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SUMMARY

The effect of diet, age, sex and state of hydration on the relationship be-
tween Na+, K+ and urate in the fat body tissue of the cockroach Periplaneta
americana has been investigated. There is a significant correlation between
K+ and urate concentrations in the fat bodies of both males and females in
late nymphal and adult stages. Animals fed on a dextrin/casein diet, which
had a K+ content of about one-third that of the rat pellets normally used for
food, had a lower than normal K+/urate ratio. In both the normally fed and
dextrin/casein-fed groups of animals, dehydration caused a decrease in the
K+/urate ratio. Dehydration (and starvation) caused an increase in the
amount of urate per unit weight of fat body. Some of the urate in the fat
body is present in small spherical cellular inclusions. There is also a correla-
tion between the K+ concentration and the number of spherules. The ratio of
spherules/urate is significantly higher in hydrated animals than in dehydrated
ones.

INTRODUCTION

For many years terrestrial insects have been considered to be uricotelic and only in
aquatic animals has ammonia been recognized as the major nitrogenous excretory
product. The American cockroach Periplaneta americana was thought to excrete most
of its waste nitrogen as uric acid (Nation & Patton, 1961; Bursell, 1967), but Sriva-
stava & Gupta (1961) were unable to detect uric acid in its Malpighian tubules and
Wharton & Wharton (1961) found that only about 3-5% of the nitrogen excreted
could be attributed to uric acid. Recently, Mullins & Cochran (1973) reported that no
uric acid could be detected in the excreta of P. americana maintained on a variety of
diets. They found that faecal pellets of this species contained ammonia, amino nitro-
gen, three metabolites of tryptophan and some unidentified nitrogenous materials.
The amount of ammonia excreted was found to increase with increased protein levels
in the diet and they concluded that P. americana was ammonotelic (Mullins, 1974).
As well as nitrogenous waste being eliminated from the body, some nitrogenous
products may be stored in various tissues, and storage of uric acid in the fat body of
cockroaches has long been recognized (see e.g. Cue'not, 1895; Philiptschenko, 1907;
Faussek, 1911; Srivastava & Gupta, 1961).
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Excretion of ammonia necessitates having plenty of water available, so that one
would expect that dehydrating cockroaches might excrete less nitrogen in the form
of ammonia than do normally hydrated animals. One way of achieving this would be
to deposit more of the waste nitrogen as uric acid in the fat body. Dehydrating adult
cockroaches will seldom eat dry food (Tucker, 1977 a) and starvation increases the
amount of urates in the fat body (Philiptschenko, 1907; Bodenstein, 1953; Anderson
& Patton, 1955). Therefore, urate levels in the fat bodies of dehydrated animals would
probably be higher than in normally hydrated ones.

Mullins & Cochran (1974) presented evidence that urate ions in P. americana may
be stored as salts of K+, Na+ and possibly NH^. They put forward a model of an ion
sink for regulation of ion levels in Periplaneta, which proposed that Na+, K+ and NH4+
might be sequestered as urates in situations where solute concentrations of these ions
were in excess of desirable osmolarity levels and then released from the precipitated
urates when the body fluids approached lower than favourable osmotic levels.

Previous experiments (Tucker, 1977 a) have shown that when P. americana is
dehydrated the Na+/K+ ratio of the fat body tissue is increased and then it decreases
again when animals are rehydrated. Because of the relationship between urate and
potassium, which was reported by Mullins & Cochran, the relationship between Na+,
K+ and urate in animals in different states of hydration was investigated.

Many factors other than the state of hydration of an individual are likely to affect
the cation-urate balance in the fat body. Diets with high protein content increase
urate deposition. Loss of uric acid from the fat body occurs when animals are fed on
low-protein diets (Gier, 1947; Haydak, 1953; McEnroe, 1957; Mullins & Cochran,
1975 a, b). Also the cation balance of the diet might affect the deposits of minerals
accumulating in the cells. Uric acid levels in the haemolymph of females are higher
than those in males (Hilliard & Butz, 1969). The rate of urate storage in animals on
high-protein diets is higher in females than in males (Mullins & Cochran, 1975 a).
Although dehydration experiments were confined to males more than 2 weeks old,
some analyses of urate and Na+ and K+ concentrations in the fat body were made on
males on diets of different Na+ and K+ content, and on males and females of different
ages, to see if diet, age or sex had a significant effect on the cation-urate balance in
the fat body.

