nient to culture than the cells normally
responsible for producing «lAT, such as
hepatocytes and mononuclear phagocytes
(2, 3, 17). Nevertheless, the fibroblasts pro-
duced human «lAT that diffused into the
blood and, more importantly, reached the
lower respiratory tract of the lung. Although
large amounts would have to be produced
by such cells in order to effectively treat
alAT deficiency, modifications such as the
transplantation of clones containing multi-
ple copies of the integrated gene could make
this a feasible approach (18).

In addition to the long-term application
of this approach to the therapy of hereditary
disorders, transplantation of retroviral vec-
tor-produced clones secreting other proteins
active in the extracellular milieu might pro-
vide a new approach to study the in vivo
effects of such hormones and growth fac-
tors.
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Myocardial Failure in Cats Associated with Low
Plasma Taurine: A Reversible Cardiomyopathy

P. D. Pron, M. D. KitTLESON, Q. R. ROGERS, J. G. MORRIS

Thousands of pet cats die each year with dilated cardiomyopathy, the cause of which is
unknown. Although taurine is present in millimolar concentrations in the myocardium
of all mammals, taurine depletion has not previously been associated with a decrease in
myocardial funiction in any species. In this study, low plasma taurine concentrations
associated with echocardiographic evidence of myocardial failure were observed in 21
cats fed commercial cat foods and in 2 of 11 cats fed a purified diet containing
marginally low concentrations of taurine for 4 years. Oral supplementation of taurine
resulted in incréased plasma taurine concentrations and was associated with normaliza-
tion of left ventricular function in both groups of cats. Since myocardial concentrations
of taurine are directly related to plasma concentrations and low plasma concentrations
were found to be associated with myocardial failure in cats, a direct link between
decreased taurine concentration in the myocardium and decreased myocardial mechan-

ical function is proposed.

ILATED CARDIOMYOPATHY (DCM),
a degenerative disease of the myo-
cardium, results in decreased myo-
cardial contractility (myocardial failure).
DCM has been reported in humans, dogs,
cats, and other species (I). The etiology of
primary DCM in most cases, regardless of
the species, is unknown and the prognosis is
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poor (1). The incidence of DCM in domes-
tic cats is unknown, but a retrospective
study at a large urban veterinary referral
center revealed that 193 (3.0%) of 6385
consecutive necropsy reports on pet cats that
died between January 1962 and December
1977 indicated a gross pathologic diagnosis
of DCM (2).

Taurine (2-aminoethanesulfonic acid) is
an essential nutrient for cats and possibly
primates, including humans (3). The most
prominent clinical sign associated with tau-
rine deficiency in humans and animals is
photoreceptor cell degeneration (3). Tau-
rine is not a constituent of mammalian
proteins and its major metabolic role has
been attributed to bile salt conjugation (4).
Myocardium and retina have the highest
concentration of free taurine in the body,
ranging between 100 and 400 times that
found in plasma. This concentration gradi-
ent is maintained by an energy-dependent
transport process that is saturable and is
mediated, at least in part, by adrenergic
mechanisms (5). Taurine may play a role in
the inotropic, metabolic, and osmotic regu-
lation of the myocardium (6). In addition,
congestive heart failure in humans, dogs,
and rabbits is associated with increased
myocardial taurine concentrations (7). Al-
though several studies imply that taurine
affects the inotropic properties of the heart
in vivo and in vitro in several species, includ-
ing humans (8), the basic physiologic func-
tion of taurine in the heart is unknown.

Taurine depletion is difficult to induce in
most species. In cats, however, the biosyn-
thesis of taurine is minimal and conjugation
of bile acids with taurine is obligatory.
Feeding taurine-deficient diets to cats results
in low concentrations of taurine in plasma
and tissues, including the retina and myocar-
dium (3, 9). Taurine depletion for more
than 6 months may produce feline central
retinal degeneration (FCRD) (3, 9). In tau-
rine-depleted rats, no mechanical cardiac
abnormalities have been noted, and mechan-
ical function of the heart has not been
specifically investigated in taurine-depleted
cats (9). In this report we present results
that implicate low concentrations of taurine
in the plasma [and therefore by deduction in
myocardial tissues (5, 9)] as a major causal
factor of DCM in cats.

