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Abstract—1. The concentrations of the major inorganic ions in the hemolymph of Periplaneta americana
were determined as follows (in mM): Na*, 132; K*, 8.7; Mg?*, 4.7; Ca®*, 3.7; CI~, 107; POi-,

1.04.

2. By the method of ultrafiltration, significant binding to macromolecules in hemolymph was demon-
strated for the following ions: Na*, 22.0%; Mg2*, 25.5%; Ca2*, 16.2%; Cl~, 10.3%; PO3~, 26.9%.
3. K* was not bound significantly to macromolecules in hemolymph.

INTRODUCTION

The concentrations of most of the major inorganic
ions in the hemolymph of Periplaneta americana have
been reported previously (Tobias, 1948; Duchiteau
et al., 1953; van Asperen & van Esch, 1956; Treherne,
1961; Wendt & Weidler, 1973). Ion binding in the
hemolymph has been investigated in only 2 insect spe-
cies. Binding to macromolecules was reported for
Ca’* and Mg in Telea polyphemus (Carrington &
Tenney, 1959) and for Na*, Ca®*, and Mg?" in Gal-
leria mellonella (Plantevin, 1967).

An investigation of ion binding in the hemolymph
of P. americana is important because of 2 recent find-
ings. First, Pichon (1970) reported that in P. ameri-
cana the concns of Na*, K*, and Ca’* are different
in hemolymph samples taken from different regions
of the body. Since inorganic ions diffuse relatively
rapidly in an aqueous medium, this finding raises the
possibility of the binding of inorganic ions to slowly
diffusing macromolecules in the hemolymph. Second,
there is considerable evidence to support the theory
that the ionic composition of the extra-axonal fluid
in the nervous system of P. americana differs from
that of the hemolymph (Treherne & Moreton, 1970;
Treherne & Pichon, 1972; Treherne et al, 1973;
Wendt & Weidler, 1973; Gardner & Weidler, 1975);
before a reasonable hypothesis can be developed con-
cerning an ionic regulatory system in the nervous sys-
tem, it is necessary to know the concns of free ions
in the hemolymph.

The purpose of the present study was to determine
the amount of binding of inorganic ions to macromo-
lecules in the hemolymph of P. americana. This objec-
tive was achieved in the following way. First, the
concns of the major inorganic ions in hemolymph
were determined by currently accepted methods.
Second, the portions of these concns, which are
bound to macromolecules, were determined by ultra-
filtration.
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MATERIALS AND METHODS

Adult male cockroaches of the species, Periplaneta amer-
icana, were obtained from our cultures. Their diet consisted
of Wayne Lab-blox meal, apples, and tap water ad libitum.

To obtain hemolymph, the unanesthetized roach was
held by the anterior thorax and a metathoracic leg was
cut off close to the body with a sharp dissecting scissors.
Hemolymph wells up at the wound site; the bleeding pro-
cess is accelerated by both the struggling of the insect and
gentle massage of the abdomen. Hemolymph was drawn
into capillary tubes (dia 1.5 mm) by suction with a syringe.
The capillary tubes initially were filled with mineral oil;
the continuity of the mineral oil in the capillary tubes was
maintained with the mineral oil in the syringe by means
of a length of polyethylene tubing. Suction from the syringe
moved the mineral oil from the capillary tube into the
syringe, the oil being replaced by hemolymph. This method
of obtainment of hemolymph was necessary because the
hemolymph coagulated rapidly when exposed to air.
Capillary tubes were filled and sealed with clay at the
collecting end; consequently, a column of hemolymph was
contained between the oil and the clay plug. This pro-
cedure prevented evaporation of the hemolymph during
further handling.

After hemolymph collection, the filled capillary tubes
were centrifuged for 10 min in a microcapillary centrifuge
(International Equipment Company, Model MB) to separ-
ate the hemocytes from the plasma. After centrifugation,
the ends of the capillary tubes (one containing the oil drop,
and the other containing the clay plug plus the layer of
hemocytes) were broken off. The plasma was delivered into
small vials which were sealed until chemical determfina-
tions could be made.