METHODS

Several days prior to an experiment individuals were separated from the stock
culture and placed with food and water in polystyrene containers in a temperature-
controlled cabinet set at 27 °C. The normal diet for cockroaches was rat pellets and
water. Dehydrated animals are those deprived of water and food. Dehydrated animals
were rehydrated by giving them water but no food. In one experiment, instead of
rat pellets for food, animals were given a mixture of dextrin, casein and casein
hydrolysate in the proportion 2:1:1 for 7 weeks prior to dehydration. Hydrated
animals are those supplied with water and no food for 5 days after being on a normal
rat pellet and water diet. Further details of maintenance have been described else-
where (Tucker, 1977a). To obtain adults of known age, last instar nymphs were
separated from the stock culture and then used at a known time after the final moultj
The fat body of each individual was then dissected out and analysed.
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Na+, K+ and uric acid analyses

Tissue samples for Na+ and K+ determinations were dry-ashed after weighing and
then analysed by flame photometry. Uric acid content of homogenates of fat body
tissue was determined by the method of Appelt & Cvancara (1968). In this method
comparisons are made of the absorbance at 293 run of replicate samples of homogenate,
one of which has been incubated with uricase, converting uric acid to allantoin, which
does not absorb at 293 nm. Hog liver Type V uricase from the Sigma Chemical
Company was used.

Microscopic examination of fat body tissue

Some fat body tissue samples were gently homogenized in saline in a ground glass
homogenizer and then examined under a microscope (up to 1000 x ). Counts of some
of the tissue constituents were then made with a haematocytometer. Smears of the
tissue were examined. Other pieces of tissue were fixed for sectioning and staining.
Many fixatives (see Results for list) were unsuitable for preserving urate inclusions.
Methylene blue (Gabe, 1968) and Schultz's carmine-methylene blue (Lillie, 1965)
were stains used to distinguish between uric acid and urate salts. For Schultz's method
the time in the methylene blue solution was 3-5 min instead of the recommended 30 s.

RESULTS
Uric acid I urate analyses

In this paper, unless specifically mentioned, urate concentration refers to uric acid/
urate as determined by the uricase assay. Concentrations of urate in the fat bodies of
animals which had been on either a rat pellet + water diet, or a dextrin-casein + water
diet for 7 weeks, are shown in Table 1. The effects on the urate content of dehydra-
tion, dehydration followed by a short period of rehydration and hydration are also
shown. Deprivation of food and water and deprivation of food alone both significantly
increase urate per unit weight of fat body. The absolute change in urate is not known
because when animals are starved they metabolize food reserves in the fat body which
causes an increase in the proportion of urate in the tissue, even if the total amount of
urate is unchanged.

Relationship between Na+, K+ and urate

Although the dextrin/casein diet has a higher Na+ content than the rat pellet one,
fat body tissue from animals on a dextrin/casein diet had a lower Na+ concentration
(mean = 112-2 fi-moljg tissue dry weight) than that from those fed with rat pellets
(mean = 212-1/4-mol/g). The differences in Na+ concentration may be due to
differences in the availability of water for the animals on the two diets. In the stock
culture water was provided in a large flat container which was filled with cotton wool.
The cotton wool usually dried out completely between the times when fresh water
was added to the container (about once a week) and animals would thus have short
periods (up to about 4 days) without water. Animals on the dextrin/casein diet were
hiaintained in individual containers throughout the 7-week period on the experimental
diet and were never without water during this time. Dehydration for 4-6 days
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Table i. Uric acid content of the fat body tissue of adult male
P. americana on two diets and in different states of hydration

Diet

Rat pellet

State of hydration

Normal
Dehydrated 6 days
Rehydrated i day (without food)
after 6 days' dehydration

Hydrated

/i-mol/mg dry wt.
Mean S.E. n

4'3'±o-57

Dextrin/casein

/t-mol/mg dry wt.
Mean S.E. n

2-8i±o-so

Table z. The ratio of K+jurate in the fat body tissue of adult male
P. americana in different states of hydration