Twenty-three cases of DCM were diag-
nosed at the University of California Veteri-
nary Medical Teaching Hospital between 1
December 1986 and 1 April 1987. DCM
was diagnosed by echocardiography in 21
client-owned cats (group 1) and in 2 of 11
female cats maintained in a specific patho-
gen-free (SPF) colony fed a purified diet
containing marginal concentrations of tau-
rine (250 or 500 mg per kilogram of dry
diet) for 4 years (group 2). M-mode echo-
cardiograms, indirect funduscopic examina-
tions, plasma taurine concentrations, and
dietary histories were obtained for all cats.

Four cats died from congestive heart fail-
ure within hours of arriving at the clinic.

School of Veterinary Medicine, University of California,
Davis, Davis, CA 95616.
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One cat, which initially appeared to be
responding to therapy, died after 2 weeks
from renal failure; another was humanely
killed at the owner’s request 4 weeks after
beginning therapy because of recurrent
pleural effusion that was not responsive to
aggressive diuretic therapy. Seventeen cats,
treated and followed for 10 to 26 weeks, are
alive and clinically normal. Serial echocar-
diographic results and plasma taurine con-
centrations from these 17 cases are present-
ed.

The echocardiographic criterion for diag-
nosis of DCM was an end-systolic diameter
greater than 12 mm with a shortening frac-
tion [defined as (end-diastolic diameter —
end-systolic diameter)/end-diastolic diame-
ter] less than 35% in cats with no evidence
of other underlying acquired or congenital
anatomic or functional cardiac abnormalities
(Fig. 1) (10). The echocardiographic varia-
bles shown in Fig. 2 are the mean of mea-
surements made by two observers who were
unaware of the clinical or therapeutic status
of each animal. Plasma taurine concentra-
tions were determined by means of an ami-
no acid analyzer (11).

Client-owned cats were treated with crys-
talline taurine (0.5 g administered orally
twice daily) and with furosemide and capto-
pril as needed to control signs of congestive
heart failure (12). Digoxin (12) was contin-
ued in one cat that had been treated with
this positive inotrope for 2 years prior to
supplementation with taurine. Positive ino-
tropic agents were not administered to any
other cats. The two cats in group 2 that were
found to have DCM after being fed purified
diets with marginally low taurine concentra-
tions were treated by increasing the taurine
concentration in the purified diet to 5000
mg of taurine per kilogram of dry diet
(equivalent to 250 to 500 mg of taurine per
day) for 21 days; they were then switched to
a diet containing 1500 mg of taurine per
kilogram of dry diet. No diuretics, captopril,
or inotropic agents were administered to the
cats in group 2.

Statistical significance of changes in end-
diastolic diameter, end-systolic diameter,
and shortening fraction over time with tau-
rine supplementation was performed by
analysis of variance with the use of SAS
GLM (13) on a microcomputer; measure-
ments before treatment were contrasted
with measurements after taurine treatment
and the significance values were adjusted to
consider multiple observations by using the
Bonferroni correction (13). P < 0.05 was
considered significant.

All cats except cat 19 with echocar-
diographic evidence of DCM had low con-
centrations of plasma taurine (10 % 6,
range = 1 to 20 nmol/ml) (Table 1) when

14 AUGUST 1987

compared to 55 client-owned cats brought
to our hospital with diet histories that did
not include the commercial foods implicated
(Table 1) in producing DCM in association
with low plasma taurine concentrations by
our studies (82 * 33, range = 31 to 147
nmol/ml). Eight cats with low plasma tau-
rine and DCM had retinal lesions (FCRD),
verifying a long-term taurine deficiency.
Every cat improved clinically (appetite,
activity, and respiratory pattern) during the
first 2-week period of taurine supplementa-
tion, but no cat improved echocardiographi-
cally before the second 2-week period (that
is, 3 to 4 weeks after beginning taurine
supplementation). As shown in Fig. 2 and
Table 2, no statistically significant improve-
ment in end-systolic diameter and shorten-
ing fraction (that is, the echocardiographic
indices of systolic function used in this
study) was apparent in the population until
periods 3 and 2, respectively. At this time all
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17 cats are clinically and echocardiographi-
cally normal and are no longer receiving
medication for their heart failure.