Na* and K* concns in plasma were determined with
a flame photometer (Instrumentation Laboratories, Model
143). Plasma Cl~ concns were analyzed with a Buchler-
Cotlove Chloridometer automatic titrator. Ca?* and
Mg?** concns were determined with a Perkin-Elmer Ato-
mic Absorption Unit (Model, 290). Phosphate concns were
measured using the technique of Goldenberg & Fernandez
(1966). :

Because plasma ionic concns were to be compared with
ionic concns of the ultrafiltrate, it was necessary to deter-
mine the portion of the plasma volume which was occu-
pied by protein. From this information, the ionic concns
of the ultrafiltrate were corrected, so that comparisons
with plasma ionic conens could be made fairly. To acccom-
plish this aim, plasma was obtained by the removal of
hemocytes from hemolymph as described previously. Sub-
sequently, the plasma was heated in a water bath at a
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temperature of 100°C to denature the proteins, and the
precipitated proteins were separated out by centrifugation.
The vol occupied by the proteins, was measured in a cali-
brated hematocrit measuring device. A correction factor
was determined, and the ionic concns of the ultrafiltrate
were multiplied by this factor to correct for the vol which
was initially occupied by the proteins.

To measure the degree of ion binding in hemolymph,
plasma was subjected to ultrafiltration with a Sorbal Ultra-
centrifuge (Model 303) at a constant temperature of 25°C
and at 3000 rev/min. Ultrafiltration was accomplished with
cellulose dialyzer tubing, which had a pore size of 4.8 nm;
ultrafiltration with this tubing resulted in the retention of
molecules with a mol. wt > 12,000. To avoid evaporation
during the ultrafiltration procedure, a saturated humidity
was maintained and the ultrafiltrate was collected beneath
a layer of mineral oil. After 3 hr of ultracentrifugation,
determinations of ionic concns of the ultrafiltrate were
made as described previously. The ultrafiltration procedure
required a relatively large vol of plasma and it was imposs-
ible to determine ionic concns on one insect or even a
small number of insects. Therefore, plasma was pooled
from 120 roaches; the resultant vol was subjected to ultra-
filtration and the ionic concns of the ultrafiltrate were
determined. The amount of ion binding was determined
by calculating the difference between the initial plasma
ionic conens and the corrected ionic concns of the ultrafil-
trate.

For statistical analysis of the data, confidence intervals
for the means of ionic concns of plasma were calculated
at the 0.95, 099 and 0999 levels. If an ionic concn of
the ultrafiltrate fell outside of a confidence interval for a
given ion, it was interpreted as a significant difference at
that level. This approach is valid because the single value

-for the concn of an ion in the ultrafiltrate was really a
mean value (ie. it was the mean concn from 120 pooled
samples). The results of this process were expressed as
levels of probability.

RESULTS

The mean percentage of protein {precipitate) in
plasma after heat treatment and centrifugation was
16.8 + 2.3 (mean + S.D, N = 7). The range in values
was 8-26%,. Therefore, the ionic conens of the ultrafil-
trate were multiplied by the correction factor of 0.832
before their comparison with the initial plasma
concns.

Our determinations of the major inorganic ionic
concns in the plasma (ie. hemolymph from which
the hemocytes were removed) and in the uvltrafiltrate
of plasma in P. americana are presented as the
mean + S.D. in the first 2 lines of Table 1. The per-
centages of binding of each ion by macromolecules,
which could not pass through the dialyzer membrane,
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are presented in the last line. Significant binding to
macromolecules was found for Na®, Mg?*, Ca?*,
Cl~, and PO~ The binding of K* was not statisti-
cally significant.

Since the amount of ion binding in the hemolymph
may be altered by a change in the pH, as well as
a change in temperature, the pH of the plasma was
measured before and after ultrafiltration. The pH of
plasma initially was 7.17 and the pH of the ultrafil-
trate was 7.10. It was concluded that the slight change
in pH during ultrafiltration would have no appreci-
able effect on the amount of ion binding.

