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V. Richardson [Colo. State Univ. (Fort Collins)
Hydrol. Pap. 63 (1973)] found that the rate of
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low flows was closely related to flow power. See
also (Z1).
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minutes multiplied by the total kinetic energy re-
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17. R. H. Webb and H. G. Wilshire (J. Arid Envir.,
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initial severe disturbance. The Wahmonie site
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cated on the Nevada Military Test Site, which is
closed to the public.

18. R. E. Eckert, M. K. Wood, W. H. Blackburn,
F. F. Peterson [J. Range Manage. 32, 394
(1979)] studied the effects of crust development
on infiltration and the production of suspended
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Farres [Earth Surf. Process. 3, 243 (1978)] ex-
perimentally demonstrated that a considerable
surface crust may form during a single rainfall.

19. D. Sharon, Z. Geomorphol. 6, 129 (1962).
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Photoperiodic Control and Effects of Melatonin on

Nonshivering Thermogenesis and Brown Adipose Tissue

Abstract. Exposure to a short photoperiod improved the thermogenic capacity,
and cold resistance of Djungarian hamsters and increased the respiratory power of
their brown adipose tissue. Exposure to a long photoperiod caused a decrease in
thermogenic measurements. This thermotropic action of the short photoperiod was
detectable only during late summer and fall. A similar thermotropic response could
be elicited by implanting hamsters with melatonin, indicating that the pineal may be
involved in photoperiodic control of thermoregulatory effectors.

At thermoneutrality, most small mam-
mals have only a small capacity for non-
shivering thermogenesis (NST); full ca-
pacity is developed after a few weeks of
cold adaptation (/). This thermogenic
improvement is always accompanied by
an increase in mass or by structural
changes improving the metabolic capaci-
ty of brown adipose tissue (BAT), which
is the most important site of NST (2).
The uniformity and intensity of thermo-
genic improvements during cold adapta-
tion in the laboratory suggest that sea-
sonal changes of NST in field popula-
tions of small mammals living in temper-
ate latitudes are simply a consequence of
seasonal changes in ambient temperature
(T.). However, there is evidence that
nonthermal stimuli, such as the photope-
riod, may also affect the development of
NST and BAT (3). Furthermore, season-
al changes of NST were observed in
Djungarian hamsters living in a seasonal-
ly changing photoperiod at constant ther-
moneutral T, (4¢). To test whether this
seasonality was the result of photoperi-
odic control, we exposed Djungarian
hamsters to long or short photoperiods at
different times of the year and measured
the changes in their thermogenic capaci-
ty as well as in the oxidative capacity of
BAT.

Djungarian hamsters, Phodopus s.
sungorus, were bred and raised in the
laboratory under naturally changing pho-
toperiodic conditions, at a constant T, of
23°C. At different times of the year (Fig.
1), hamsters were transferred from the
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natural photoperiod to either a long (16
hours of light per day) or short (8 hours
of light) photoperiod at the same 7, of
23°C. After 2 months, the hamsters were
subjected to a cold resistance test (5),
and their capacity for NST was estimat-
ed from the thermogenic response to
noradrenaline (NA) (0.8 mg per kilogram
of body weight) in the nonanesthetized
animals. After analysis of thermogenic
measurements, BAT was removed for
preparation of mitochondria (6). The

Fig. 1. Seasonal variation of
photoperiodic effects on NST
and on BAT mitochondria.
The solid line surrounded by a
dotted area shows the season-
al development of both param-
eters when hamsters were

NA-induced VO, (mi/g-our)

specific amount of mitochondria was de-
termined from the activity of four mito-
chondrial marker enzymes measured in
the tissue homogenates and in the isolat-
ed mitochondrial fraction (7). In addi-
tion, the DNA content of BAT was de-
termined in order to evaluate changes in
the mitochondrial portion per cell of
BAT.