In primary (idiopathic) DCM in humans
and cats there is a remarkable lack of specific
light or electron microscopic lesions (1). For
this reason it is logical to hypothesize a
biochemical and not a physical abnormality
as the underlying etiology (I4). A small
percentage of cases of DCM in humans and
dogs is known to result from carnitine defi-
ciency, and in such cases carnitine supple-
mentation may be curative (15). We pro-
pose that, in cats, the biochemical abnormal-
ity is a deficiency of myocardial taurine and
that taurine supplementation reverses the
biochemical abnormality and subsequent
myocardial failure.

In this study DCM was associated with
low plasma taurine concentrations in every
case. Rat myocardium in vitro can concen-
trate taurine to 400 times that of plasma (5).
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Fig. 1. M-mode cchocardiograms from one cat before and after taurine supplementation. M-mode
echocardiograms were recorded with a 7.5-MHz focused transducer from the lower right third or
fourth intercostal space with cats in left lateral recumbency. Left ventricular end-systolic diameter
(ESD) was measured as the distance between the left interventricular septal endocardial surface and the
left ventricular free wall endocardial surface at the smallest dimension available and left ventricular end-
diastolic diameter (EDD) was measured as the distance between the same surfaces at the onset of the
QRS complex on the clectrocardiogram (21). Shortening fraction (SF) was calculated as: SF = (EDD ~
ESD)/EDD. (A) M-mode c¢chocardiogram from the first client-owned DCM cat treated with taurine at
presentation; (B) echocardiogram of the same cat as in (A) after 10 weeks of taurine supplementation.
The cat’s diet was not changed and all other medications were discontinued 5 wecks after beginning
therapy. Depth markers are automatically printed on the recording and represent 1 cm.
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In normal cats, the ratio between myocardial
and plasma taurine concentrations is about
100:1 (9). In taurine-depleted cats the ratio
is reported to be about 250:1 (9). There-
fore, the measured plasma taurine concen-
trations in cats with DCM, which ranged
from 1 to 20 nmol/ml, suggests that myocar-
dial taurine concentrations were between
250 and 5000 nmol per gram of tissue (wet
weight). Normal cat myocardial taurine
concentration is 6,000 to 18,000 nmol per
gram of tissue (9). It is therefore reasonable
to deduce that myocardial concentrations of
taurine were subnormal in the cats that we
found had chronically low plasma taurine
concentrations. With the possible but un-
likely exception of the presence of a myocar-
dial taurine transport defect, it is also rea-
sonable to deduce that myocardial taurine
concentrations were normal to increased in
cats supplemented with taurine.

The end-diastolic diameter was initially
enlarged in cats with DCM but decreased
after taurine administration (Fig. 2A, Table
2). There are two possible explanations for
this decrease. First, both furosemide (a di-
uretic) and captopril [an angiotensin con-
verting enzyme inhibitor (ATCEI)] de-
crease intravascular volume and can decrease

intraventricular filling pressures and volume
(preload). This could have contributed to
the observed decrease in end-diastolic diam-
cter in the 14 client-owned cats given these
drugs to control signs of congestive heart
failure. An alternative explanation, indepen-
dent of furosemide or captopril, is that the
improved systolic performance increased
stroke volume (that is, the volume of blood
pumped per heart beat), increasing blood
flow to the kidneys and glomerular filtration
and thus decreasing sodium and water reten-
tion. The resultant net sodium and water
excretion could have decreased intravascular
volume and contributed to the decreased
end-diastolic diameter (16). Diuretics and
captopril decrease intravascular volume and
ventricular filling pressures within a few
days of starting therapy (17). The time
course of the decrease in end-diastolic diam-
eter suggests that improved systolic per-
formance rather than diuretic or ATCEI
therapy was the major influence since end-
diastolic diameter did not decrease signifi-
cantly until 5 to 6 weeks after the initiation
of taurine supplementation, coincident with
improved systolic performance.