DISCUSSION

It is of interest to compare our determinations of
ionic concns in the hemolymph with those reported
previously. The phosphate concn of P. americana bas
not been reported previously, and therefore, no com-
parison can be made. The CI™ concn of 107 mM
found in the present study for adult male P. americana
agrees well with the reported conen of 112 mM found
in adult female P. americana (Wendt & Weidler,
1973). However, there is an apparent difference
between our value for the C1™ concn in the plasma
of P. americana and the value of 144.3 mM reported
by van Asperen & van Esch (1956). The method of
Cl™ determination of the latter investigators differed
from that used in the present study. Van Asperen &
van Esch chemically precipitated the plasma proteins
from hemolymph samples, and determined the Cl~
concn by manual titration. On the other hand, we
removed the hemocytes from the hemolymph, but
allowed the plasma proteins to remain: then we di-
rectly determined the initial C1™ concn with an auto-
matic titrator. The possible reasons for the difference
between the Cl™ concn reported by van Asperen &
van Esch (1956) and our findings were discussed pre-
viously (see Wendt & Weidler, 1973).

The Na® concn in plasma of 132 mM reported
in the present study is lower than the value reported
by Pichon & Boistel (1963) of 163 mM, by Pichon
(1970) for leg hemolymph of 162 mM, or by van
Asperen & van Esch (1956) of 161 mM. In the latter
3 studies, the protein was chemically precipitated
from the hemolymph. The use of this procedure
would be expected to result in a higher Na™ concn
because the bound Na™ would be released; and sub-
sequently, the removal of the precipitated proteins
would reduce the vol of a given sample of hemo-
lymph, while the amount of Na* in the sample would

Table 1. Comparison of ionic concentrations of plasma (i.e., hemolymph from which hemocytes were
removed) and the ultrafiltrate of plasma from P. americana

Na* K* Mg?* Ca?”" Ccr PO}

Plasma ionic concentrations 132+ 7 87+ 0.7 47+ 1.0 37403 107 + 4 1.04 + 0.07

(in mM) (N = 10} (N = 10) N=7) (N=7) (N=7) (N =7
Corrected ionic concentrations of 103 8.1 35 31 96 0.76

pooled ultrafiltrate

{in mM)
Significance* P < 0.001 N.S.¥ P <005 P<001  P<0001 P<0001
Percentage of ion binding 220 — 255 16.2 10.3 269

* Statistical comparison of the first two lines.
+ Not significant.
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remain unchanged. Thus, when 162 mM is multiplied
by our factor 0.832, a Na™ concn of 134.8 mM is
obtained. This agrees well with the Na* concn of
132 mM in the present study.

The K* concn of 8.7 mM found in the present
study is close to the value of 88 mM reported by
Brady (1967) for whole blood K*. However, Brady
showed that 10-53% of the whole blood K* may de-
rive from lysed hemocytes. Pichon & Boistel (1963)
found a value of 24 mM, and Pichon (1970) reported
a value of 19.5 mM. In the latter studies, the hemo-
cytes were not removed and therefore were lysed
when the hemolymph was treated with trichloracetic
acid to precipitate the proteins. When these factors
were considered along with the fact that hemocytes
were removed from hemolymph before determina-
tions were made in the present study, the findings
in the present study are in good agreement with pre-
vious studies.

Our finding of Mg? ™ concn of 4.7 mM lies between
that reported by Tobias (1948} of 1.7 mM and by
van Asperen & van Esch (1956) of 5.6 mM. Similarly,
our finding of Ca®* concn of 3.7 mM is very close
to that reported by Pichon (1970) of 3.8 and van
Asperen & van Esch (1956) of 4.3 mM.

With one exception, the ions, which are bound to
macromolecules in the hemolymph of P. americana,
are the same as those reported to be bound in other
insect species. Thus, significant binding was reported
for Ca** and Mg** in Telea polyphemus (Carrington
& Tenney, 1959) and for Na*, Ca?*, and Mg?" in
Galleria mellonella (Plantevin, 1967). The latter 2 spe-
cies also are similar to P. americana in that no signifi-
cant K" ion binding is present. The exceptional ion
is CI7, which is significantly bound in P. americana,
but is not bound in Telea polyphemus (Carrington
& Tenney, 1959). To date, a study of phosphate ion
binding has not been reported for any insect species;
therefore, a comparison cannot be made.