Diet

State of hydration

Normal
Dehydrated 6 days
Rehydrated i day (without food)
after 6 days' dehydration

Hvdrated

Rat pellet

0493 (6)
0297 (6)
0-460 (6)

(S)

Dextrin/casein

0-230 (5)
0156 (5)
0203 (4)

Numbers in parenthesis represent the numbers of individuals from which the mean value for the
ratio was obtained. The K+ content of the rat pellets was about 180 /i-mol/g while that of the dextrin/
casein mixture was about 60 /i-mol/g.

increases the Na+ in the fat body of P. americana (Tucker, 1977c). Many short periods
without water, such as experienced by animals in the stock culture, may also cause a
noticeable increase in the Na+ in the fat body.

No correlation was found between the concentration of Na+ and the amount of
urate in the fat bodies of adult males. However, there was a positive and significant
correlation between K+ and urate in animals on both diets and in all states of hydration
(P < 0-05; Spearman rank correlation coefficient). The K+/urate ratio was lower in
dextrin/casein-fed animals than in the rat pellet-fed group which may be because the
K+ content of the dextrin-casein mixture was only one-third that of the rat pellets.
The ratio of K+/urate was lower in dehydrated animals than in normal, rehydrated or
hydrated animals (Table 2).

As with the older males, young adult males (up to 4 days old) showed a positive
correlation between K+ and urate in the fat body, the Pearson correlation coefficient
being 0-978. The mean urate and K+ concentrations in the fat bodies of adults more
than 2 weeks old were greater than the values for nymphs and adults up to 4 days old
(see Fig. 1 a), but there was no obvious change in the fat body Na+, K+ or urate
concentrations at about the time of moulting. Clark & Smith (1967) found that a
population of Habrobracon was heterogeneous with respect to the amount of urate
material found in the abdomens of newly emerged adults. In the nymphs and ^
adults there was a slight but significant increase in Na+ with increasing urate.
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Fig. 1. Relationships between cations and urate in the fat body tissue of P. americana of
different ages. Closed circles = K+, Open circles = Na+. Ages are: A = last instar nymph;
B = last instar nymph just before final moult; C = a h-old adult; D = 1-day-old adult;
E = 2-day-old adult; F = 3-day-old adult; G = 4-day-old adult; H = mean±s.B. for
adults >2 weeks old; I = females carrying oothecae; J = 3-week-old female just after
depositing ootheca.

The regression lines are: For males (omitting group of old adults), K+: y = 0-345:1: — 0-16
(Pearson's r = 0978) and Na+: y = 0-079*-o-ozo (r = 0700). For females, K+: y =
0-450* — 0244 (r = 0-931) and Na+: y = - o - o 7 i * + o-3Z7 (r = —0-429).

In young females the ion content, particularly Na+, in the fat body was more
variable than in young males (Fig. 1 b). Three of the females (one nymph just before
the final moult and two adults which were 2 days old) had higher Na+ levels and
higher Na/K ratios than were ever found in normally hydrated males. Two adults
which were carrying oothecae were found to have higher K+ and urate than other
females, and one which had just deposited an ootheca had a very low K+ and urate.
After a study on nitrogen balance in female Periplaneta, Mullins & Cochran (19756)
suggested that a portion of the uric acid nitrogen is utilized during egg production
and may be incorporated into the ootheca. However, more detailed analyses of females
with and without oothecae would have to be made to see to what extent the sexual
cycle affects the level of cations and urate in the fat body. As with the males, there
was a significant correlation between K+ and urate (Pearson's r = 0-931) but there
was none between Na+ and urate.
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Fixation and appearance of fat body urate deposits