The end-systolic diameter (Fig. 2B) was
initially increased. The magnitude of the

increase in end-systolic diameter and the
compensatory increase in end-diastolic di-
ameter is characteristic of a profound chron-
ic decrease in myocardial contractility (16).
The decrease in end-systolic diameter after
taurine supplementation could have been
the result of improved myocardial function
or a decrease in afterload (16). The shorten-
ing fraction (Fig. 2C) was initially low.
Shortening fraction is an index of left ven-
tricular function providing information
analogous to the angiographic ejection frac-
tion (10). Again, the magnitude and time
course of change in end-systolic diameter
and shortening fraction suggest a marked
improvement in myocardial performance.
Captopril can decrease afterload via arterio-
lar dilation but this effect would be apparent
within hours to days rather than weeks (17).
Similarly, an acute pharmacologic effect of
taurine on myocardium can be ruled out
since a significant decrease in end-systolic
diameter and increase in shortening fraction
was not observed before period 3 (5 to 6
weeks) and period 2 (3 to 4 weeks), respec-
tively. These results therefore suggest that
taurine supplementation corrects an unex-
plained myocardial abnormality caused by
taurine deficiency.

Table 1. Demographic information, clinical and dietary history, and initial taurine concentration in the 23 cats with DCM. The data under “Outcome” show
weceks from time of diagnosis to last observation or A, died of noncardiac cause; B, died within hours of hospitalization; C, humanely killed at the owner’s re-
quest after 4 weeks of taurine supplementation. Plasma taurine concentrations were measured at the time each cat first arrived at the hospital.

Diett changed
Cat Out- Age Sex* Breed Taurine FCRD , during
come (years) (nmol/ml) Type Dry/ Time taurine
wet (years) therapy
1 26 5 F DSH 5 No P D 4 Yes
2 26 5 F DSH 8 Yes P D 4 Yes
3 20 12 ES DLH 11 No a W 3.5 Yes
4 20 5 MC Siamese 15 No b W/D 2 No
5 21 3 ES Manx 15 No a W/D 3 Yes
6 15 7 MC DSH 2 Yes a D/W 5 No
7 18 5 M Himal/X 4 Yes d D 5 Yes
8 27 10 MC DSH 7 Yes d D 10 No
9 16 12 MC DLH 7 Yes d D 12 No
10 16 10 ES DSH 4 Yes a D 3 No
11 20 12 ES DLH 6 No b W/D 1 No
12 15 4 MC ABY 3 No a, ¢ W 1 No
13 17 5 ES DLH 19 No d, b D 5 Yes
14 18 8 ES DSH 30§ No a D 35 Yes
15 14 4 ES DSH 4 No a W 35 Yes
16 12 2 MC DSH 15 No b W/D 1 Yes
17 16 5 ES DSH 20 No a D/W 1 Yes
18 A 7 FS DSH 20 Yes e W 7 No
19 B 5 M DSH 5111 Yes b D 4
20 B 8 ES DLH 5 NOESY a W 3
21 B 7 MC Somali 17 NOE a W 35
22 C 4 ES DSH 13 NOE f,g w 4
23 B 7 ES DSH 1 NOE a W 2
Average 18.8 6.7 9.7# 4.0
SD 4.3 29 6.2 2.7

*M, male; MC, castrated male; F, female; FS, spayed female.

+DSH, domestic short hair; DLH, domestic long hzir; ABY, Abyssinian; Himal/X, Himalayan cross. 1P,

purified; a, Hill's C/Dj; b, Hill’s Science Diet Maintenance; ¢, Hill’s H/D; d, Purina Cat Chow; ¢, 9 Lives Beef and Liver; f, Carnation Fancy Feast Beef and Liver; g, Blue Mountain
Kitty O’s; D, dry; W, wet; foods are listed in the order of most to least commoniy fed. §Cart’s diet was changed to a mixture of foods 2 months prior to presentation. I1Cat
diagnosed as having an aortic thromboembolism; the normal taurine concentration may be explained by release of taurine from ischemic sielctal muscle. INOE, no
ophthalmologic examination was performed prior to death. #Cats 14 and 19 were not included in the taurine summary statistics for reasons stated above.
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In dilated cardiomyopathy in both hu-
mans and cats, two subsets of individuals are
recognized: one large subset progresses rap-
idly to death, the other smaller subset stabi-
lizes and even improves clinically or echocar-
diographically (18). Prior to this study,
most cats with DCM could not be stabilized
on any method of therapy. Occasionally a
cat could be controlled for 6 to 12 months,
and rarely for longer than 2 years (19).