Djungarian hamsters responded to the
short photoperiod by an increase in ther-
mogenic capacity in comparison with
hamsters kept at the long photoperiod
(Table 1). Maximum cold-induced oxy-
gen consumption (VO,) and NST were
both elevated by about 2.5 ml of oxygen
per gram per hour (29 percent and 36
percent, respectively), which enabled
these hamsters to maintain normother-
mia down to a T, of —41°C during the
cold resistance test. The effect of the
short photoperiod was even more exag-
gerated when respiratory capacities of
BAT were compared. Cytochrome oxi-
dase activity was increased by 116 per-
cent, and mitochondrial protein was in-
creased by 76 percent in the short photo-
period. These biochemical changes indi-
cate an improvement of thermogenic
capability for BAT, as expected for an
enhanced NST capacity. Cytochrome
oxidase and mitochondrial protein were
evaluated per unit of fresh weight of
BAT as well as per unit weight of DNA
in BAT. The two modes of expression
gave similar changes due to photoperiod-
ic stimulation, indicating that intracellu-
lar respiratory capability of single BAT
cells was affected by the photoperiod.

Similar photoperiodic treatments were

+«% Natural photoperiod
O 16 hours light
® 8 hours light

kept in a seasonally changing 4
photoperiod but at constant T,
of 23°C. The arrows indicate
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Table 1. Effect of photoperiod and melatonin on thermogenesis and properties of brown adipose tissue in Phodopus from 3 October to 10
December 1979. For treatment with melatonin, each hamster received two implants of crystalline melatonin in Silastic capsules (/8) at the
beginning of the photoperiod exposure. Values are means + S.E.; N = 8 for biochemical data; N = 9 for physiological data.

Long photoperiod

Short photoperiod

Melatonin- Melatonin-
Control implanted Control implanted
Maximum cold-induced VO, (ml/g - hour) 8.94 + 0.17 12.35 = 0.23f 11.53 = 0.51% 11.57 = 0.43
Cold limit (°C) . -372 =17 -44.0 = L.7% -41.0 = 0.3%f -41.0 = 1.0
Maximum NA-induced VO, (ml/g - hour) 6.65 = 0.29 9.45 + 0.27t 9.05 = 0.4% 8.85 + 0.35
NST capacity (mW/g)* 27.5 48.9 40.1 39.4
Mitochondrial protein in BAT
Per weight unit of BAT (mg/g) * 1.96 47.8 = 3.8t 35,6 += 5.828 23.8 = 1.7
Per milligram of DNA (mg/mg) + 1.58 28.2 =+ 2.087 213 = 1.85 18.2 = 0.96
Cytochrome oxidase activity
Per weight unit of BAT (U/g) 503 =55 113.4 = 10.0t 108.9 =+ 21.4§ 68.0 =* 6.4
Per milligram of DNA (U/mg) 38.1 = 4.5 67.7 = 7.4% 75.4 = 10.7% 525 *35.0
*Increase of maximum NA-induced heat production above basal heat production at thermoneutrality. tDiffers from control group, P < .01. Short photoperiod
differs from long photoperiod. tP < .01. §P < .02.

repeated at different seasons for 2 years,
during which we observed a seasonal
pattern of responsiveness to long and
short photoperiods (Fig. 1). This indi-
cates that the thermotropic response to
short days was not simply a static phys-
iological response, but was dependent on
the prior photoperiodic treatment of the
animals. A thermotropic action of short
days was detectable only during late
summer and autumn. During winter, arti-
ficial short days did not produce any
changes in NST beyond the values ob-
tained in the natural photoperiod. At the
end of winter and during spring, when
NST capacity was gradually reduced in
the natural photoperiod, a prolonged ex-
posure to short days could not prevent
this development toward a low summer
level of NST. This refractoriness of the
thermotropic response continued during
late spring and early summer, when ham-
sters maintained minimum values of
NST in the natural photoperiod and any
artificial photoperiod.

The inhibitory action of a long photo-
period on NST capacity was detectable
during late summer, fall, winter, and
spring, with each exposure to long days
causing the hamsters to reduce their
NST capacity close to the minimal val-
ues observed during summer. This in-
hibitory action of long days was even
observable during the transition period
from winter to summer when hamsters
did not respond to the stimulatory action
of a short photoperiod.