Uric acid is found in the fat body cells of P. americana in birefringent spherical
inclusions as illustrated in Fig. 2 in Srivastava & Gupta's paper (1961). A variety of
media dissolve or partially dissolve these spherules which makes many histological
and histochemical methods unsatisfactory. (As the structure, chemical nature and
function of these inclusions is still not known in detail, the word spherule (meaning
simply 'little sphere') has been used to refer to all the cellular spherical inclusions
discussed in this paper.) Dilute acids dissolve the spherules, and crystals, presumably
mainly uric acid, separate out. If the fat body tissue is placed in mildly alkaline
solutions, such as dilute ammonia or carbonate solutions, the spherules partially dis-
solve leaving a stroma, in which concentric rings are clearly visible. From this
behaviour in acids and alkalis it appears that the spherules in the fat body of Peri-
planeta are very similar to the urate spheres in the urine of Rhodnius which were
described by Wigglesworth (1931). The spherules are not fixed by formaldehyde or
glutaraldehyde fixatives even when buffered. However, low temperature, making up
the aldehyde in saline, and adding cobalt chloride to the fixative all delay solution of
the spherules. Thus the structure of the spherules and other similar cellular inclusions
are likely to be altered during some standard fixation procedures used for both light
microscope and E.M. studies. Skaer & Lane (1974) commented on 'the highly struc-
tured appearance of fat droplets' in freeze-etched preparations of the fat body cells
around the ventral nerve cord of Periplaneta, in comparison with fat droplets in the
same tissue as seen in conventionally prepared ultra-thin sections. Inclusions with
the highly structured appearance may be urate spherules, which are present in the
fatty tissue on the nerve cord as well as in the free fat body (personal observation).
Absolute alcohol and Carnoy's fluid are both suitable fixatives.

The main purpose of the histological study was to see if any changes in urate
distribution could be seen in the fat body tissue of animals in different states of
hydration, and to differentiate between the amount of free uric acid and urate salts
present. Schultz's and Gabe's methods were employed to differentiate between free
uric acid (blue-green with these staining procedures) and the urate salts (yellow-green).
Sections and tissue smears from normal, dehydrated and rehydrated animals were
stained in parallel. The blue-green 'uric acid-positive' material could readily be
distinguished in fat body tissue from animals in all states of hydration. However,
some highly refractile cellular inclusions appeared greenish even in unstained prepara-
tions. Thus it was impossible in such cases to say whether a yellow-green colour
signified 'urate-positive' material, or merely the refractive nature of the material.
This was particularly true for small amorphous granules, which were present in
varying numbers in tissue from different individuals. In some of the larger spherules,
the blue-green material appeared as a ring around the ' nucleus' of the spherules but
in others, particularly in small ones, blue-green material was restricted to the central
portion of the spherule. In most animals the blue-green (uric acid) material was
restricted to the spherules, but in a few cases in rehydrated and hydrated animals
some of the amorphous granular material also appeared blue-green. Tissues from
animals in different states of hydration showed a wide range in the amounts of
positively stained material. Thus, it was impossible with these histological methods to
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Fig. 2. Size of spherules in the fat body tissue of P. americana. The distribution shown is for
an individual adult male which was 4 days old. n = 60.

detect any consistent differences in the distribution of uric acid and urate in normal,
dehydrated and rehydrated animals.

Counts of the numbers of spherules were made on homogenates containing known
weights of fat body tissue. The distribution of the sizes of three types of spherules in
one individual are shown in Fig. 2. Spherule sizes in other animals showed similar
distributions. Some amorphous granules greater than about 3 /tm in diameter could
clearly be distinguished from spherules of a similar size, but with the light microscope
it was not possible to distinguish the spherules (which have a 'nucleus' of granular
material) less than about 3 /im from the small amorphous highly refractile granules.
Therefore, the lower limit for the size of the spherules is not known. Spherules with
a diameter greater than about 6 Jim differed from smaller spherules in having radial
striations which may represent lines of fusion of small spherules. The bimodal distri-
bution of the spherule size supports this hypothesis. The size of the spherules with
the radial striations ranged from about 6-i6/im in diameter, with most of them being
about 9-11 /tm, although the mode varied slightly in different animals. A few even
larger spherules (up to about 20 fim) were present in the tissues of most animals.
Several concentric rings were visible in each large spherule.
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Fig. 3. The relationship between number* of spherules and urate concentration in the fat body
tissue of adult males. Open circles = hydrated animals; closed circles = dehydrated animals.

Relationship between spherules, cations and urate in the fat body

Because of the difficulty in distinguishing the smallest spherules from the amor-
phous granules, and because the largest spherules with the concentric rings were
present in only small numbers, counts of only the medium-sized spherules with the
radial striations (about 6-16/tm) were made in the investigation of the relationship
between spherules and the urate and cation content of the fat body.

