 100% ami-
no acid identity (Fig. 4A).

Control samples that proved negative in
this study included heart or liver tissue (or
both) from four Asian and four African ele-
phants that died from conditions unrelated to
endothelial disease (Fig. 2). Additionally,
DNAs extracted from peripheral blood (8) of
27 asymptomatic Asian and 13 African ele-
phants, including herdmates from facilities
where herpesvirus deaths had occurred, were
negative for herpesvirus using PCR primer
sets specific for both viruses.

The finding of intranuclear inclusion bod-
ies only in endothelial cells of elephants that
have died with the characteristic disease pro-
vides histomorphological evidence of their
tropism for these vascular cells. In fact, these
endothelial inclusion bodies found in all nine

REPORTS

elephants that died of the herpesvirus infec-
tion are histological hallmarks that may be
pathognomonic for this disease. The endothe-
liotropic disease associated with the elephant
herpesviruses, in conjunction with prominent
intranuclear inclusion bodies, suggests that
these viruses have some of the characteristics
of betaherpesvirus (9). Indeed, the proteins
encoded by the PCR-amplified DNA ob-
tained from each of the eight Asian and two
African elephants that were affected with the
disease are clearly those of herpesviruses, but
they are distinct from any of the currently
known herpesviruses (Fig. 4). Comparison of
amino acid sequences that are characteristic
for each subfamily (Fig. 4A) and the results
of a phylogenetic tree analysis (Fig. 4B) re-
veal that the terminase protein of the elephant
herpesviruses shows slightly greater similar-
ity to betaherpesviruses than to alpha- or
gammaherpesviruses, but it is clearly not that
of a cytomegalovirus (CMV). Similarly, the
elephant virus DNA polymerase proteins do
not fit into any of the herpesvirus subgroups
(Fig. 4) (10). These findings, together with
the unique pathogenesis, suggest that the
causative agents of elephant endothelial dis-
ease either are outliers of mammalian beta-
herpesviruses or may belong in a previously
unrecognized subfamily.

In many of the facilities with herpes-related
elephant deaths, African and Asian elephants
are known to have had direct or indirect contact
with each other. Because localized cutaneous
herpesvirus lesions have been reported in Afri-
can elephants (/7), preserved samples were ob-
tained from skin papillomas from otherwise
asymptomatic, wild-born African elephants that
were imported to Florida in the early 1980s. We
also obtained a skin papilloma from a wild bull
elephant from the Kruger National Park in
South Africa, as well as biopsy specimens of
vulval lymphoid patches (/2) from wild Afti-
can elephants from Zimbabwe. Histologically,
intranuclear inclusion bodies were present with-

Table 1. Cases of endotheliotropic herpesvirus infection in elephants in North American zoos. Case 3 was

the only survivor.

in epithelial cells of the deep epidermis in the
skin papillomas (Fig. 1C), which contained
both filled and empty herpes-like nucleocap-
sids, including capsids apparently undergoing
envelopment at the nuclear membrane (Fig.
1D). The vulval lymphoid patch biopsies did
not have light or electron microscopic evi-
dence of viral particles. Surprisingly, in
each of these African elephant tissues, we
obtained PCR products of the terminase
gene region (Fig. 2A) that, when se-
quenced, proved to encode protein se-
quences identical to those obtained from
the eight Asian elephants with endothelio-
tropic herpesvirus disease (Figs. 3A and
4A). Control samples that proved negative
included pustular skin lesions from two
African and three Asian elephants without
evidence of inclusion bodies, and suppura-
tive or noninflammatory vulval lesions
from one Asian and two African elephants.

Although the number of cases is currently
small, this may be evidence for the existence
of a herpesvirus that is indigenous to and
nonlethal in African elephants (perhaps latent
in the lymphoid patches and productive in the
papillomas). When this virus is present in
captive African elephants and inappropriately
cross-infects young Asian elephants, the re-
sulting primary disease is apparently lethal.
We further suggest that the endothelial dis-
ease fatalities in the African elephants may
have originated as an indigenous Asian ele-
phant herpesvirus. It is also possible, but less
plausible, that endothelial disease is a result
of reactivation of a latent infection and that
some other stressor contributes to reactiva-
tion and dissemination of these herpesvi-
ruses. However, only cross-species infection
can account for the same virus being present
in the diseased, young captive Asian ele-
phants as in the asymptomatic adult African
elephants in the wild. The status of herpesvi-
ruses in wild Asian elephants is currently
unknown, because it has not yet been possi-
ble for us to obtain elephant tissue samples
from Asian countries.