The demonstration of significant binding of Na™*
and Ca’" ions to macromolecules may explain the
finding of Pichon (1970) that these ions are unequally
distributed in different regions of P. americana. Free
Na* and Ca?* ions diffuse relatively rapidly in an
aqueous medium, and therefore, the unequal distribu-
tion of these ions in the hemolymph is somewhat sur-
prising. As pointed out by Pichon (1970), the hemo-
Iymph circulation 1s rather sluggish, and the move-
ment of hemolymph in certain portions of the insect
body is more rapid than in others. Membranes, which
act as baffles, deflect the flow of hemolymph during
its course of circulation in the insect body. The flow
of hemolymph must make relatively sharp turns in
the legs and antennae. Under the conditions of low
and variable velocity of hemolymph flow and the
presence of relatively sharp turns in the course of cir-
culation, macromolecules may be quite unevenly dis-
tributed in the circulatory system.

The foregoing statement is supported by certain
basic principles of fluid dynamics. The settling out
of particles in a fluid depends on the velocity of flow,
and the contour and course of the channels (Zenz
& Othmer, 1960). The settling out of particles
becomes greater with a decrease in velocity of flow,
with a greater inclination of the channel from hori-
zontal and the sharper the bend in the channel; fur-

thermore, there is a pile up of particles in recesses
or irregularities at bends in the channel as the sal-
tation velocity is approached (Zenz & Othmer, 1960).
The latter phenomenon would apply especially to
hemolymph flow in the legs and the antennae. Based
on this line of reasoning, the finding of Pichon (1970)
that the Na™ and Ca’" concns in hemolymph are
higher when sampling is done on the antennae, the
legs and the abdomen, than when it is done on the
dorsal vessel and the thorax may be at least partially
explained by the demonstration in the present study
of Na* and Ca’* ion binding to macromolecules.
Other possible factors, which may contribute to an
apparent unequal distribution of ions in the hemo-
lymph, previously were presented by Pichon (1970).

The observation that a significant portion of the
Na‘* is bound to macromolecules has implications
for the theory that the ionic composition of the extra-
axonal fluid differs from that of the hemolymph in
P. americana {Treherne & Moreton, 1970; Treherne
& Pichon, 1972; Treherne et al, 1973; Wendt &
Weidler, 1973; Gardner & Weidler, 1975). Since the
evidence seems to indicate that the Na® concn in
the extra-axonal fluid is higher than that which has
been determined in the hemolymph, the finding of
significant Na* binding in the hemolymph indicates
that the free Na™ gradient from hemolymph to the
extra-axonal fluid is even greater than previously con-
sidered. Consequently, the potentials, which were
measured across the intact neural sheath complex
(fat-body, neural lamella, and perineurium), should be
reevaluated using the free Na* concn in the hemo-
lymph (see Pichon & Boistel, 1968). Obviously, the
concept of Na™ binding would not apply to studies
on the intact nerve cord which are done in vitro with
an artificial bathing medium. However, in the con-
struction of a theoretical model of ionic regulation
in the nervous system of P. americana, the free Na*
concn must be used rather than the total Na* concn
of the hemolymph. The demonstration of Na* bind-
ing in hemolymph tends to support our previously
stated hypothesis that some sort of active transport
system for Na™ is present in the neural sheath com-
plex of the nervous system of P. americana (see Wendt
& Weidler, 1973; Gardner & Weidler, 1975).

In summary, the present work demonstrates that
a significant portion of the Na*, Mg®*, Ca?*, CI-,
and PO3™~ concns of the hemolymph of P. americana
are bound to macromolecules. Consequently, the free
concns of these ions are significantly less than the
total ionic concns of hemolymph. Significant K* ion
binding is not present. The observations reported in
the present work partially explain the unequal distri-
bution of ions in the hemolymph, and must be con-
sidered in the further development of a theoretical
model of ionic regulation in the central nervous sys-
tem of P. americana.
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