In the normal and hydrated groups of animals there was a correlation between the
numbers of spherules and the urate content of the fat body (Spearman rank correla-
tion test, P = 0-05), but in dehydrated animals the correlation was not statistically
significant at the 0*05 level. The ratio of spherules/urate was significantly higher in
hydrated animals than in dehydrated ones (P < o-ooi). Fig. 3 shows the relationship
between numbers of spherules and the urate concentration in the fat bodies of 11
dehydrated animals and 11 animals which had been kept with water but no food for
5 days.

There was no correlation between the number of spherules and the Na+ concen-
tration, but the positive correlation between the number of spherules and the K+
concentration was highly significant (P < o-ooi, Spearman rank test). The relation-
ship between the number of spherules and the K+ concentration is shown in Fig. 4.

DISCUSSION

As Bursell (1970) pointed out, the widely used term 'storage excretion' may not
be appropriate for the accumulation of uric acid in the fat bodies of insects. It is
incorrect to think of the urate in the fat body as a deposit of nitrogenous waste which
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Fig. 4. The relationship between K+ and number of spherules
in the fat body tissue of adult males.

has been excreted and is no longer of use to the animal, because the urate can readily
be mobilized when animals are on high-carbohydrate, low-protein diets (Gier, 1947;
Haydak, 1953; McEnroe, 1957; Mullins & Cochran, 1975ft). The extent of the impor-
tance of the bacteroids in utilization of the urate in the fat body is not known, but the
bacteroids, when cultured on urate, have been shown to degrade it, eventually through
to glycerate and the tricarboxylic acid cycle (Donellan & Kilby, 1967). Also bacteroids
have the ability to synthesize amino acids from glucose and for this synthesis uric
acid would be a possible source of nitrogen (Henry & Block, 1962; Lipke, Leto &
Graves, 1965). Aposymbiotic cockroaches accumulate urate earlier than do normal
animals (Brooks & Richards, 1956) and clearly urate utilization by the bacteroids is
important and must be considered in a study of the overall urate metabolism in the
cockroach.

Results obtained in the present study on urate concentrations in the fat bodies of
animals with and without food and in different states of hydration, confirm the reports
by Philiptschenko (1907), Bodenstein (1953) and Anderson & Patton (1955) that
starvation of P. americana brings about an increase in the amount of urate per unit
weight of fat body. However, in this study no total body urate estimations were made
and one can only say that there is an increase in urate relative to the other constituents
of the fat body. During starvation reserve foodstuffs are metabolized, and one would
expect a decrease in the total mass of the fat body. Therefore, the present results do
not necessarily conflict with those of Mullins & Cochran (1974), which showed that
the total urate in semi-starved cockroaches remained relatively constant.
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Uric acid selective staining methods (this work and Srivastava & Gupta, 1961) and|
the positive correlation found between the urate concentration and the numbers of
spherules, indicate that much of the uric acid in the fat body cells of P. americana is
present in the spherules. The accumulation of mineralized spherical inclusions in
cells in a variety of tissues of many species has been reported (see e.g. Berkaloff, i960;
Wigglesworth & Salpeter, 1962; Gouranton, 1968; Krzysztofowicz, Jura & Bilinski,
1973; Turbeck, 1974; Ballan-Dufrancais, 1975). Walker (1965) suggested that inclu-
sions with concentric lamellae in the fat body of starved Blaberus were derived from
degenerating mitochondria. However, Gouranton (1968) and Ballan-Dufrancais (1975)
considered that spherules aiose from cisternae of the endoplasmic reticulum. Locke
& Collins (1965) described the separation of isolation bodies within paired membranes
in the fat body cells of Calpodes larvae and found that several of these could coalesce
with fusion of their outer membranes. They considered that isolation within paired
membranes derived from Golgi vesicles might be of general importance in separating
regions of either massive lysis or massive sequestration. Even though the appearance
of spherules found in a variet) of tissues is very similar, their composition varies widely
depending on the tissue and the physiological state of the animal at the time at which
the spherules are formed.