We retrospectively collected data on a
third group of 27 cats diagnosed as having
DCM at our hospital between 1 January
1980 and 1 November 1986. Of these cats,
23 (85%) died 32 * 53 (range = 0.5 to
240) days after first arriving at the hospital.
Four of these cats are alive today. Three of
the surviving cats have dietary histories that
demonstrate a change in diet coincident
with improvement of clinical signs. One of
these three cats relapsed when it was again
fed a diet that we have shown causes low
plasma taurine (20); subsequent recovery
was again associated with dietary alteration.
The fourth cat is cat 3 in Table 1. This cat
was diagnosed as having DCM in June 1985
and was clinically stabilized on inotropic and
diuretic therapy with no evidence of im-
proved myocardial function on repeated

echocardiograms. In January 1987 this cat
became critically il with signs of biventricu-
lar failure and cardiogenic shock. Supple-
mentation with taurine resulted in normal-
ized echocardiographic parameters of left
ventricular function. This cat is now clinical-
ly normal and receives no medication.

That low plasma taurine was the primary
cause rather than the result of myocardial
failure is suggested by the following: (i) all
client-owned cats were eating commercial
diets that induce low plasma taurine (20);
(11) 2 of 11 laboratory cats with experimen-
tally induced low plasma taurine developed
DCM,; and (iii) affected cats in both groups
improved clinically and echocardiographi-
cally when supplemented with taurine.

Since our study shows that chronic tau-
rine depletion causes DCM in cats, the
possibility that taurine depletion is associat-
ed with DCM in other species should also
be investigated. However, in view of the
metabolic requirements for taurine in the cat
compared with other species, such an associ-
ation seems unlikely. Chronic taurine deple-
tion in the cat may provide a new model for
studying ventricular function, potential ino-
tropic agents, and the mechanisms by which
taurine affects myocardial function.
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Fig. 2. Mecan = SEM of (A) EDD, (B) ESD, and (C) SF for the 15 taurine-supplemented cats with
DCM. Each period represents a 2-week interval except period 5, which represents a 4-week interval
including weeks 9 through 12 (that is, period 0 is the date taurine therapy was begun, period 1
represents weeks 1 and 2 after beginning taurine therapy, period 2 represents weeks 3 and 4 after
beginning taurine therapy, and so on) (see Table 1). The horizontal dotted lines represent the upper
(EDD and ESD) and lower (SF) limits of clinical normality (95% confidence interval) in cats (8). The
level of significance for differences in echocardiographic parameters determined for each 2-week period
after beginning taurine therapy is shown in Table 2.

Table 2. Results of statistical analysis of changes in EDD, ESD, and SF. Each period is contrasted with
period 0 (day of original observation). Mean plasma taurine concentrations are reported. Normal
plasma taurine concentration for client-owned cats determined in our laboratory is 82 + 33 nmol/ml.

Probability when Taurine
Period Weeks N contrasted with period 0 (nmol/ml)
EDD ESD SF Mean SD Range
0 0 17 9.7 6.2 1-20
1 2 8 1.0000 1.0000 1.0000 551 533 133-1898
2 3-4 8 0.7950 0.0710 0.0370 419 339 72-1058
3 5-6 10 0.0035 0.001 0.0095 574 840 99-2593
4 7-8 8 0.0005 0.0005 0.0015 460 331 75-967
5 9-12 14 0.0005 0.0005 0.0005 521 342 185-1210
Normal 55 82 33 31-147
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Age and Diet of Fossil California Condors in

Grand Canyon, Arizona

STEVEN D. EMSLIE*

A dozen new radiocarbon dates, together with a thorough review of its fossil
distribution, shed new light on the time and probable cause of extinction of the
California condor, Gymnogyps californianus, in Grand Canyon, Arizona. The radiocar-
bon data indicate that this species became extinct in Grand Canyon, and other parts of
the inland West, more than 10,000 years ago in coincidence with the extinction of
megafauna (proboscidians, edentates, perissodactyls). That condors relied on the
megafauna for food is suggested by the recovery of food bones from a late Pleistocene
nest cave in Grand Canyon. These fossil data have relevance to proposed release and
recovery programs of the present endangered population of California condors.