Our findings on photoperiodic control
agree well with photoperiodic control of
reproduction in the same species (8),
except that the stimulatory and inhibi-
tory roles of the different photoperiods
were inverted. A short photoperiod stim-
ulated development of NST but inhibited
reproductive activity (8), whereby re-
sponsiveness in both functions was limit-
ed to summer and fall. Hamsters did not
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respond to the short photoperiod during
the rest of the year, and we found spon-
taneous regression of thermogenesis in
late winter, just as Hoffmann had found
spontaneous recrudescence of gonads
(8), despite prolonged exposure to a
short photoperiod. Exposure to long
days reduced the thermogenic capacity
to the summer minimum at any time of
the year, and there was an unlimited
gonadotropic responsiveness to the long
photoperiod (8). The inverse relation be-
tween thermogenesis and reproduction
becomes clear if one visualizes the sea-
sonal occurrence of both functions in the
Djungarian hamster. Reproduction is
limited to summer months to assure that
breeding occurs during the season with
optimum food supply and most favorable
climate in the Siberian steppe, whereas
maximum thermogenic capacity is re-
quired in the Siberian winter.

The NST capacity and the mitochon-
drial content of BAT show a similar
seasonal variation in responsiveness to
photoperiod (Fig. 1), indicating that the
same mechanism may be responsible for
seasonal changes in respiratory capacity
of BAT and for the physiological avail-
ability of thermoregulatory NST. The
endocrine or neural nature of this mecha-
nism is unknown. However, the coinci-
dence between photoperiodicity of re-
production and thermogenesis suggests
that both functions depend on a common
mechanism for photoperiodic time mea-
surement. For photoperiodic control of
gonadal activity in golden hamsters, pho-
toperiodic  light perception occurs
through the retina, and retinal informa-
tion is conveyed through fibers of the
retinohypothalamic tract (9) in conjunc-
tion with the suprachiasmatic nucleus (9,
10) to the superior cervical ganglion,
which in turn sends fibers back into the
brain, innervating the pineal gland (/).
The synthesis and release of various

pineal compounds can be controlled by
this pathway, as has been described for
melatonin (/2). Because of this apparent
complexity and the fact that seasonal
fluctuations in body weight, torpor, and
molt (4, 8, 13) are closely linked to
photoperiodic control of reproduction, it
is unlikely that there is a different path-
way for photoperiodic control of thermo-
genic functions.

The differentiation between the stimu-
latory action of a short photoperiod on
thermogenesis and its inhibitory action
on gonadal activity most likely occurs at
or after the level of pineal endocrine
hormonal control. One of the com-
pounds released by the pineal is melato-
nin, and repeated treatment with melato-
nin can inhibit reproductive activity in
hamsters (8, 14). By analogy, treatment
with melatonin should induce thermo-
genic improvements in hamsters that
have been kept in a long photoperiod,
mimicking the thermotropic effect of a
short photoperiod. In fact, melatonin en-
hanced the capacity for NST, improved
cold resistance, and increased the
amount of mitochondrial proteins and
activity of cytochrome oxidase in BAT
in comparison with untreated hamsters
kept in a long photoperiod (Table I). The
effect of melatonin on thermogenic mea-
surements was quantitatively similar to
thermogenic improvements caused by
exposure to a short photoperiod. When
hamsters kept in a short photoperiod are
treated with melatonin, no further stimu-
lation beyond the prevailing NST capaci-
ty is observed. This supports our expec-
tation that melatonin mimics the thermo-
tropic effect of a short photoperiod.

The annual pattern of photoperiodic
sensitivity in Djungarian hamsters offers
a suitable basis for perfect seasonal con-
trol of thermogenic functions, since ther-
motropic responsiveness to short days is
limited to late summer and fall; that is, to
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those times of year when such stimula-
tion is required under natural conditions.
Shortening of the photoperiod in the fall
is a much more reliable cue for seasonal
phasing than are changes in 7,. There-
fore, photoperiodic control allows ther-
mogenic improvement well in advance of
the lowering T,, actually demanding
greater thermogenic cfficiency.