Much work is still required in order to determine what controls the formation and
composition of the spherules but, from the present study and from the results ob-
tained by Ballan-Dufrancais (1975) and Mullins & Cochran (1974), it appears that
when P. americana has an adequate supply of water, urate accumulates in the fat body
cells in spherules which have a high K+ content. The K+/urate ratio of 0-33 found by
Mullins & Cochran for adult males on a dog food diet was intermediate between the
values of 0*49 and 0-25 found in this work for adult males on rat pellet and dextrin/
casein diets, respectively.

In the present investigation an attempt was made to separate the spherules from
the rest of the fat body tissue by differential centrifugation, so that isolated spherules
could be analysed. However, the method used by Jungreis & Tojo (1973) for the
separation of urate spheres in tissue homogenates from cecropia larvae was unsatis-
factory because it caused the separation of some crystalline uric acid. Isosmotic
lithium carbonate (a solvent for uric acid) caused a marked decrease in the K+, but
not the Na+, content of the pellet of cellular constituents spun down at 20000 g, com-
pared with a pellet from a replicate tissue sample homogenized in normal saline.
However, incubation of intact fat body tissue in lithium carbonate solution caused no
such large decrease in the K+ content.

Because of the presence of both K+ and urate in the spherules, one would expect
that when urates are mobilized in animals fed on a pure carbohydrate diet some K+
might also be released. Mullins & Cochran (1974) did find a higher than normal
faecal/diet K+ ratio in animals on a pure dextrin diet. The decrease in the proportion
of urate present in spherules in dehydrated animals, as compared with hydrated ones,
and the decrease in K+ in the fat body which is found in dehydrating animals (Tucker,
1977a), suggest that urate and K+ are mobilized from the spherules when animals are
dehydrated. However, Mullins & Cochran (1974) found that there was little change
in the total urate in animals when they were semi-starved. Urate per unit weight of
fat body is higher in unfed, dehydrated animals than in normally fed, hydrated indi-
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viduals. Therefore, although dehydration and/or starvation may bring about mobiliza-
tion of urate in the spherules, to maintain the total urate content in dehydrated and
starved animals, urate must be deposited somewhere other than in spherules. During
dehydration the urate may be deposited in the small amorphous granules which gave
a positive reaction with the Schultz and Gabe staining methods for uric acid. In
colloidal solutions urate can be in excess of the solubility level without being pre-
cipitated. Porter (1963) found that if the concentration of Mg2"1", Na+ or K+ was
increased in such a solution it caused flocculation, always in the form of sodium urate.
Deposition of urate as sodium urate during dehydration would be consistent with the
finding that the fat body Na+ increases when an animal is dehydrated (Tucker,
1977 A, c). However, the urate need not be in the form of a normal monobasic urate
salt. Lonsdale & Sutor (1971), from X-ray diffraction studies, came to the conclusion
that the excrement from a budgerigar consisted of mainly uric acid dihydrate, present
along with some soluble material including mineral ash. They found that initially the
uric acid was in a smectic form and only when it aged or when soluble components
were removed with water or dilute acids did it transform into uric acid dihydrate
crystals. So also, in the fat body of P. americana, urate may be present as uric acid in
a non-crystalline form in close association with cations and some organic substances.

Hopkins & Lofgren (1968) found that, in the cockroach Leucophaea, bound urates
in the fat body always migrated with a ninhydrin-positive substance, possibly a peptide
or amino acid. Ballan-Dufrancais (1975) thought that the organic stroma of the
mineralized spheres in P. americana was a glycoprotein. With the use of electron
microscope, X-ray microprobe, X-ray diffraction and cytochemical techniques, she
made a detailed study of spherical inclusions in many tissues of several insect species.
In discussing her results, she stressed the importance of bioaccumulation of minerals
and purines in maintaining constancy of the milieu inthieur. Hydromineral regulation
by Malpighian tubules and rectum is well known to be under hormonal control (see
e.g. Wall, 1967; Cazal & Girardie, 1968; Maddrell, 1971) but, although it is known
that urates disappear from the cells of the fat body after removal of the corpora allata
and corpora cardiaca and that reimplantation of the corpora cardiaca restores urate
deposition (Bodenstein, 1953), the extent to which the cation-urate balance in the
fat body is under hormonal control remains to be elucidated.

This work was supported by an SRC grant to Professor J. Shaw.
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