We also have shown by similar pathologic
and molecular studies of the Asian circus

I;le- Species Origin Age sex O™ Location Cgurse elephant frf)m Switzerland (3) and from an
phant set (days)  aborted Asian elephant fetus from a German
Recent cases 1 Asian Washington, 16 months F 1995  Washington, 5 200 tha? they wgre infected with th‘? same
DC DC herpesvirus obtained from both the diseased
2 African  California 11 months M 1996 California 3 North American Asian elephants and the
3 Asian  Missouri 17 months ~ F 1997  Missouri 10 asymptomatic Aftrican elephants (/3). When
Retrospective 4  Asian New York 18 months M 1983  New York 5 an orphan elephant from India died in 1997, 2
cases Tt ;
months after arrival at a zoo in Jerusalem, we
5  Asian  Florida 26 years F 1986 Ontario 1 noted morphologic evidence of the same iler-
6 Asian Texas 4.5 years M 1988  Ontario 3 0 " ‘rp . glc ev X
7 Asian  Texas 2.5 years F 1991  Illinois 2 pesvirus }11fectlon described here. These ﬁqd—
8  African Texas 13 years F 1991 Texas 4 ings indicate that the elephant endothelial
9  Asian  Missouri 18 months ~ F 1993  Missouri 3 herpesvirus disease is likely to be worldwide
. 10 Asian  Oklahoma 7 years M 1993  Oklahoma ? wherever Asian and African elephants have
Uncac;r;fslrmed 11 Asian California Adult F 1980 California 1 come together. We suggest that these ele-
C . .
12 Asian Hawaii 5 years F 1086  Hawaii 1 phant herpesviruses have contributed to a

substantial proportion of captive-born ele-
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phant mortalities and that an accurate ac-
counting of this disease has been limited by
the unavailability of case material before the
1980s.

The only known survivor of infection by
this herpesvirus, Asian elephant case 3, was
diagnosed very early in the course of the
disease in November 1997 by clinical find-
ings and positive PCR results on peripheral
blood. The elephant’s clinical recovery in this
case was attributed to the use of an anti-
herpesvirus drug, famciclovir (/4). The fa-
vorable drug response shows promise for
treatment of future cases of this disease. We
are continuing an intensive investigation of
these viruses, as we believe the disease they
cause represents a threat to elephant conser-
vation. Our findings also have implications
for management practices in facilities keep-
ing both African and Asian elephants and in
protecting natural elephant habitats from vir-
ulent forms of the virus. There is also an
urgent need to develop serological tests that
can discriminate between the two viruses and
permit identification of possible asymptom-
atic carrier animals.
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Three-Dimensional Structure of
a Recombinant Gap Junction
Membrane Channel

Vinzenz M. Unger,"* Nalin M. Kumar," Norton B. Gilula,’
Mark Yeager'?f

Gap junction membrane channels mediate electrical and metabolic coupling
between adjacent cells. The structure of a recombinant cardiac gap junction
channel was determined by electron crystallography at resolutions of 7.5
angstroms in the membrane plane and 21 angstroms in the vertical direction.
The dodecameric channel was formed by the end-to-end docking of two hex-
amers, each of which displayed 24 rods of density in the membrane interior,
which is consistent with an a-helical conformation for the four transmembrane
domains of each connexin subunit. The transmembrane «-helical rods con-
trasted with the double-layered appearance of the extracellular domains. Al-
though not indicative for a particular type of secondary structure, the protein
density that formed the extracellular vestibule provided a tight seal to exclude
the exchange of substances with the extracellular milieu.

Gap junction membrane channels are macro-
molecular complexes that allow the direct
exchange of small molecules and ions be-
tween neighboring cells (7); thus, these chan-
nels have an important role in maintaining
homeostasis within tissues. Electrophysiolog-
ical measurements, as well as dye-transfer
studies in vivo, have revealed that signal
transmission through gap junctions can be
modulated by a variety of molecules and
physiologic conditions [reviewed in (2-5)].
A diverse multigene family of polytopic gap
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junction membrane proteins are known as con-
nexins (5, 6). Several human diseases have
been related to connexin mutations, such as the
X chromosome-linked form of Charcot-Marie-
Tooth disease (7, 8); the most common form of
nonsyndromic neurosensory autosomal reces-
sive deafness (9, 10); and, possibly, develop-
mental anomalies of the cardiovascular system
in some patients (/7). In addition, transgenic
mice lacking o, connexin43, the principal gap
junction protein in the heart, die soon after birth
and exhibit developmental malformations (12,
13). Heterozygotes are viable but display
slowed ventricular conduction (/4).

Previous analyses of gap junction structure
have been limited to relatively low resolution,
which is partially due to the heterogeneity of
the specimens (/5). A model based on electron
microscopy and x-ray-scattering experiments
suggests that the intercellular channel is formed
by the end-to-end interaction of two oligomers
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