The physiological background of pho-
toperiodic control of thermogenesis
seems to be closely related to photoperi-
odic control of other seasonally varying
functions, such as reproduction and molt
(8, 13). This suggests that there is a
common neural pathway for photoperi-
odic time measurement, terminating at
the pineal as the ‘‘neurochemical trans-
ducer’’ (15). Such a function of the pine-
al has been suggested for photoperiodic
control of gonadotropic activity of the
hypothalamopituitary system (15, 16).
Our results suggest that this action of the
pineal may be extended to control of
thermoregulatory functions and corrobo-
rates conclusions about the significance
of the pineal complex for thermoregula-
tion in vertebrates (I7). The chemical
nature and the pathway of information
transmission from the pineal to thermo-
regulatory effectors are still unclear.
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Cystinuria in the Maned Wolf of South America

Abstract. Of 42 maned wolves in zoos or live-trapped in Brazil, 34 had excessive
cystine in their urine. Renal clearance studies of five of the affected wolves revealed
a variable defect for the reabsorption of cystine and dibasic amino acids. The renal
tubular handling of other solutes including glucose, phosphate, sodium, potassium,
and uric acid was considered normal. Urinary calculi composed of cystine were
Sound in four wolves and proved fatal in three of them. With the exception of the high
incidence in this species, this hereditary disease resembles the disorder described in

dogs and humans.

In recent years, considerable attention
has been given to metabolic diseases in
domestic and wild animals which resem-
ble those in humans (/). Such diseases
provide comparisons with diseases of
humans and, possibly, models for study-
ing basic disease mechanisms. Cystinu-
ria, an inherited metabolic disease asso-
ciated with excessive urinary excretion
of cystine and other amino acids, has
been reported in man (2) and dog (3, 4).
Alteration of kidney cell transport of
cystine and dibasic amino acids has been
proposed as the underlying mechanism.
The major clinical manifestation of cys-
tinuria is the presence of urinary calculi
composed primarily of cystine, which is
highly insoluble in urine.

We previously reported the occur-
rence of cystine calculi in one maned
wolf (Chrysocyon brachyurus) from a
z00 (5). We now report the incidence and
nature of this disease in a much larger
number of maned wolves, both captive
and wild. This rare South American
canid (Fig. 1) inhabits Brazil and Argen-
tina and is uncommonly found in zoos.
Due to alteration of habitat, maned

- wolves are listed as vulnerable to extinc-

tion by the International Union for the
Conservation of Nature Resources.

To determine the incidence of the dis-
ease we used paper chromatography, a
sensitive and reliable test for detecting
excessive aminoaciduria in wolves and
dogs. The results were confirmed by

renal clearance studies. Urine specimens
were collected from adult maned wolves
in zoos in six countries and from live-
trapped wolves in Brazil. Of the 42
wolves tested, 34 had excessive cystine
and dibasic amino acids in their urine.
Nearly equal numbers of males and fe-
males were affected. Six of the eight live-
trapped wolves and 28 of the 34 captive
wolves were positive for ¢ystinuria. (The
captive wolves had themselves been
trapped in Brazil or were their offspring.)
Thus, despite the differences in diet and
habitat between captive wolves and
those in the natural state, the incidence
of cystinuria appears to be the same for
both groups. Four of the wolves had
cystine stones, as determined at necrop-
sy or by the presence of urinary obstruc-
tion. (Clinical signs of cystinuria include
urinary straining, frequent urination,
and urinary obstruction.) Three of the
wolves died from such obstruction.
Crystallographic analysis of the calculi
showed them to be more than 95 percent
cystine. The incidence of calculi in the
other cystinuric wolves is unknown,
since most of them were not radio-
graphed.

Renal clearance studies were per-
formed on five of the affected wolves.
The wolves were deprived of food for 18
hours prior to study and were immobi-
lized with appropriate pharmacological
agents (5, 6). Since normal wolves were
not available as controls, three normal
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