URING THE IATE PLEISTOCENE

(Rancholabrean Land Mammal

Age) at least two species of large
vultures lived in North America. These spe-
cies were the extinct condor, Breagyps clarks,
known primarily from Rancho La Brea,
California, and the California condor, Gym-
nogyps californianus (1), which is near extinc-
tion today. These species differed from one
another primarily in the bill and cranium; B.
clarki had an elongated beak that may have
allowed it to feed on viscera deep inside
carcasses, much as griffon vultures do in
Africa today (2). Fossils of G. californianus
have been reported from sites throughout
western North America and Florida, of
which only two have been radiocarbon dat-
ed previously (3) (Table 2). The presence of
California condor remains on the surface of
cave floors, occasionally with archeological
artifacts, has led some authors to suggest
that until recently G. californianus ranged
and nested in many areas of the western
United States (4, 5). This suggestion implics
that the condor’s decline has occurred only
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within the past two centuries. With the
exception of sites in coastal California and
Oregon (6) no direct association of condor
remains with archeological artifacts are
known. Moreover, in dry caves in the west-
ern United States it is not unusual to find
surface remains of extinct mammals dated at
11,000 to 12,000 years old or older next to
artifacts dating from 1,000 to 4,000 years
old.

An alternative hypothesis is that the con-
dor was widely extirpated at the close of the
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Pleistocene in conjunction with the disap-
pearance of many large mammals and birds,
but managed to survive in Pacific coastal
regions where it still occurs today (7). Until
now, no reliable method has been available
to test either of these hypotheses. The tan-
dem accelerator mass spectrometer (TAMS)
provides accurate radiocarbon analysis of
very small samples (1 to 3 mg or less) of
organic material and provides a means for
obtaining dates on many fossil birds. I re-
port the first series of dates completed on a
single species of fossil bird in an effort to
determine the exact time and cause of the
condor’s extinction at eight sites in the
Grand Canyon of Arizona and at five sites in
New Mexico and Texas. This study also
provides evidence of the feeding habits of
tossil G. californianus.

Surface and subsurface fossils of condors
were collected from eight caves in Grand
Canyon in 1984 (Table 1). Most of these
caves are located high on vertical cliffs,
inaccessible to all animals except birds and
small, cliff-dwelling vertebrates; similar lo-
calities are used for nesting by the California
condor today (8). In all but one cave, only
one to four condor bones were found on the
surface. The exception, Sandblast Cave (ele-
vation, 900 m), yielded partial skeletons of
at least five condors. These remains were
deposited in a large packrat midden just
inside the entrance of the cave and were
found in association with numerous condor
eggshell and feather fragments, and bone
fragments of large mammals including horse
(Equus sp.), bison (Bison sp.), mammoth
(Mammuthus sp.), camel (?Camelops sp.),
and extinct mountain goat (Oreamnos har-
ringtoni). Bone porosity indicates young
individuals, perhaps near fledgling age. Be-
cause the bones are complete and partly
articulated, it is reasonable to infer that the
condors died in the cave and that this cave
was used for nesting by adult condors.

The bones of large mammals associated

Fig. 1. Distribution of radiocar-
bon dates on Pleistocene mega-
fauna and California condor,
Gymnogyps californianus. Mega-
fauna dates arc from D. ].
Meltzer and J. 1. Mead (12);
only those dates considered
most reliable [score of 8 or 9
(12, figure 1, p. 163)] are plot-
ted. On the basis of their rating
system, all dates of condor bone
are rated 7 and all those of
tissuec are rated 9. Note the
break on the vertical axis to
account for the large number of
dates between 11,000 and
11,500 B.D.
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